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Preface

This report describes the conceptual definition of an instrument to obtain
images of solar and cosmic X-ray sources. The work was accomplished by

a Facility Definition Team (FDT} operated through the University of
California, San Diego (UCSD}. This scientific team was constituted in
response to NASA's Announcement of Opportunity-5 (A0-5), dated 15 July,
1974 requesting proposals for participation in planning advanced instru-
ments for solar research to be flown on the Space Shuttle in the 1980's.

The Hard X-Ray Imaging Facility Definition Team was funded under contract
NAS-5-22375 to UCSD from the Goddard Space Flight Center, starting in
April 1975 and presently continuing. Task subcontracts were let to the
California Institute of Technology for a Scientific Tradeoff Study and to
the Ball Brothers Research Corporation for a Conceptual Engineering Study.
The instrument, in early stages of development, was proposed for the

Space Shuttle Orbit Flight Tests (OFT) and for the Spacelab-2.

This report consists of several sections describing the work of the Team.
Section 1 summarizes this work and briefly describes the instrument as
precantly conceived. Section 2, updated from an Interim Report published
in May 1975 describes the Scientif Objectives. The Scientific Tradeoff
Study, Section 3, was performed by Dr. Gordon Hurford at CalTech. The
Conceptual Engineering Study, Section 4, was accomplished at BBRC under
the close supervision of the Team. Finally, management plans developed
by the Team are described in Section 5. These include operation either
as a National Facility or under the direction of a PI-led consortium,

Although many individuals have contributed to this work, the Team is
particularly indebted to Dr. Adrienne Timothy of NASA's Solar Physics Program
Office, Dr. Werner Neupert, GSFC Solar Physics Study Scientist, and C. G.
Stouffer, GSFC Study Technical Director and Contract Liaison.

Laurence E, Peterson
Team Leader
November 1976
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SCIENTIFIC AND ENGINEERING STUDY
HARD X~RAY IMAGING INSTRUMENT

I. SUMMARY REPORT

A, Facility Definition Team:

Four Facility Definition Teams were organized by NASA in 1875 in
response to propesals solicited by AO#5 (15 July 1974) to study advanced
instrumentation for solar observations from the Space Shuttle. The
requirement for these observations during the Shuttle era was established
by the 1973 Woods Hole Summer Study under the auspices of the National
Academy of Sciences {1). This repert gives a summary of the work of
the Definition Team for a Hard X-Ray Imaging System. The present
membership of the group (October 1976) which has expanded slightly
since initial selection, is shown in Table I-1. Also listed in the
Table are consultants appointed by NASA, and by the Team Leader, to
assist the group in their efforts.

The Team was generally charged to define a "Hard X-Ray Imaging Facility"
for Spacelab Astronomy Missions. Specifically this included:

1. Detailed scientific justification and representative observing
pregrams for facilities,

2. Definition of Hard X<Ray Imaging System facilities and suppert
systems, performance requirements for attaining facility scien-
tific objectives,

3. Preliminary design concepts and engineering reguirements,

4. Definition of representative analyzers or detectors for recording
the imaged or cellimated hard X-ray radiation,

5. Concepts for facility operations and user invelvement,
6. Description of areas requiring additienal research or development,

7. Periodic reviews of related Spacelab engineering design and
support system studies, and

8. Other tasks to be specified by the Study Scientist.
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The work of the Team to meet these objectives was accomplished through a
regular series of meetings, with appropriate assignments and tasks between
the meetings. Initially the Team re-examined the scientific merits for
astronemical hard X-ray imaging, and the basic requirements for a system
which would provide significant new capabilities. Although the study was
directed primarily toward soltar werk, it was recognized that the require-
ments for cosmic X-ray imaging are nearly identical. An Interim Report,
which described these efforts, was prepared in May 1975 and appeared in
the GSFC Astronomy Shuttle Project Repert, June 1975 (2). By this time
the basic instrumental goals and interfacing characteristics had been
established. SectionlIl provides an updated detailed scientific discussion,
based on the properties of the instrument as finally derived.

The Team was fortunate in having as one ef its members Dr, H. F. van Beek

of the Space Research Laborateries, Utrecht, Netherlands, whe is project

scientist on the Hard X-Ray Imaging System (HXIS) successfully proposed

for the S6lar Maximum Mission (SMM) to be launched in 1979. This instru-

Te?t is described in the Utrecht proposal (3) and the Study Phase Report
4).

It was early recognized that many techniques are possible for hard X-ray
imaging. Although most of these are based on variants of the wire grid
collimater, the relative merits of the various possibilities in terms of
sensitivity, image reconstruction and completeness, detector regquirements,
feasibility of implementation, etc., were unclear. Accordingly, a
"Scientific Tradeoff Study" was accomplished by Dr. Gordon Hurford of
CalTech (5). Here the many concepts were examined and their merits compared
on a common basis, so that a configuration for an engineering evaluation
could be established. This work was completed about December 1975. The
complete study appears in Section III of this repert.

Although various members of the Team or their laboratory staff had exper-
tise in technical aspects of grid imaging systems, it was deemed neces-
sary that an engineering study of the instrument cencept be undertaken by
an independent organization. Accerdingly, Ball Brothers Research Corpora-
tion (BBRC), Boulder, CO, was selected to investigate the engineering
requirements, the feasibility of a conceptual design, and identify
problem areas for further study. Accommodation infermatien was based on-
that supplied in (6) and it was assumed a peinter in the "Small Instrument
Pointing System" (SIPS) (7) class would be available. The BBRC work was
initiated in March, 1976 and completed in July, 1976. The Final Report
(8) contained herein as Section IV, was released in September, 1976.

I-2



The operation and management of the instrument being defined was aiso
considered by the Team. A management concept based on a facility

supplied and operated by NASA , directed by the users, was described in

a report issued in December 1975 (9). Since this instrument was proposed
in response to the A0 for OFT (10) and SL-2(11), a scheme based on a
consortium led by a Principal Investigator was alse developed. Beth these
plans are included in Section V of this repert.

The deliberations and accomplishments of the Team are in the detailed
minutes of each meeting (12). Table 1-2 indicates each meeting, its
location, and principal activities. Figure I-1 shows the schedule under
which the werk of the Team was performed.

As of this report date, the Team has defined and demonstrated the feasi-
bility of a Shuttle~accommodated instrument for imaging hard X-rays.

This device will have capabilities considerably beyond anything previously
flown. This instrument, in an evelutienary form, has been proposed for
inclusion on the early Shuttle Program on either OFT-6 or Spacelab=2.
Various studies required to finalize a detailed engineering design study
are now defined or underway. Section I-B of this Report essentially des-
cribes this early Spacelab configuration, while Section IV describes a
slightly more advanced configuration. The differences are most notable

in the counter design.
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Hard X-ray Imaging Facility Definition Team

Phase A Study Schedule

1975 1976
| l | I I l !
Define scientific objectives |~ i
Study Shuttle technical interfaces i -
Defiine performance | |
requirements
Scientific tradeoff } 4
study
Conceptual design study | f—
Definition of early Spacelab configuration i 4

|dentification and study of
‘ specialized problem areas

Y

Spacelab-2 proposal submitted v

Design study final report v Issued 3/78



TABLE I-1

Hard X-Ray Imaging Facility Definition Team

Members:

R. L. Blake (since April, 1976)
Los Alamos Scientific Laboratory, P-4
P.0. Box 663
Los Alamos, NM 87545

C. Crannell (since September, 1976)
Laboratory for Solar Physics
Code 682
Goddard Space Flight Center
Greenbelt, MP 20771

G. Garmire
#320 Downs
California Institute of Technology
Pasadena, CA 91103

H. $. Hudson
Physics Department, C-011
University of Califernia at San Diego
La Jolla, Califernia 92093

R. P, Lin
Space Science Laboratory
University of California, Berkeley
Berkeley, CA 94720

L. E. Peterson (Chairman)
Physics Department, C-011
University of Califoernia at San Diego
La Jella, CA 92093

Z. Svestka
American Science and Engineering
955 Massachusetts Avenue
Cambridge, MA 02139

. F. van Beek
Space Research Laberatory
Beneluxlaan 21
Utrecht, The Netherlands
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TABLE I-1 (Continued)

Hard X-Ray Imaging Facility Definition Team

Consultants:

E. L. Chupp
Department of Physics
University of New Hampshire
Purham, NH 03824

R. Ramaty _
Code 660 _
Goddard Space Flight Center
Greenbelt, MD 20771

C. Wolfson
Leckheed Palo Alto Research Labs
3251 Hanover Street
Palo Alte, CA 94304

G. Hurford (Special Consultant)
354-33 West Bridge
California Institute of Technology
Pasadena, CA 91109

M. J. Elcan (Scientific Secretary)
Physics Department, C=011
University of California at San Diego
La Jolla, CA 920983
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TABLE I-2

Facility Definition Team Meeting Summary

Meeting
Number Location Date Summzry of Objectives and Results

1 UCSD* 3/21-22/75 DBetermine scientific ebjectives and
necessary instrument characteristics.
Discuss instrument techniques.

2 CiT* 5/5-6/75 Report written for Parker Committee,
discuss preliminary instrumental
tradeoffs, four recommendations.

3 GSFC* 6/26-27/75 GSFC presentations on Shuttle specs
and engineering problems.

4 ucsp 8/21/75 Discuss instrument tradeeff study
objectives with Hurford present.

5 -~ UCB* 9/29-30/75 Instrument tradeoff interim report,

‘ management plan. Selected 3 designs
for further study: responsive MECA,
rot. med. collimator, fan beam mod
collimator.

6 BBRC* 12/15-16/75 BBRC presentations on Shuttle, SIPS.
Final instrument scheme selected.
Discussed management options.

7 BBRC 3/3-4/16 Specific instrument design to implement
scheme for specs into Engineering
Configuration Study. Response to AQ's
planned.

8 BBRC 5/19-20/76 Review pregress on Engineering Study.

: Produced baseline instrument design
parameters and study of special areas.

9 BBRC 6/30-7/1/76 Enaineerina Studv Midterm Review. Iden-
tified special areas for further study.

10 BBRC 10/28-29/76 Final review of BBRC Study. Determined
. posture for response te OFT and SL-2 AQ
in terms of configuratiens, respensibili-
ties. and management. Evaluated cost
items.
*BBRC - Ball Brothers Research Company
CIT - California Institute of Technolegy
GSFC - Goddard Space Flight Center
UCB - University of California at Berkeley
UCSU = University of California at San diego
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B. Instrument Description
1. Introductien

The scientific ebjective of the Hard X-ray Imaging Instrument
involve the study of nonthermal particles and high-temperature plasmas
in various solar and cosmic phenomena, specifically solar flares. Ue
describe these in full detail in Sectien II, and offer a brief summary
in the following list:

(a) Lecation, size, and shape of energetic-particle acceleration
regions
' (b) Energetic relationships between thermal plasma and nonthermal
particles
(c) Acceleration mechanisms of nonthermal particles
(d) Propagation of energetic particles through source structure

In order to obtain these objectives by studying hard X-rays,
the following selar observational requirements are appropriate for an
early Shuttle instrument:

(a) Image flare structure in soft and hard X-radiation to 4
arc sec reselutien

(b) Separate soft X-ray (3-20 keV) from hard X-ray (20-100 keV)
spectral bands _

(c) Obtain simultaneous coverage of the whole sun

(d) Observe coronal emissions with 1 arc min resolution

(e) Obtain time resolution ~ 1 sac

(f) Obtain a sensitivity of ~ 0.1 ph (cm3sec keV)~1 at 20 keV
{~ 10 events per day).

Similarly, the cosmic X-ray astrenomical ebjective may be summa-
rized as

(a) Image cosmic sources te 4 arc sec resolution over the 3-100
keVs;

(b) Determine size and structure of extended sources: supernova
remnants, radio galaxies, clusters of galaxies.

(c) Measure spectra of compact sources., The sensitivity for
cosmic peint seurces should Eermit observation (3¢} in ene hour of a source
will 20 keV flux ~ 1.0 x 107* ph (em?sec keV)~1,

The Facility befinition Team adepted interface requirements to
match the Hard X-ray Imaging Instrument to accommodation capabilities of
the Space Shuttle. These included a small peinting system thought Tikely
to be available. This implied:

Size ~ 1.2 x 1.2 x 3 m

Weight ~ 500 kg

Thermal environment 20 = 2 °C

Maximum pointing stability ~ 0.2 arc sec
Povier ~ 300 w maximum

Telemetry ~ 500 kbps maximum

I-9
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In the following we briefly describe a hard X-ray imaging
instrument meeting these observational objectives and interface criteria.
The instrument is essentially that proposed for our early Spacelab
flight, and is a predecessor to the final configuration.

2. Imaging System Configuration
(a}) Grid Collimator Technique

At the shert wavelengths (A%6A) being considered here, grazing-
incidence reflection techniques fail, so the image must be formed by a
wire-grid collimater that forms geometrical shadows from the object on
a detector array. The basic principles are'shown in Figure I-1. Early
application of this concept te X-ray astronemy resulted in the modulation
collimator, described initially by Oda (1965) and extensively in Bradt
et al. (1968).

As shown in Figure I-1, a grid telescope, with appropriately
spaced intermediate grid planes, defines three characteristic angles:
the angular resolution, the period ever which the beam patterns repeat,
and the envelope or field of view. Depending on whether one has a one-
dimensional or a twe-dimensional grid structure, the response is in the
form of fan beams or pencil beams. The energy range is determined by
diffraction at low energies, and by grid transparency at high energies.

el

ENVELOPE

Fig. I-1. Explanation of grid-collimator telescope
principles. The sequence from left to right sche=
maticaily shows collimators with two, three, and four
grids, and indicates the three characteristic angles

of a collimater. In this example the perioedic angle and
the envelepe angle are shown as equal, but this need not
generally be the case.
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The area of a grid plane may be divided into regions called
subcellimaters, each subcollimater having its own angular characteristics
and detector element, In particular, different subcellimators may have
respcenses at phased intervals te fill in a given angular range exactly;
they thus simultaneously form a complete, unique image of an object whoese
size is less than the periadicity. This scheme resembles the imaging
modulation collimator described in Bradt et al. (1968), and has the
advantage over the usual wodulation collimator that scanning across the
source region is not required. In anether application of the grid-
collimator concept, the gr1d planes may be arranged so that the period
is very large, resulting in a single pencil or fan beam, as in the
standard single-field-of-view Soller or mechanical ceilimator. In the
extreme application a twe-dimensional pencil beam array may be formed
by subcollimators, each properly phased to provide a direct two-
dimensional image on an asseciated detecteor array. We call this a foveal
array in our overall collimator layout.

(b) Configuration for Spacelab-2.

Many different combinations of characteristic angles, fan beams
and pencil-beam arrays were studied to optimize the layout of the sub-
collimators for time resolution, sensitivity, image reconstruction, and
engineering feasibility (Sectien III}. This study also included scanning
collimation schemes, such as the rotating medulation celiimator, but these
were rejected as insufficiently flexible,

As shown in Figure I-2, the actual layout is determined by
structural, thermal, and detector censiderations. The basic metering
structure identified as a workable concept is a truss structure, divided
into four quadrants, each of which supports grid planes and counter elements
independently. Each grid plane is further divided inte four collimator
areas, called frames, for a total of 16 frames, each about 22 x 22 cm.
These are further divided inte 36 subcollimators which implies detector
elements of about 3.8 c¢m x 3.8 cm. Table I-1 shows the distribution
of subcollimaters and their properties. The 16 collimator frames are
distributed as follows: 6 high-resolution multiple fan heams; 4 low-
resolution multiple fan beams; 4 two-dimensional feveal aivays; 2
reserved for auxiliary instruments. The angu]ar scale of these grid
systems will be shown superposed on the various astronomical ebjects in
Section II.

I-1
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Xenon Proportional Counter

Shutter and Honeycomb Cellimator

Inner Grids

High-regolution Fan Beams |5

Low-regolution Fan Beams

Foveal Elements

1 -2. Schematic Jayout of the Hard X-ray Imaging Instrument.
Shewn s a unitary metering structure/integrating structure
that supports several grid plames. The telescope points te
the left and the detectors and electronics are at the extreme
right.




TABLE I -1

Subcoliimator Layout

Elements FLHM Period Envelope Number  Effective
(arc sec) (arc min) {arc min) of Area per
Grids pixel {cm?)
High-reselution 4 2 41 6 3.8
Fan Beans
(6x32)
Low-reselution 64 34.1 47 6 5.0
Fan Beams
(4x32)
Foveal 4 - = 10 3.4
(56 total)

Total number of subcollimators = 376
Effective area for distinguishing point sources = 26.2 cm?

The system described here is particularly well-suited for selar
observations on from Spacelab, as described above. However, the modular
construction, replaceable grid planes, and redundancies permit recon-
figuring for a series of flights, or for specific objectives as the
instrument and its operation evolve into the ultimaté Facility envisioned
by the Team.

(c} Detecters and Shutters.

Three possibilities exist for the large area multi-element
detector array: position-sensitive propertional counters, an array of
thin crystal Nal/CsI detectoers of the "pheswich" variety (Peterson,

1975) or an array of cooled Li or Ge solid-state devices. Although each
has its advantages in terms of efficiency, dynamic range, energy resolu-
tion, complexity, and engineering problems, cost considerations have
dictated proportional counters with direct spatial read-out as an initial
choice. Increased energy reselution and/or high-energy efficiency can
be obtained with other types of counters in an upgraded configuration.

Obtaining large spectral and dynamic ranges reguires careful con-
siderations on counters, window thickness and area, and electronics. As
shown in Figure I -2, the objectives can be met by a xenon proportional
counter with moveable shutters to reduce the effective area for large
events. Each quadrant has a physically distinct proportional counter,
with four independent internal elements consisting of two cathode planes
with orthogonal wire directions, read out in six groups each, to provide
the spatial resolution. The anode plane is used for energdy and pulse
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shape discriminatien. Figure I -3 shows the Tayout of each of the counters.
The counter thickness is determined by the efficiency of xenon for the
higher energy X-ray photons. The efficiency for xenon at a gas thickness
of 40 atm - cm absorption is 2 80% in the 2-35 keV range, and 2 50% 1in

the 70-80 keV range where the escape of 29 keV xenon K X-rays becomes
significant.

DRIFT FI1ELD
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l l l'.mu vftH BRITT FIELD

CATHOBE T
WIRE PLANE e B
T - o Pos[TION

READQUT AHD
ANTI (omLIDERE

-1 e
(4,

Fig. I -3, Layout of the
position-sensitive xenon
proportienal counters.
The depth of 20 cm con-

L ~ sists mainly of drift
;¢((25

EnEagy;
[ 189

1 1 T’”vﬁhbﬁﬁ;mm : volumes. The total HXII
POSTHEN NEADOWT counter area contains 16
AND ANTICOINCIBEACE such units, with sub-
- ' — groups of four each
Ez%:ii::::::::;;§;=vn=m sharing a gas volume.
. EALELTREDE = WINDOW P L RPR I
- — Position sensitivity
T rew comes from discrete

cathode-wire groupings.

A significant dynamic range problem for selar X-rays arises from
the steepness of the flare spectrum which, between 1 and 100 keV, covers
some 10 orders of magnitude in photon spectral flux. Good efficiency at
the lowest energies is a requirement because of the need to observe
cosmic X-ray sources, but the thin counter window therefore required
creates an extremely high count rate during selar flares. This imposes
the need for a variable geemetry such as a moveable shutter system to be
operated during flares. The shutter system proposed here covers all but
-01 cm? of each subcollimator with 0.2 gm cm~2 of aluminum. This results
in a twe-peaked spectral distribution, as illustrated in Figure I -4. A
simple mechanical activater will be controlled by software in the digital
electronics.

Section IV of this Report describes a mere advanced cenfiguration
with transmissien argon counters for lewer-background soft X-ray respense.
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Fig. I-4. Model solar X-ray spectrum for a worst-case solar flare,
i1lustrating the performance of two shutter assemblies in modifying the
pulse=height spectrum., The shutter consists of 0. 076 cm Al, and has
holes of sizes suitable for guiet-sun and flare conditions. The model
flare has thermal parameters n_2V = 10%% em™3, T = 2 x 107K; added to
this is a nenthermal spectrum with spectral 1ndex 3 and 20 keV flux
100 photons {cm® sec keV)~l. Such a large flare would have occurred
roughly once a year during the 050-7 observing period (Datlowe et al.
1974b), but flare occurrence is subject to large variations. IT the
shutter assembly permits observations of this flare, it can easily
handle any flare 1ikely to occur during a Skylab missien.



Figure I-4 shows a medel solar input spectrum based upon
plasma with an emission measure of 1050 ¢m 3 and an electron tempera-
ture of 2.0 x 107K. The nonthermal component is characterized by a power
spectrum with a spectral index of 3 and a spectral flux of 100 photons
(sec-keV-cm?2)~1 at 20 keV. This peak flux for a hard X-ray event
occurred roughly once every 300 days during the 0S0-7 flight (Datlowe
et al., 1974). Because one subcollimator has an effective area of
about 3.8 cm=, the count rate per spatial element is ~ 2 x 103 counts
per second for this flare. Most counts will be located in a few sub-
coliimators so that the maximum count rate will be of the order of
2 x 10% per second. All smaller flares, of course, may easily be
measured if this extreme case does net saturate the system.

A spatial resélution of 0.5 mm gives unambiguous identification
of the element in which the X-ray photon registers. The anode wire
spacing of 1-2 mm leads to a maximum anode-to-cathode wire plane spacing
of 5 to 10 mm. Therefore, the bulk of the counter thickness is a drift
volume with the propertienal region on the order of T to 2 cm thick.

The proportienal region is located in the center of the counter to

reduce spatial uncertainties due te diffusion, and to permit a symmetric
field configuration with lower voltages. At a fill pressure of 2 atm,
each drift volume has a thickness ~ 10 em. Figure I-3 shows the counter
layout.

The shutter mechanism may be located in between the grids or
directly in front of the counter. Honeycomb coellimaters, whese field
of view is on the order of 5° FWHM, reduce photon backgreund due to pro-
duction in the grids and support structure. The background is further
reduced by wall-anticoincidence anodes, not shown in Figure 1-3. Addi-
tional slat collimators will be placed between the grid planes as necessary
to eliminate crosstalk between subcoliimators. Each subcollimator area
of a detector can previde anticeincidence rejection for other subcollimator
areas.

3. Electronics
(a) Proportional Counter Front-End Electronics.

The anode-plane pulse is collected by a charge-integrating pre-
amplifier as shown in Figure I-5. This is followed by a voltage ampli-
fier and a shaping amplifier stage to create a pulse-shape suitable for
pulse-height analysis. The output of the voltage amplifier is also
routed to a pulse-shape analyzer (PSA) amd pulsesshape discriminator
(PSB). The pulse-height analyzer cenverts the height of the shaped
pulse into a pulse width that is subsequently converted inte a digital
number by the Time-te-Digital Converter.

The two cathode planes are each divided into six groups of wires,
Induced pulses on these wire groups are collected by charge-sensitive
preamplifiers, followed by voltage and shaping amplifiers. Finally one



of the six low-Tevel discriminaters (LLD) in each direction will trigger
to indicate X- and Y- position of the X-ray event.
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Fig. 1I-5. Analeg electronics for the Hard X-ray Imaging Instrument,

The output of the shaping amplifier in the anode chain also goes
to an LLD and a ULD, upper level discriminator, to determine whether the
event is within the energy range of the detector. The output of the anode
lower level discriminator (ALLD) is synchrenized to a digital cleck and
normalized to a width defined by an integer number of clock periads in
a front-end logic system. The normalized LLD (HLLD) time correlates other
digital signals relevant to the detector's X-ray event. These signals
are input to the first rank latch which is cleared when the NLLD output
appears. Immediately folloewing the clearing operation, inputs are
sampled, and are stored in the latch. The time-to-digital converter
converts the pulse-height inte a number. The veto logic, which is pro-
grammable to accommodate various coincidence and anticoincidence schemes,
determines whether the event is acceptable. The antiecoincidence scheme
includes cell-by-cell anticoincidence and additional anticoincidence
from guard wires clese to the proportional counter walls.
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The X and Y positions are converted into a single position
number identifying which spatial element gave rise te the event. If
the event is acceptable, an event strobe is generated. The event time
and pesition codes and first-rank discriminator data are then stored
a second rank latch to await the completion of the time-to-digital
conversion of the pulse-height. When conversion is complete, second-
rank data, PHA value and detecter identificatien codes are loaded into
buffer registers to await transfer to the event steering legic. The
front-end logic may begin processing a new event when the microprocessor
buffer register is loaded. In case of an invalid event, the pulse=
height information i$ dumped and an event strobe is not generated.

(b) Microprocessors and Data Formatting,

The primary electronics interfaces are between the front~end
electronics logic and the microprocessor system and between the micro-
processor system and the Spacelab Command and Data Management Subsystem
(COMS). In addition to the front-end electronics there are other instru-
ment functiens which are controlled by and must therefore interface with
the microprocessor system.

The basic internal electrenics interface within the HXII is
between the imaging detectors and the microprocessors which centrel their
operation and prepare the data for transmission. As shown in Figure I-G,
a tetal of four microprocessors will be used for interfacing with the 16
detectors. Twoe of the microprocessers will be used for event binning
functions and a third will be utilized as a tagged-event processor. A
32-bit tag word is constructed as follows:

(1) Pixel Identificatioen - 5 bits
(2) Frame Identificatien - 5 bits
(3) Pulse=Height Analysis - 7 bits
(4) Time - 8 bits
(5) Flags - 3 bits
(6) Unassigned - 4 bits

The fourth microprocessor in this group will be used as a binning
priority precessor to be utilized during periods of high activity. Although
as much fully tagged data as possible will be transmitted, the expected
count rates during perieds of high activity will saturate the tagging system
and eventually force a full conversion to binning. The binning priority
processor will iselate the most active channels by identifying the high
frequency events' tags, both by energy and by pixel, and divert these
from tagged data to bins read out at 0.2 second intervals.

As indicated in Figure I-6 the ether four micreprocessors in the
system will serve the following functions:

1) Housekeeping and Thermal Control
(2) Full Sun Monitor and Shutter Control
(3) Aspect and Pointer Control
{4) Executive Control, Command and GMT
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Fig. I-6. Digital electronics for the Hard X-ray Imaging
Instrument. Microprocessors play a central role and permit
modifications of the software to match the hardware evelutioen
during later Spacelab flights of the instrumentatioen.

A1l eight of the microprocessers will be tied together on a common bus
and the executive control processor will direct the efforts of the total
system.

Interface with the Spacelab Command and DPata Management Subsystem
(CDMS) s through a Remote Acquisitien Unit (RAU). The Spacelab experi-
ment input-output unit will control the distribution of onbeard and ground-
originated command information as well as timing and Orbiter state vector
data te the HXII. The information will be transmitted over the experiment
data bus and through the RAU to the instrument. The RAY will alse serve
as the interface for control data which will be transferred to the experi-
ment input/output unit for formatting in the experiment computer and output
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to the display unit at the payload specialist station or to the grgund
through the 2.0 MBps channels. The control data are currently estjmated
at between 1.5 kBps and 5 kBps. The high-rate scientific data, which
will be in the 100 kBps 500 kBps range, will be transferred directly to
the Spacelab high-rate multiplexer. The transfer will takg place over a
hard-wire channel which is capable of accepting an input with a bit rate
of from 62.5 kBps to 2 MBps.

4, Aspect Systems
(a) Pointing Requirements.

We summarize the instrument pointing in Table I-2. The basic
information needed to establish these requirements is the following:
(i) the instrument pointing system must be able to point the direct-
imaging foveal elements to a given target, implying a setting accuracy
of 3 arc sec rms; (ii) the instrument must internally calibrate the co-
alignment error between the optical axes of the aspect sensor and the
X-ray image; (iii) the instrument pointing system must be capable of
pointing with stability ~0.4 arc sec rms over a 10 sec interval; (1v) the
pointing system must be capable of "dither" motions, for exampie a circular
trajectory with 10 arc sec diameter and 1 sec period; (v) the instrument
pointing system must be capable of raster motiens and multiple target ac-
quisition within the 40 arc min envelope, and be capable of tracking moving
coronal sources over a 5 degree range. These requirements are met either
by the Instrument Peinting System (IPS) baselined for SL-2, or by the
Small Instrument Peinting System (SIPS) under study by GSFC.

With the optional pointing system we have reduced the pointing
requirements as indicated in Table 1I-2. The optional pointing system
accepts input from the Orbiter state vector and sets the telescope to 0.1
degree (rms) precision. Stability of pointing derives from the Orbiter
attitude, and the imaging information depends upon accurate aspect=sensing
information. Closed-loop operation is aiso possible for better stability.

(b} Aspect Readout.

The hard X-ray instrument has a large field-of-view envelope;
this makes pessible the tolerance of a large coalignment error between
aspect sensor and X-ray view directions (Table 1-2). Precise aspect
readout must be achieved, however, at the 0.4 arc sec {rms) level at 0.1
sec intervals, so that re-pointing and image reconstruction may be accom-
plished to ~1 arc sec. Aspect readout devices will be identical for the
two peinting-control system options, and exist within the state of the art.

The solar and cosmic observing programs can use a single aspect
sensor {for pitch and yaw); this sensor will need a combination of iris
diaphragm and neutral-density filter to tolerate the large dynamic range
necessary. Accurate registration of the senser and X-ray axes comes
from observatien of a known cosmic X-ray peint source (e.g. Cyg X-1)
and from a solar 1imb sensor integrally constructed within the grid
system. Briefly, this Tatter device consists of a Fresnel lens mounted
on the front grid, and a photodiode sensor mounted on the rear grid.

The positions of these devices relative to the actual grid patterns
that define the X-ray image are derived by laberatory measurement of
the grids.
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TABLE 1-2

Instrument Pointing

“Instrument Pointing
System or Small Instru- [UCSD Pointing-Control
ment Pointing System System

1. Pointing Control
System

Setting Accuracy 3 arc sec (rms) pitch [0.1 deg (rms)
and yaw

10 arc min (rms) roll

Pointing Stability (0.4 arc sec (rms) pitch |Orbiter attitude stability
and yaw per 10 sec

Motion "Dither"; raster; track- |positicn servo update
ing {see text) under
experiment control

2. Aspect Semsors

Coalignment 4 arc min (rms) 4 arc min (rms)
Tolerance Read- 0.4 arc sec (rms) pitch [0.4 arc sec (rms)
and yaw pitch and yaw

out precision
80 arc sec (rms) roll |80 arc sec (rms) roll

5. Mechanical and Thermal.
(a) Structural.

Maintaining alignment of the multi-grid system places extreme
reguirements on structural stability, thermal control and grid design.
‘The total error budget for grid spacing is 9u. Following the conceptual
design shown feasible by BBRC (Section II), the baseline configuration is
the aluminum truss structure shown in Figure I-2. In this cencept a com-
bined metering and integrating structure is used to increase the frontal
area. Support to the pointing control gimbal is at the center. Based on
a2 54=node finite element mechanical model, alignment maintenance in the
horizental pesitien in a 1g field may not be feasibie, although the verti-
cal poesition poses no prokiem. Buring an early definition phase, alternate
geometrical structural and material approaches w11] e investigated for
feasibility and cost effect1veneasg

(b) Grids.
The grid material must have a high atemic number to serve effec-

tively in modulating hard X-rays. Tungsten has been selected for this
purpose because of its availability in thin (.001") foils and because it
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accepts chemical etching well. A single thickness of this material will
suffice for the range of photon energies in this configuration; this
eliminates the need for stacking multiple grid layers te obfain sufficient
opacity. The etching tolerance of the grids is being met for the SMM
experiment because the hole size is virtually identical with that proposed
here - the shorter length of the SMM collimator results in 8 arc sec angular
resolution, rather than the 4 arc sec of the instrument described here. In
other respects, such as size, these grids present less of a technical pro-
blem than those presently being fabricated for the SMM. The present con-
cept is to manufacture the grids in % quadrant (~22 cm) size, and mount

4 of these in a frame ~ 50 cm on a side. These frames will be mounted in
the metering structure with precision adjustable locaters, for final align-
ment.

(c) Thermal.

The instrument structure to which the grid elements are mounted
also serves as the alignment structure. Static or dynamic thermal dis-
tortion of this structure results in grid displacement. If the instru-
ment structure is subjected to a thermal environment for which a tempera-
ture gradient exists across the instrument, teop to bottom and/or side to
side, the relative differential expansion of the instrument structure will
result in thermal distortion. A two-stage thermal control system will be
required to contrel the HXII temperatures to the reguired tolerances. The
first stage will 1imit temperature excursions to =5  €; it will consist of
a canister enclosing the entire instrument including front aperture doors.
By controlling surface finishes, and adding insulation and heaters te the
canister surfaces, the required thermal control can be obtained. A second,
internal triermal-control system will bring the temperature gradients into
the range of tolerance. Since the thermal canister will be subjected to
distertion which could be transmitted te the alignment structure, hard
mounting of the instrument te the camister or canister frame is not re-
commended.

6. Ground Support Equipment
(a) Mechanical.

In addition te the usual handling and transpertation fixtures,
a hard X-ray imaging system at this and subsequent levels will require an
X-ray test facility. This will verify alignment of the grid collimator
with X-rays, and permit determination of the detailed angular response of
each subcollimator. Briefly, it uses a collimated X-ray beam te verify
the collimater response through a series of precisely-contrelled trans-
lations and rotations.

(b) Electrical.

The electrical checkout system reguired for the HXII is based on
that developed for the UCSD/MIT X-ray and y-ray telescope on the HEAQ-A.
This mini-computer based system consists of two component levels: a Module
Checkout System (MCS) and an Instrument Checkout System (ICS). The HEAO-
A-4 MCS, which tests individual detectors and other systems, could be used
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with only minor modifications. The ICS would require update in the form
of a Spacelab simulator, a test unit, and more processing power to handle
the high bit rates and image recenstruction procedures.
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I. INTRODUCTION

The ability to accelerate particles to high energies appears to be a
property of many plasmas of astrophysical interest. The aurora, solar and
stellar flares, X-ray stars, pulsars, supernovae, radio galaxies and quasars
all exhibit streng nen-thermal effects. Transient cesmic y-ray bursts and
galactic cosmic rays also clearly involve particle acceleration, and the
magnetospheres of Earth and Jupifer ¢ffer additional examples. Imaging
observatiens of X:ray and y-ray emissions from these objects will provide
new and fundamental information on the acceleration mechanisms, the
energy storage and release by the particies, and their coupling to magnetic

© fields and thermal plasmas in the sources.

The study of particle acceleration in the universe therefore represents
the main scientific objective of hard X-ray imaging observations. In this
chapter we discuss specific observations in some detail. In the case of
solar particle acceleration, hard ¥-ray imaging will provide quantitative
data that will test relatively well-worked-out models. The non-solar obser-
vations give access to a wider variety of astrophysical envirenments; they
will provide answers to some questions already asked, but they will also
be expected to produce new discoveries in as yet unexpected areas. In a
sense the cosmic X-ray observations are more exploratory.

II. SOLAR OBSERVATIONS: PARTICLE-ACCELERATION PROCESSES
RELATED TO SOLAR FLARES

Among the non-thermal phenomena in the universe, solar flares provide
particularly easily studied cases of particle acceleration: flares accelerate
particles to relativistic energies; the solar plasmas occur close enough to
the Earth to permit sufficiently high spatial reselution, but de lie far
enough away for a global view of their structures. The energetic particles
dominate the energy content of many flares, so that the understanding of
their acceleration constitutes an important step in clarifying the flare
processes themselves. Svestka (1976) has given a recent comprehensive
review,

A. Present Status of Knowledge

Qur present knowledge of solar particle-acceleration processes has
come primarily from the observations of solar hard X-ray and radio emission,
and from direct observations of the accelerated particles released into the
interplanetary medium. The X-ray bremsstrahlung radiation process is
relatively simple and well-understood compared to the processes of radio
emissions and absorption, and the particle escape and propagation. Thus
most of the quantitative information about non-thermal electrons at the
Sun has been obtained from the interpretation of the hard X-ray measurements.
Direct interplanetary particle ebservation and y-ray line measurements
provide information on the acceleration of protons and nuclei, but Jow
sensitivity for y-ray Tines has permitted observations of only two very
outstanding flare events. Most of the remaining phenomena relevant to
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particle acceleration processes at the Sun are those which result from

the deposition of the kinetic energy of the accelerated particles, through
collisions, in the selar atmespheric gas. These include white-Tight emission,
Ho kernels, rapid soft X-ray flare brightenings, EUY flashes, etc. The

main advantages of these types of observations are the clues they give toward
tocating the accelerated particles at the Sun, determining the time scales

of the acceleration, and the nature of the particles.

Observations at ground level of secendary mesons and neutrons made
as early as 1942 provided the first evidence for the existence of very
energetic "solar cosmic rays". Since 1956 riometers have measured the
ionospheric effects of energetic protons in the polar cap regions of the
Earth. Nowadays direct spacecraft measurements, as well as ground-based
observatiens, provide means of studying the products of the acceleratien
processes responsible for the energetic particles. The infermation
gleaned from particle observations remote from the Sun is limited by our
uncertainties regarding the propagation of the particles, and regarding
the magnetic structures in the lower cerona.

The radie ebservations have revealed the presence of a wide variety
of phenomend occurring in the solar chromesphere and corena. The high
brightness temperatures and rapid fluctuatiens oebserved for many types
of selar radie bursts jeave 1ittle doubt that they are due to non-thermal
processes invelving energetic electrons. From type III bursts we Tearn
that in some instances the acceleration timé for 10-100 keV electrens can
be X 1 sec and that the acceleration process is highly repetitive. Obser-
vations by the Culgoora radioheliograph shew ceronal acceleration, to higher
electren energies, occurring over very wide regions as the result of shock-
wave passage through the corona. The centinual stormy radio-burst activity
of some active regions, even in the absence of flares, suggests that elec-
tron acceleration eccurs on a continous basis in some parts of the Sun.

The radio observatiens in general hHave high sensitivity and good
spatial and temperal reselutions; in addition the wide range of available
wavelengths lets us probe the entire depth of the solar corena and chromo-
sphere. The radie emissivity and propagatien of the radiation, however,
depend strongly upon the local plasma conditions, and vary gareatly with
changes in density and magnetic-field structure. This makes it difficult
to obtain gquantitative information frem radio observations without know-
ing the detailed structure of the solar atmosphere in am active region.

Since the X-ray and y-ray fluxes observed during selar flares come
directly from collisions of the non-thermal particles with ambient particles,
the interpretation of the X-ray and y-ray spectra is relatively simple,
and allows some reasonably quantitative inferences about the energetic pro-
cesses. The X-ray observations show that 10-100 keV electron acceleratien
occurs commonly in solar flares and that the accelerated electrons above
20 keV contain a substantial, and sometimes deminant, portion of the
total flare energy. The non-thermal spectrum «i11 contain even more energy
below 20 keV, but observatiens below this energy tepd to be confused by the
very strong thermal X-ray emission from the ~2 x 107 °K flare plasma.
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The electron energy spectrum inferred from the X-ray ebservations
usually fits a power law in energy, but frequently exhibits a steepening
above ~ 50 keV. For a small flare the duration of the acceleration pro-
cess obtained from the X-ray observations is typically ~ 102 seconds, but
the overall event appears to be made up of short bursts of acceleration on
< 1-10 second time scale. The true time scale of the acceleration may be
even shorter, but current X-ray instrumentation is Timited in témporal
resolution te ~ 1 second.

Observations in the interplanetary medium provide a direct sample of
accelerated electrons. Comparisons of the escaping electrens and X=ray
emitting electrons indicate that the acceleration region is located in the
lower corona, and that generally only a small fraction of the accelerated
electrons escape. The presence of energetic electrens at all times in
the near-Earth interplanetary medium, even though the solar wind is always
sweeping them out of the inner solar system, suggests that the Sun may be
guasi-continuously accelerating these particles. Another indication for
this is the observation of many type III radio bursts on the Sun that are
not flare-associated and do noet coincide in time with hard X-rays. Never-
theless they still represent streams of accelerated electrons in the corona.

While the acceleration of electrons is intimately associated with
hard X-rays, impulsive microwave bursts and radio type III bursts, the
acceleratien of nuclei appears to have a strong association with shock waves.
Type II and moving Type IV radie bursts accompany proton flares, and
protons are observed to be accelerated in front of the interplanetary
shocks. In addition the acceleration of electrons to relativistic energies
is observed to accompany the acceleration of nuclei. The smaller electron
fluxes may indicate a rigidity-dependent injection into the acceleration
process. This is what one would expect from stochastic acceleration pro-
cesses associated with shock waves.

In summary, we know of at least two distinct acceleration processes
in solar flares: one, quite common, that is a highly efficient acceler-
ator of electrons (and perhaps protons) to ~ 102 keV energy and which must
be closely related te the solar flare mechanism itself. A second process
follews the first one in some particular flares and accelerates both pro-
tons and other nuclei, as well as electrons, te MeV and even GeV energies.
the latter process is apparently able to duplicate the galactic cosmic-ray
acceleration mechanism at Tow energies. The primary acceleration mechanism
must be closely related te the conversion of magnetic energy into flares.
The acceleration to higher energies may be linked to the presence of flare-
induced shock waves in the solar atmosphere and interplanetary medium.

$ti1l a third acceleration mechanism may operate on the Sun, giving
rise to the electron streams producing the type III radio bursts. Such
bursts occur mostly without flares, but de tend to coincide in time with
the above-mentioned primary acceleration process when a flare occurs in
a type IlI-preducing active region. Future observatiens may therefore reveal
the identity of the impulsive-phase and type-III burst acceleration mecha-
nisms, or may establish their fundamental difference.
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B. Hard X-ray Imaging Applied to Solar Particle Acceleration

In the following sections we discuss several specific problems and
indicate the roie of hard X-ray imaging in their solutions. We have
divided the discussions into two major subsections, for the impulsive
and coronal phases of flares. For each phenomenon discussed we have esti-
mated the parameters of the expected X-ray sources, on the basis of
theoretical arguments depending upon existing radio and X-ray observations.
Table 1 summarizes these estimates.

1. Impulsive Phase.
(a) Where within the flare structure does the primary accelera-
tion take place?

The acceleration of 10-100 keV Electrons during the impulsive phase
requires a large fraction (up to 108 ergs greater than 20 keV) of the
total flare energy {(Lin and Hudsen, 1971; 1976) The most urgent problem
in understanding this energy release lies in determining precisely where
it occurs within the large-scale structure of the flare. Several theories
propose macroscopic instabilities that should give recognizable character-
istics te the hard X-ray 1mages, as discussed below. Because X-radiation
directly shows énergy-loss regioens, rather than acceleration regions, we
must relate the observations to the theories through extensive correlated
observations and detailed model-building for the flaring plasmas.

The short duration (1-100 sec) of hard X-ray and microwave bursts
associated with the impulsive phase (Kane and Anderson, 1970; Datlowe
et al., 1974b) suggests small size scales. The only direct X-ray infer-
mation has come from the observation of a single flare by Takakura et al.
(1971) with a balloon-berne X-ray telescope resembling the instrument
defined in this report; this observation yielded an upper limit of about
1 arc min. The best inference on the location and size of the hard X-ray
source during the impulsive phase of a flare comes from ebservations of
white-1ight flares (Svestka, 1970; McIntoesh and Donnelly, 1972). An
example, for the white-light flare of August 7, 1972 (Rust and Hegwer, 1975),
is illustrated in Fig.lI-1. The white-1ight emission occurred in four
patches of brief duration (about 5 sec) and small size (24 arc sec); the
grid in Figure 1 shows the angular resolution and field of view of the
imaging instrument described later, relative to the white-1ight structures.
SimiTarly small, rapid br1ghten1ngs tend to appear in He (Verpahl, 1972)
and similar effects have been noted at A 3835R (Zirin and Tanaka, 1973).
The association of these phenomena, especially the white-light continuum
brightening, with energetic particles now seems well established (Svestka,
1970; Najita and Orrall, 1970; Hudson, 1973: see also Svestka, 1976 for
a fuiT discussion). On this basis we expect to see multiple bright points
in the hard X-ray image, with size scales on the order of a few arch seconds.

These ebservations will directly test the thick-target model, in which
the electrons lose a substantial fraction of their energy to collisions and
thereby support secondary phenomena (Lin and Hudson, 1971, 1976). If the
hard X-rays come from lower altitudes with higher densities, then the thick-
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Figure II-1. White-light observations of the Aug. 7, 1972 flare. These
observations (Rust and Hegwer, 1974) show four emission patches on oppo-
site sides of the neutral line of the longitudinal magnetic field, as
indicated by the dashed line. Scale is indicated by a 4 arc sec grid;
North is at the top. The white-light patches correspond to the feet of
magnetic loops, and should also be bright in hard X-radiation according
to the thick target model.

II-5



target model must held. On the other hand, if the hard X-ray sources
are diffuse and extend into the corona, then we must have thin-target
emission; the electrons escape to the corona with negligible energy
1oss. We expect the Tater case te hold for many coronal phenemena,
following the 080-5 (Frost and Dennis, 1971) and 0S0-7 (Rey and
Datlowe, 1975} observations of over-the-1imb flares.

(b} What is the relationship between non-thermal processes and
the hot flare plasma?

The geometry of the soft X-ray emission has now become clear as a
result of the Skylab observations: Tloop er arch structures appear to con-
fine the hot plasma (T~107 K) (Kahler et al., 1975; Vorpahl et al., 1975).
These structures shew the Tocations of the coronal magnetic flux tubes
that participate in the flare (Widing and Cheng, 1974). The hard X-ray
burst that defines the impulsive component cerrelates in time with the
growth of these hot loops {Datlowe et al., 1974a), which may have sizes
of 30-40 arc sec; we therefore expect to see the hard X-ray image jdentified
with certain parts of the soft X-ray Sources: the feet of magnetic
loops, the tops of these loops, or whole distinct (smaller?) loops.

Each of these possibilities invelves certain mechanisms for driving
plasma to a superheated cenditien. Te place the observations propesed
here into the proper perspective,Fi9.11-2 shows the June 15, 1973

flare observed by the Skylab (Widing and Cheng, 1975); these observations

show small léop-like structures in a Fe XXIV Tine, indicative of the
hottest part of the flare.

(¢) What is the relationship of Type III burst particle
acceleration to the impuilsive phase?

_ The Type III radie burst first appears at a high frequency (100-

500 MHz) and rapidly drifts toward lower frequencies. The accepted inter-
pretation (e.g. Wild et al., 1963) in terms of 10-100 keV electron streams
moving outward in the selar corona has been confirmed by direct inter-
planetary observation of the electrens {(e.g. Lin, 1974), but the relation-
ships of Type III bursts to the impulsive phase is confusing. We often
observe a close time coincidence (Kane, 1972; McKenzie, 1972) between the
occurrence of the Type III burst and the hard X-ray burst; in many other
cases the Type IIT burst may occur even in the absence of any recognizable
flare. Establishing the relationship between the Type III burst electron
populatien and the impulsive phase electrons therefere becomes very
interesting - are there indeed two separate instabilities that act simul-
taneously, or can some impulsive-burst eTectrons "leak" from the cemmen
acceleration site to produce some of the Type III bursts?

2. Corgnal Phase.
(a) Is there coronal trapping of 10-100 keV electrons?

Corenal storage of non-thermal electrons must result if thin-target
models of the hard X-ray emission hold; we know from interplanetary
observations that the impulsive-phase electrons do not escape freely
inte the interplanetary medium. Thus, subsegquent to their interactions
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Figure II-2. Skylab observations of the June 15, 1973 flare with the NRL
slitless spectrograph (Widing and Cheng, 1974). Two images appear:

Fe XXIV on the left, with the 4 arc sec grid superposed, and He II on the
right. The direction of dispersion is left-right, and the wavelength
difference is such that the Fe XXIV brightening falls on the neutral line
between the He II ribbons. This implies a hot loop with cold feet; the
locp should be visible in soft X-ray continuum and should have a definite
model-dependent relationship with hard X-ray brightenings.



at lower altitudes during the impulsive phase, large numbers of these
electrons must find a coronal region in which they can decay without
producing large X-ray fluxes. Evidence for the existence of storage
following Type III bursts comes from the U-burst and the Type V con-
tinuum (e.g. Kundu, 1965) which requires closed field lines of

great extent.Table II-1includes a hypothetical storage region following
the impulsive phase of a flare, as well as estimates for the known radio
phenomena. Little theoretical work concerning the feasibility of such
storage regions exists {cf Anderson, 1972).

(b} What is the nature of Type II burst particle acceleration?

Type II bursts accompany the acceleration of 10-100 keV electrons in
bursts (e.g. Sheridan et al., 1959), suggesting that the shock front ini-
tiates the normal Type III mechanism as it traverses various coronal fea-
tures. Smith (1972) has discussed the theory of particle acceleration in
these conditions. 1In addition to this non-thermal process, the shock must
also heat the plasma it traverses (Hyder, 1970). The Culgeora observations
{Wild and Smerd, 1972) show very large Type II seurces with considerable
structure; the hard X-ray observations (Frost and Dennis, 1971) agree in
time quite well. Imaging of hard X-rays with Tow resolution (about 1 arc
min) will identify the corenal structures involved in particle acceleration.
Additionally the Type II bursts accompany the secend-stage acceleration
process for >1MeV energies, since Type II occurrence correlates with
high-energy protons in space {Svestka and Fritzova, 1967).

(¢} What is the nature of Type IV burst particle acceleration?

The meter-wave Type IV bursts, as observed at Culgoora {Wild and
Smerd, 1972), represent the synchrotron radiation of MeV-range electrons.
The hard X-ray detectability of thése electrons depends crucially upon their
number and the ambient density, and the radio observations do not lead to
reliable estimates of these numbers. Taking for example the results of
Ramaty and Lingenfelter (1968) for one event, we have ~103% electrons with
Ee R 2.5 MeV at n, = 3 x 107 em~3. If we assume a power-law distributign
with index 3, beldw 2.5 MeV, then we compute a 20 KeV X-ray flux of ~102
photons (cm2 sec keV)-1, This very large flux agrees approximately with
the flux level observed by TD-1A in the August 1972 flares (van Beek, 1974):
if the electrons emitting these X-rays actually do so at such a low density,
then a hard X-ray imaging svstem would be able to observe very iarge
volumes of the corona. Fig. II-3 shows as an example the moving Type IV
burst on March 1, 1969 (Riddle, 1970), with the 1 arc min grid of the coarse
fan beams indicated. A similar calculation to that above for Riddle's data
(n; = 106 cm'3,Ee = 0.75 MeV, N=1032 electrons) gives a 20 keV flux of

v 3 X ll-‘3(_cm-2 sec keV)“l. This refers to a source position at 5 R_, and
we would expect much larger fluxes nearer the sun. Both of these eftimates
result from exceptionally Targe events but the fluxes Tie well within the
range of feasibility.

The utiiity of hard X-ray observations of such phenomena lies in the

entirely new perspective they give. Where the X-radiation depends on density
alone, the synchrotronflux depends upon both density and magnetic field
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Table II~]

Properties of Selar Hard X-Ray Bursts

Source Region Number of X-Ray Flux

Phenomenon ' Density Electrons at 20 keV Buration Diametey

(cm=3) { 20 keV) (ph/cme-sec-keV) (sec) (arc min)
Impulsive Burst* 1010-13 1p34-40 <107 1102 1-10° <
Storage Region®* <1®7 1034'40' <0, 104'5 large
Type 1I ? 7 ? 103 large
Type 111 107 1031-3¢ 10741077 1 <2
Type IV 108-8 1932-38 10-%-102 103 5-15

*  These numbers represent typical ranges for observed impulsive hard X-ray burst (e.g. Datlowe et
1974b), interpreted on a thick-target model.

**  The storage region is hypothesized to exist after a thin-target impulsive burst.
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Figure II-3. Culgoora observations (80 MHz) of a moving Type IV burst at
2317 UT, March 1, 1969 (Riddle, 1970) with a one arc min grid superposed
to indicate the angular scale. North is at the top, West to the right;
the circle represents the location of the solar disk. The electrons that
produce gyro-synchrotron radio emission should also emit hard X-radiation
through bremsstrahlung as estimated in the text.
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strength. Successful hard X-ray imaging observations will therefore help
determine values for the corenal magnetic field in the regions. Mapping
the source distributien alone will immediately determine the configuration
of the plasmeid or loep structure causing the Type IV burst, and knowledge
of the geometry will allew a choice from ameng the various moedels pro-
posed (e.g. Wild and Smerd, 1972).

{d) What is the geometry of open field structures in the corena?

Various population of energetic particles may serve as tracers of open
as well as closed field 1ines in the corona; normally such Tines (e.g. in
the coronal holes) do not contain eneugh material to produce measurable
radiation. Fast electrons accelerated in or after solar flares will
mark these magnetic structures; in particular Type III bursts (see above)
may illuminate field lines directly cennecting the interpianetary medium
with the flare site.

C. Summary

The infermation provided by a hard X-ray imaging instrument can aid
in describing the location of the selar acceleration processes, at several
Tevels., 1In the most elementary configuration of the instrument (see Section
I for a full description) the measurement of size and shape of the hard
X~-ray component alone will be of great value. Still better is the simultan-
eous observation of seoft X-ray structures, and the relative pesition of the
hard X-ray sources associated with them. Finally, the optimum degree of
information would come from the absolute position of hard and soft X-ray
structures permitting detailed analysis of the magnetic field, white-light,
and Ha cenfigurations near the X-ray flare.

ITI. IMAGING OBSERVATIONS OF COSMIC HARD
X-RAY SOURCES

Imaging of cosmic X-ray sources represents the next substantial step
in high energy astrophysics after the exploratory observations by 050's,
Uhuru, SAS-C and other satellites. Follewing the deep survey by the
HEAO-A, the HEAOD-B will carry a large focussing telescope for imaging soft
(E < 4 keV) X-rays. The principal observation results will be (i) the
identification of X-ray point sources with objects visible at other wave-
lengths, which greatly aids in understanding the astrophysics of these
sources; and (ii) the mapping of thermal and non-thermal X-ray structures
within extended sources. A hard X-ray imaging system will permit these
studies to be carried out over a broad energy range, in particular inte
the 10 - 30 keV region, where thermal and non-thermal processes are
clearly distinguished in some classes of objects.

A. Activation of the Crab Nebula

The pulsar NP 0532 apparently supplies the energy observed to be
radiated from the entire volume of the nebula. A map of the hard X-ray
emission will provide information about the transport of energy from the
pulsar, the acceleration of particles within the nebula, and the subsequent
propagation of these particles.
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Energetic particles in the Crab Nebula penetrate throughout its
visible extent, as inferred from their synchrotron emission. Recently
Ricker et al. (1975) confirmed at higher energies the observation of
Bowyer et al. (1964) of a large angular size for the X-ray source. The
exact relationship between the accelerated particles and the pulsar has
become far less clear since the recent observations revealed a displace-
ment hetween the X-ray source and the pulsar (Ku et al., 1976). Figure II-
4 shows the hard X-ray source superimposed on a polarized=1ight image
described by Scargle (1969). The feature Scargle termed "Wisp One" seems
closer to the center of the X-ray source; this diffuse object may undergo
time variations in conjunctien with glitches in the pulsar rate of slow-
ing down (Scargle and Harlan, 1970). Higher angular resolution will
resolve Wisp one and other optical features, and thus reveal their
raete in the particle acceleration.

B, Clusters of Galaxies

Clusters of galaxies contain extended X-ray sources now known. The
Perseus cluster Fig. II-5 showing the coarse-resolution grid) provides
a good example: an extended, thermal seource. It contains embedded within
it a compact source centered on the Seyfert galaxy NGC 1275; a bar of
emission also extends from NGC 1275 toward the radio tail galaxy IC 310
(Wolff et al., 1973). Recent spectral observations of the Fe XXIV-Fe XXV
Tine complex (Mitchell et al., 1976; Serlemitsos et al., 1977) in the
Perseus, Coma and Virge clusters virtually confirm a thermal moedel fer the
extended source. Especially regarding the iron Tines, this will give
information on the evolution and elemental enrichment of the gas. Hard
X-ray imaging may also reveal the presence of diffuse hales {few arc sec)
around compact seurces in clusters of galaxies. If so, this would provide
evidence for the escape of non-thermal electrons inte the intra-cluster
medium.

C. Identification of Extragalactic Compact Seurces

Individual extragalactic seurces, including QS0's, radio galaxies
and Seyfert galaxies, have been detected at X-ray energies. These objects
have extremely ha;d spectra; NGC 4151, a Seyfert galaxy, has a flat power-
Taw extending to = 100 keV (Baity et al., 1975; Paciesas et al.,1976) as
does the radie galaxy Cen A (Lampten et al., 1972; Mushotzky et al., 1976;
Hall et al., 1976). In addition a high hew-energy cutoff (about 3 keV) is
associated with this object. A hard X-ray telescope can thus locate such
seurces accurately to permit identification of optical or radio counter-
parts. Fig. I1I-6 shows such an application in Cen A; here we ask whether
the hard X-ray sources coincide with the nucleus, with the inner radio
lobes, or with the other apparent ejecta {Blanco et al., 1975). Iden-
tification of the X-ray source then Teads to full development of the
physics via related radie and optical observations. In Fig.II-7 we see
the giant elliptical galaxy M87 (Virge A} showing the ability of a
4 arc sec angular resolution to resolve the jet from the necleus.
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Figure I1-4. Crab Nebula in polarized light (Scargle, 1969), North at
the top, East to the right. The picture shows the pulsar NP0532 as the

S of the two stars within the rhombus indicating the MIT lunar occultation
measurement (Ricker et al., 1975). The "wisps" can be seen near the
pulsar. The square grid shows a 4 arc sec angular scale.
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Figure II-5. Perseus cluster of galaxies, with 1 arc min grid. The outer
contour represents the radio source 3C 84. The soft X-ray source seems to
consist of a large diffuse source, a point source centered on the Seyfert
galaxy NGC 1275, and a bar of emission matching the line of galaxies
reaching from NGC 1275 to the radio tail galaxy IC 310.
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Figure 11-6. Optical/radio/X-ray map of Cen A (Grindlay et al., 1975).

The grid at lower right represents a 2 arc min array of the 4 arc sec image
elements shown in the earlier figures. The inner radio lobes, as well as
the nucleus, are potential hard X-ray sources from Compton scattering.
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D. Galactic Compact Sources

Certain galactic compact sources such as Cyg X-1 and X Per, have
hard spectra (Mushotzky et al., 1977); others have extremely large
extinction, such as GX 301-2 (Swank et al., 1976). For sources in
these categories a hard X-ray imaging instrument provides the most
sensitive discovery, position measurement, and identification.

E. Galactic Center

Many discrete X-ray sources exist in this complex region, and
several of them have hard spectra. Of these, 3U 1728-24 (=GX 1 + 4) has
very . interesting properties (Davidsen et al., 1977): it appears to be
a "symbiotic star", a rare association of late-type star with an X-ray
source. High-resolution imaging in hard X-rays gives the maximum
penetrating power through the large extinction toward the center of the
Galaxy, where an extended (about 2°) soft X-ray source (3U 1743-29)
occurs (Giacconi et al., 1974).

R ¥
b
[ g X

Figure II-7. Optical image of the central region of the elliptical ga1axy
M87 (radio source Virgo A), with a 4 arc-sec grid superimposed. The_“qet"
extending to the west of the nucleus consists of a series of blobs visible
in synchrotron radiation.



F. Summary

The cosmic observations are a goed deal more expleratory than the
solar ebservations, with well-defined exceptions as mentijoned above. Little
can be predicted regarding the unijdentified high-latitude sources in the
Uhuru catalog, for example. We will wish to optimize the hard X-ray tele-
scope configuration for observations of other classes of sources, as we
obtajn data in early flights of the instrumentation. As an example, one
class of optimization would consist of devoting maximal area in uniqgue
fan beams; this would be ideal for position determination and identification
with a hard X-ray imaging instrument representing a natural step after
HEAO-A (hard X-ray source discovery) and HEAO-B (soft X-ray source imag-
ing}. We note especially the complementary nature of the spectral ranges
of a grid-collimator telescope (R 2 keV) and a grazing-incidence focusing
telescope (£ 4 keV} such as that on HEAQ-B; the technigques permit com-
parable angular resoiutiens.

Both solar and non-solar observations relate to different aspects
of the same problem area: nen-thermal particie acceleration. As long as
the instrumentation need not be optimized for one kind of observation, to
the exclusien of the other, it will reward us to de both. Finally, we
should remark upon the planetary aspects of hard X-ray imaging: the
terrestrial aurora and the magnetospheres of the outer planets. Both of
these represent difficult observational problems, but they must also be
kept in mind during the evolutien of the study of non-=thermal particies
in astrophysics, via their X-ray and y-ray emissions.
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I. INTRODUCTION

A, Report Background

The University of california, San Diego (UCSD) is under
contract to Goddard Space Flight Center (GSFC) to operate a
"Facility Definition Team" (FDT) whose purpose is to define
the scientific objectives, instrumental concepts and specifi-
cations, implementation and operation of an instrument to be
placed on the Space Shuttle., The purposes of the instrument
are to obtain hard X-ray images of the sun during the evolution
of solar flares in order to understand non-thermal particle
behavior on the sun; and to study cosmic X-ray source structures.

Since hard X-ray photons (>~ 10 kev) cannot be reflected
or refracted, the basic image-forming technigue necessarily
involves cellimation of the incident X-ray flux. At the
early meetings of the FDT, it was recognized that a number of
collimator configurations were possible to obtain the scien-
tific objectives of the facility. Each configuration, however,
inveolved a different compromise in sensitivity, time and
energy resolutions, angular resolution, image reconstruction,
and technical feasibility. Accordingly, the team recommended
that a detailed study of the scieéentific trade-offs ketweaen
various types of hard X-ray collimators and associated
detectors be made.

This report contains the results of the study as conducted
at Caltech under NASA Contract NAS5-22375 Supplemental
Agreement No. 1 through UCSD P.O. No. 6B-01363-0,

B. Organization of Report

In Section II of this report the parameters of tihe solar
X-ray flux are reviewed in order to establish the regions of
sensitivity, angular resolution, field of view, time resolution,
etc., that would be appropriate for a shuttle facility; In

Section III some basic quantitative relations are aeveloped
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for collimaters, detectors, etc. which can be applied to

most of the proposed collimation schemes, In Section IV each
of the collimation schemes is discussed in detail, with
appropriate numerical parameters. At this point some addi-
tional schemes, which might be considered for this applicaticn
are introduced. Section V compares the>sensitivity, angular
response, ete,, of all the configurations in a trade-off
matrix, with discussion as needed. Section VI presents a
summary of the trade-off considerations, An appendix compares
output of three of the imaging systems when viewing a
plausible source of solar hard X-rays,
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IT. PARAMETERS OF SOLAR X-RAY FLUX

A, _ Introduction

The scientifi¢ importance of solar hard X-ray imaging as an
observational technigue with which to study solar flares has
been established in the interim report of the FDT. The purpose
of this section is to review the known spectral, spatial and
temporal characteristics of selar hard X-ray emission in
order to form a basis for evaluating collimator schemes in
subsequent chapters. Svestka (1976) provides a good review
of the relevant observations.

For these purposes we c¢an consider the X-ray emission to
consist of three components, First, tihe non-thermal compenent
which dominates X-ray bursts above 20 kev; second the thermal
component which dominates bursts below 10 kev and is generally
parameterized by a temperature and emission measure; and
third, an "extended" component which is the X-ray analog to
Type II and Type IV bursts observed at radiu wavelengths.

This component would originate higher im corena than the thermal
or non-thermal burst sources and would be much larger in spatial
extent,

B, Spectra of Burst Sources

Flare associated burst X-ray cources consist of a thermal
and a non-thermal component,
The spectrum of the non-thermal component is usually

fit by a power law so that the differential spectrum may be

given by:
N (E) = F,, (E/20)7"

where N (E) = Photem flux at 1 AU (photons / dmz sec¢ kev)

E = photon energy (kev)
y is usually in the range, 2.5 «<v.«6 with a median value of 4
having been observed in a large flare sample (Datlowe et, al.,

1974a), Fyys the instantaneous flux at 20 kev, varies during
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a flare, of course, but a given flare may be characterized by

the maximum value of Fyor Bap-
Statisticés on flares accumulated by 0S0-7 showed values
in the range 0.1 <« Ayg < 30 (photen (cm2 see kev)_l), with

an integral freguency distribution,

-0.8
P(As0) ~  Bg
where P(Azo) is the expected number of bursts im any one 24 hour

period with a flux at 20 kev of A or higher,

Such a differential spectrungenerally holds from about
20 kev to about 100 kev, with some evidence of stéepening
above 60 -~ 80 kev which may indicate an additional nen-thermal
component Or imply collisional relaxation.

The thermal continuum above ~ 5 kev can be parameterized
by a temperature, T, and emission measure,.nze Vv, with a
differential spectrum given by Culhane and Actbn, 1970,

Again, OS0-8 observations (Datlowe, et. al., 1974b)
observed typical ratios in the range 1 x 10/ < T « 2 x 10’ K
and a peak emission measure 1047 < n2e vV < 1049 cm63, with
larger values also observed emn larger flares than the sample
contained. In addition to the thermal continuum, above 5 kev
there is also a complex series of Fe lines at 6 kev which no
doubt contains a rich source of flare data. Sincé it does
not significantly add to the total continuous photon flux as
described above, it will not be considered further here.

' The discussion above shows that both the thermal and non-—
thermal X-ray flux can vary widely from flare to flare. The
relatively short duration of shuttle sortie missions makes it
essential that the experiment be capable of effectively imaging
the size of flare that would be expected to occur many times
during such a missioh, More specifically then, what are the
spectral parameters describing a flare which might be expected

to be observed about once a day?
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Assuming 40% solar coverage (i.e., about 10 hours of solar
viewing per day) a value of-AzO = 0.3 photons (cm2 sec ke:v)"l
is expected while Y = 4 is also appropriate. The typical

thermal emission from such a subflare would have T = l.leO7

"k
2 v =3 x 10*® cn™®, The differential spectrum for such

and n
a "once-a-day" flare is shown in Figure II - 1,

From Figure II - 1, an integral flux for the "once-a-day"
flare can be calculated and is shown in Figure II - 2, Note
that during any 7 day mission there is a significant probability
of observing at least one flare with an order of magnitude
larger noa-thermal flux and that flare to flare variation in
T and niV could eacily enhance the thermal flux by orders of
magnitude as well,

These considerations indicate three significant points
which will play an important role in subsequent collimator
evaluation.

1, There is a large flare-to-flare variation in intensity

at any one energy (eg. 10' to 10° ph/(cm?s) at 20 kev).

2, The spectrum is very steep, covering many orders of
magnitude in a given flare,

3. The integral flux above 20 kev for the once-a-day
flare is about 2 photons / (cm2 Sch.

The first two points illustrate the severity of the

- dynamic range problem which must be addressed by system design

of the window - cellimator -~ detector combination. As we
shall see below, the various collimater schemes differ sig-
nifi¢antly in their impact on the dynamic range problem,

The third point shows that a successful collimator
approach must be capable of imaging at flux levels of . 2
photons (c-m2 sec) if imaging of the non-thermal burst component
is to be achieved, It is important to recognize the uncertainty
inherent in siuch flux estimates because of the fluctuations in
flare occurrence rates due to the solar cycle and active region

histories,
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The differences in the temporal behavior of thermal and
non-thermal burst components is well established, The non-
thermal or impulsive compenent typically has rise and decay
times in the range 2-5 seconds and 3 to 10 seconds respectively,
The FWHM of bursts varies from less than 10 seconds to ~ lO3
seconds with 4l seconds as the median of one large data sample
(patlowe, et. al.
short as 1 to 2 seconds and below have also been observed
(Frost, 1969; Vvan Beek, et. al., 1974). It is important to

note that these observations are full disk averages so that

1974a) . Fine structure within the burst as

variations with any ohe image "pixel" could well occur on a still
shorter time scale,

The thermal component of bursts typlcally show a rise time
of 10 to 300 séconds and decay times of 10 to 103 seconds or
longer (Datlowe, et. al., 13974b) so that the driver for instru-~
ment time resolution c¢learly is the non=thermal component which
suggests that a time resolution of 1 second or less is desirable,

The expected spatial character of thermal and non-thermal
burst sources will prove an important determinant of the
relative suitability of the different collimation schemes,

Skylab observatieons have directly shown the wide variations
among soft X-ray burst source configurations (Kahler, et. al,,
1975; Vorpahl, et. al,, 1975). Size scales range from 5" to
about 2' and consist of both diffuse, loop=like structure and
X-ray knots (possibly unresolved) whic¢h produce a substantial
amount of the total flux.

Although the non-thermal hard K-ray component spatial
distribution has yet to be directly observed (except for a
measurement by Takakura et, al,, 1971, whieh placed an upper
limit of one arc minute on its size), some idea of the size
scale can be inferred from optical and radio data, Identifying
the hard X-ray sources with Ho kernels of emission suggest
diameter of about 4 to 8 arc seconds (Vorpahl, 1972)., White
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light observations suggest that the emission could occur in
distinct patches with size scales of 2-4 are sec and larger
(McIntosh and Donnelly, 1972; Rust and Hegwer, 1975). Inter-
ferometric measurements of impulsive micrewave bursts imply
substantial emission from structures as small as 2" (Kundu,
et.al., 1975).

Thus the non-thermal hard X-ray images might be expected
to show multiple bright features as small as 2",

D. Extended Sources

Charac -eristics of hard X-ray emission originating in the
corona are more uncertain than those of the burst sources
discussed above. Hudsen (1975) has estimated the X-ray
intensities whiech might be associated with storage regions and
Type II, III, and Iv bursts. Although the uncertainty in the
expected fluxes is large, there is overlap with the range of
flux to be expected for burst sSources, Time scales range
from ~ 1 secend for the Type III analog to ~ 10'3 seconds and
higher for the other cases, Thus the time resolution and
intensity estimates should probably not be a driver for the
sensitivity and time resolution of the experiment, Radio
data suggests that the size scales can range from < 2' for
Type II1 associated sources to 10' = 15' feor the Type IV cases.
Thus a 2 arc minute field of view or peried which would be
adequate for burst sources would not be satisfactory. A full
san field of view and resolution . 1' would be more appropriate
in this case, at least for the initial "discevery" observations

of such sources,
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SECTION III
PROPERTIES OF MULTIGRID COLLIMATOR/DETECTOR SYSTEMS

A, Theoretical Response of Multigrid Collimators

Two types of collimators which havé beeh egténsively used
in the past are Soller collimators and multiwire or multigrid
systems, The Soller collimator consists of a bundle of
parallel “tubes", generally of rectangular cross section whose
response is simply related to the ratio of its cross section
to its length. Such collimators feature excellent transmission
(approaching 100%) but are not practical for angular resolu-
tions better than a few are niinutes,

Multigrid cellimators have been discussed elsewhere
(Bradt et. al,, 1968; Blake et. al., 1976a) and their principles
will be briefly reviewed here. Such collimators consist of
identical grids, each grid consisting of a large number of
parallel wires of diameter, dl’ with centers separated by a
distance, (dl + dz}. An equivalent response would be obtained
by photoetching tungsten sheets to yield linear "walls" of
width, dl’

The angular responses of collimators for which d1=d =d

2
and n = 2, 3 and 4 are illustrated in Figure III = la. It is

and linear holes of width, dz.

important to nete that the angular response can be character-
ized by three parameters; the FWHM resolution, R:; the period,
P; and the envelope FWHM, E. The collimater length, L, is
defined as the separation of the top and bottom grid. The
introduction of intermediate grids at L/2 and L/4 suppresses
the "sidelobes*., Thé resolution, R, is determined by L and
the size of the apertures such that R = tan’l(d/L) ~ 4/L,

The period, P, i& related to the resolution through the number
of grids, n, by P =R 2n’l, The envelope, E, determinkd by L
and the overall collimator width, D, is E = tan_lD/L w D/L.

For example,if R = 4 arc sec, L = 3 meters, the apertures in
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the tungsten grid would have a width, 4@ = 58,2 microns. A
period of 32" would require 4 grids and if the collimator had

a total width of D = 4 cm (implying (58 27+4ng2 microns) ~344

apertures) the envelope FWHM, E ~ 40°'.

Linear apertures such as described above yield & high
resolution eeollimating structure in one direetion. The angular
response in the other direction simply has a triangular profile
whose FWHM, E' is given by E' ~ D'/L, where D' is the length
of the linear apertures. Note that E' = E only for a square
collimator in whieh D = Db°',

Referring to figure III-la, it should be noted that if
P » E, then there is only a single response peak, Such a
collimator is "non-periodie", In this report, the term "non-
periodi¢" will also apply to any coellimator in which P » 32°
since at most only one response peak would be viewing the sun
at any one time,.

The generalization to 2 dimensions of thé oneée dimensional
collimator described above is straightforward with the addition
of an orthogonal set of linear apertures, These may be mechan-
ically decoupled, bonded to the first set or formed by the
etching of a pattern of rectangular heoleées in a single tungsten
sheet, WNote that the angular response in each direction
need not necessarily be made the same,

As described above, the transmission of such a collimating
structure (i.e,, the ratio of hole area to the total area)
when dl = d2 is 50% and 25% for one and two dimensional
collimators respectively. Higher transmissions can be achieved
by making dl.< dz, viz., by using thinner walls (McGrath and
Harwit, 1969). To get the same angular response, however, it
is nécessary to increase the number of grids. (The limit of
dl/d2é40, n-3= corresponds to the Seller=type collimator.)

In practige, transmissions may be lower than the neminal
25% and 50% outlined above due to the necessity of allowing
an error budget for grid misalignment. In the ideal collimator
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analyzed above, any displacement of an intermediate grid will
changé the transmission profile, To eliminate the calibration
complexities of such an oecurrence the apertures of the top
and bottom grids are each reduced by a small amount, 2t

Then any intermediate grid displacement of i+t does not affect
the transmission. The overall transmission of such a collimator
i8 reduced, however, for if the intermediate grids have

dl = dz = w, and if the aperture of the outer grids is dl =4
(determined by the resolution requirement), then the error
budget £ = (w = d} /2, and the one dimensional transmission,

- Yoy

Ty =

4
= (d + 2t)
The two dimensional transmission,

2 d2

T, =T =% @roe 2

2 1

In this report an error budget of t = 9,7 microns is
adopted (similar to the value gquoted im the Utrecht SMM
experiment proposal for a multigrid collimator)., For a 4"
¢éollimator (@ = 58.2 um) this leads teo transmission eof 0,375
and 0,141 for one and two dimensional eollimators, respectively.

The error budget, t, encompasses not only misalignment
problems, but alse some thermal effects, layout and fabrication
tolerances, etc.

It should be recognized that for a given resolutien, an
important tradeoff area exists among transmission, peried,
number of grids and the error budget. Since this tradeoff
does not signifiecantly affect the relative sensitivity of the
various ¢ollimation sSchemes, it will not be considered further
here.

It is necessary to point out however, that in order to

apply this technique to periodic cellimators, a judicious
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repositioning of the collimator inner grids is required. An
example of a 6 grid collimator with 4" resolution, 128"
period and a 9.7 miéron error budget is shown in Figure III-1C,
An alternative approach to multigrid collimator design
is provided by the use of random grid patterns (e.g., RBRlake
et, al., 1976b). In such a system a set of identical grids
are fabricated with a pattern of randomly placed apertures
whose "diameter" is deteérmined by the desired resolution, If
sufficient grids are used, excellent side lobe suppression can
be obtained with good transmission by a central non-periodic
response peak, Although such systems could well play a role
in systems reguiring a multigrid, non-periodic collimator,
such a possibility does not materially affect the tradeoffs
among collimator systeins and so they will not be considered
further here. (This type of multigrid collimator should not
be confused with the Dicke scatter-hole camera,)

The multigrid collimator described above has an angular
response which (except for the weighting of sidelobes) is
uniform over the entire collimator dimension, D. Many colli-
mation systems require a large number of collimators, each
with a different angular response, though perhaps with a common
choice of grid locations. Rather than fabricating, aligning
and co=aligning a large number of such ¢ollimators, the use
of subcollimators provides a convenient technigue by which
this can be accomplished. To use such a technigue each
tungsten grid i& divided into a number of regions,
each separated by a few millimeters, and within each section
(called a subecollimator) an appropriate pattern of apertures
is etched, (See Figure III=2). A number of properties of such
a set of subcollimators should be noted.
1. The angular response of each subcellimator need not
necessarily be related to the response of other

ITI-11



subcollimators.

If the design and fabrication of the grids is done
correctly, correct alignment of the grid implies
alignment of all the subcollimators within the grid.

The coalignment of subcollimators within a grid is
determined by the design and fabrication and is

relatively immune to subsequent misalignment.

Alignment implications of rotational errors and

thermal expansion are less serious.

Detectors which view each subcollimator must be
carefully intercalibrated in terms of energy if low
contrast features are to be faithfully reproduced,
particularly in the case of a steep spectrum of

incident photons.

Separating each subeollimator from the next by a

few millimeters results in some inefficiency in the

use of grid area, but has three advantages:

a. Provides additional mechanical strength for the
grid.

b. Permits a detector of moderate reselution to
provide clean identification of which subcollimator
a detector photon passed through.

c. Discourages the transmission of photons which
enter one subecollimator in the top grid with the
aim to pass through an adjacent subcollimator in
a subsequent grid. (This possibility can be
eliminated entirely by the use of very coarse

slats between subecollimators.)

One particularly useful special case of the subc¢ellinator

concept involves (in one dimension) displacing the central
response peak in each subseguent subcollimater from that of
the previous subcollimator by an angle equal to its FWHM
resolution for N subeollimators where N = (Period/Resclution).
The result, as suggested by Figure III-=2, is that (subject to
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envelope restrietions) each source point is viewed by at least
one subcollimator, with the additional property that all such
sources are detected with the same total effective area, Such a
"periodic phased array" of subcollimators provides high resolution
observations over a wide field of view (envelope) with a
relatively small number of subecollimators and consequently a
relatively high efficiency. The two main drawbacks of the
periodicity are that (1) additional information (fron non-

hard X+ray data or from an additional set of coarse collimators)
is necessary to resolve the ambiguity of which response peak

in a subcollimator viewed the source (i.e., the source location
is uncertain to an integral multiple of the period); (2) image
confusion results if the source extent exceeds the peried.

The properties of a phased array of fan beam subcollimators
described above are retained ip the generalization to two
dimensions, In this case N = (period/resolution)2 elements
are required, but the uniformity of field property still holds
if sguare apertures are used.

C. Collimator Frames

Three limitations are relevant in determining how the
Ilm x lm frontal area of the collimator is configured,
1. An upper limit (20-25 cm) to the dimensions of a

tungsten grid which can be fabricated and supported.

2. The need to allocate a substantial fraction of this
area (~ 40%) to grid support, metering structures,
ete,

3. An upper limit to the size of detectors (or detector
arrays) .

Thus a typiecal canfiguration-of the Im x lm frontal area
might involve 16 "frames", each of whieh supported one tungsten
grid for a total area of .~ 6000 cmz. Each grid (19.4 x 19.4 cm)
could contain an arbitrary number of subcollimators, subject

to the necessity of a "wall" between each whose role is dis-
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cussed above. (See Figure III-3) Frame to frame coalignment
can be verified by an in-flight calibration on a cosmic point
X~ray source while subcollimator to subecollimator coalignment
within a given frame should be relatively stable as indicated
above,

D. High and Low Energy Limits to_systeeresgggsg

This subsection considers those factors which are relevant
in determining the high and low energy limits to system response,
These considerations are appliecable to all the collimation
schemes considered, with scaling parameters discussed in subse-
gquent sections,

It would be desirable to have the low energy limit below
5 kev in order to significantly overlap with the focussing
soft X-ray detectors, and to increase the system sensitivity
to cosmic X-ray sources and lower temperature solar sources,
Two practical considerations must be faced, hawever, in estab-
lishing a lower limit,

1, In order that the energy spectrum of non=thermal
X-rays be correctly determined, it is essential that
the count rate be limited to prevent pile-up (e.gq.,
Kane and fudson, 1970}. Thus a windew must be pro-
vided to cut off the incident spectrum at a suffi=
ciently high energy teo limit the count rate. Figure
II-1 indicated the effect of one such window choice
which cuts off the spectrum at .. 4 kev,

2, Diffraction is a potential concern at low energies
for collimators with the size scales considered here
(Schmidke, 1970; Blake, et, al,, 1976a). A criterien
for establishing the wavelength below which diffraction
should be considered is

N

A=A
2L
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For example if d = 58.4 microns, L = 3 meters (4" resolution)

diffraction may be of concern below 2 kev, Note that this

energy scales inversely as the sgquare of the angular resoluticn

for a collimator of fixed length,

At high energies, it would be desirable to extend the

sensitivity up to -~ 100 kev in order to investigate the

implications of the break in the non-thermal power law

spectrum.

A high energy limit is imposed, however, by four factors.

L.

The steep spectrum of incident photons places

significant statistical limits on high energy imaging.

Background spectra are expected to be much harder
than source spectra and so6 can seriously affect the

high energy response., (See Figure II-1)

Detector efficiency becomes a concern at high energies

particularly if Xenon proportional counters are used,

Grid transparency can becocme a conecerh sihce well-
defined apertures cannot be etched in a tungsten
shepc significantly thicker than the size of the
aperture. Thus with an aperture size fixed by the
angular resolution, thicker tungsten grids require
stacking of several identical grids (Blake,
et, al., 1976b), Numerically, a 58 micron tungsten
grid provides one absorption length at 40 or 70 kev
but because the K edge of tungsten is 69.5 kev,
about 4 such grids would need to be stacked in order
to provide a 1l/e attenuation at 69 kev. Those systems
which are immune to this problem will be indicated
in Section V.

The first two considerations will be found te vary

significantly in their impact among the collimation systems and

S0 in this respect, theé choice of collimation scheme will

materially affect the practical upper limit to the energy
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range. The significance of the third consideration also is
dependent on the choice of collimator schemes in that some
approaches require spatially résolving detectors with
resolution characteristics that are possible only with propor-
tional counters, The potential efficiency advantage of solid
state or scintillation detectors could not be applied in

such cases.

The interplay of grid transparency, diffraction and error
budget considerations are illustrated in Figure III-4., It
shows that careful consideration of the effects needs to be
undertaken if angular resolution as low as 1l or 2 arc seconds
were to be contemplated,

E,  Dbithering

Tﬁé déerf a phased array of subcollimators to view an
extended field of view as deseribed in Section III-B above
would appear to have limited potential feor resolving source
details at a level smaller than the resolution FWEM. Recalling
the overlapping character of the response of adjacent sub-
collimators (see Figure III-2) it is clear that the location
of a single point source could be determined to better than
the FWHM resolutions from the ratio of the counts in the
corresponding two illuminated detector elements. However,
information as to whether the source had finite extent or was
a closely spaced double source, etc, would be seriously com=
promised.

This potential disadvantage could be overcome if the
collimator executed a relatively slow, small amplitude dithering
motion (&.3., 10" amplituda, 2 second period). By doing this,
a given subcollimator could view the source with its entire
resolution profile which can subsequently be deconvolved. A
simulated example showing the potential advantages of such a
procedure is illustrated in Figure III-5.
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Iv. DESCRIPTION OF REFERENCE SYSTEMS

A. Introduction

In this chapter fourteen different collimation schemes
will be described. Some of these schemes have been used
successfully in balloon, rocket and satellite observations
over the last decade. Others have been seriously proposed or
are under development feor future missions, Some of these
schemes suggested themselves during the course of this study
and have not (to the author’'s knowledge) been discussed else-—
where. The list of fourteen schemes discussed below should
by no means be considered exhaustive., In particular many
combinations and adaptations of the schemes listed below are

feasible. A few are suggested at the end of this chapter.

B. Baseline Parameters

A guantitative intercomparison of the fourteen schemes
to be discussed requires that each be baseliped to a partic-
ular set of overall dimensions, spatial reseolution, field of
view, energy range, etc, Rather than optimize each scheme to
illustrate its maximum potential, a set of baseline parameters
was chosen that are appropriate for observing solar bursts
and extended sources and yet practical for the majority of the
collimation schemes. 'The reference systems described below
consist of the fourteen collimator schemes with design para-
meters chosen to meet the baselined values of spatial resolu-
tions, ete. Where appropriate, the effects of changing the

baselined values will be indicated in Chapter V.

The baseline volume associated with each system is
lmby 1 mby 3 m long. Such dimensions would be appropriate
for a standard SIPS pointing system whose sub-arc-second
pointing accuracy and stability are also assumed in each case,
The baselined SIPS scanning rates are also implicitly assumed,

A basie angular resolution of 4 arc seconds FWHM is
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adopted. Such an angular resolution is a compromise. A

value of 1 or 2" would be desirable to explicitly resolve
selar hard X-ray sources whose dimensions have been
inferred from soft X-=ray, radio and optical data. The
discussion in Section III (see Figure III - 4), however,
indicated that a resolution of 1 or 2" might be difficult

to achieve bscause of alignment tolerances, aperture dimensions
and diffraction effects, A resolution of 4" eases these prob-
lems and yet still permits deconvelution ef a well-defined
resolution profile so as to frequently "resolve" 1 or 2"
sources. The effects of changing this basic resolution is
digcussed in Chapter V,

A whole sun field of view is assumed for those systems
for which it is practieal. In most cases a maximum source
extent is assumed to be about 2 arc minutes so that high
resolution elements of periodic systems are assigned a period
of 128 arc seconds. Such systéms would be capable of unam=
biguously imaging a source anywhere on the sun provided its
maximum linear dimension did not exceed about 2 arc minutes.
Section II indicated that this would be adeguate for virtually
all burst sourses.

Systems with nonpériodic collimators either have full
sun field of view or about a 2 arc minute field of view,

In the latter case pretargeting on an active region is of
course necessary and the possibility of missing part or all
of some flares is present, The consequences of changing
the field of view are indicated in Sectien V.

Periodic systems are also provided with sets of ~1'
or ~2! coarse collimators which can be used to unambiguously
locate the sources cbserved by their high resolutien periodic
elements. In additionm, 1 arc minute is an appropriate choice
for viewing extended sources,

Finally, an energy range of 5 to 100 kev is baselined.
The relative practicability of these limits is determined

(for a given window/detector choice) by parameter defined
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and evaluated in Section V for each reference scheme.

(@]

_Referenge Systems

*

1. Pencil Beam

Conceptually, perhaps the simplest method of
image formation is te have the entire collimator view
the same point on the sun. Images would be built up
by mechanically rastering the 4" x 4" collimator as
shown in Figure IV - 1, Such a system would be analo-
gous to single dish mapping of extended sources in
radio astronomy.

For the purpose of calculating sensitivities, a
128" x 128" raster pattern is assumed. An absolute
minimum of 32 seconds would be reéquired to complete a
32 line - 2! raster.* The actual size of the pattern
could easily be changed on command according to the
burst dimension anticipated for a given solar active

region.

2. Multielement Pencil Beam

The rapid raster motioh required by the pencil
beam system outlined above can be eased somewhat by the
use of @ multielement pencil beam. In such a system.
the total collimateor area is divided into 32 subcolli-
mators, each of which has a 4% x 4" resolution, The
centers of the fields of view are arranged in a row as
shown in Figure IV - 1, A simpler one dimensional
scanning motion (period of 4 seconds minimum® perpendic-
ular to this row enables any source within the 128" x

128" field of view to be periodically viewed,

3. Multielement Collimator Array (MECA)
The scanning motions reqguired by the previous two
systems is eliminated completely by the approach taken

here. The total collimator area is again divided into

Assuming SIPS baselinmed scanning capabilities.
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subcollimators, each with 4" x 4" resolution, but in
this case these arée 1024 subcollimators whose axes are
arranged in a rectangular grid covering the 128" x 128"
field of view, (See Figure IV -~ 1) No mechanical motion
is reguired.

This system is similar te that proposed by the
Utrecht group for the X-ray imaging experiment on SMM.

4., Imaging Collimator

The imagihg collimator (Bradt et, al., 1968)
provides a collimation technique for directly imaging
the source at the detector. The geometry which can
accomplish this is suggested in Figure IV - 2, Note
that each point on the detector sees a 4" x 4" area of the
source, with eontiguous detecter locations seeing con-
tiguous areas. The detectoer spatial response
folded into the 4" x 4" ecollimator response determines
the overall angular response of the system. The system
can be configured to have a 128" x 128" field of view
by an appropriate choice of design parameters. (With
such a choice a 1 cm, displacement at the detector corres-
ponds to a shift in the central response peak by 1-2/3
arc sec). Despite its apparent differences, the effective
response of such a system is very similar to the multi-

element collimator array described previously.

5. Periodic Multielement Collimator Array

The previous systems have had the disadvantage of
a 128" x 128" field of view. Such systems would reguire
pretargeting at an active regioh and could easily miss
flares ocecurring at other active regions,

This limitation can be removed, for example, in
' the case of the Multielement Collimator Array by making
each of the subcollimators perioedic with a period of
128". In this way every point on the sun is within a
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FWHM of one of the subcollimators and the array as a
whole can be considered to have full sun coverage.

The high resolution subcollimators are supplemented
by an additional 256 subcollimators, each of which has
a 128" x 128" resplution, These coarse eleménts remove
the ambiguity associated with the periodiec fine elements

as well as provide some extended spource imaging capability.

6. Foveal System

The systems described above will be seen in the
following chapter to have the disadvantage of relatively
low sensitivity. The basic reason for this is that the
available total collimator area {or ecepllimator area-time
product for scanming systems) has had to be divided by
~l03 in order to have the desired field of view and
resolution combination. A given source omn the sun
effectively illuminates only a few of these subcollimators
and se the effective area is relatively small, For the
spatial characteristics expected for hard X-ray sources,
this is inefficient since almost all of the emission is
expected to be in highly compact knots, loops, ete. Thus
the majority of subcollimators at any one time are leooking
at black sun. The foveal system outlimed below is anh
attempt to make more efficient use of the available
collimator area by looking primarily at those
locations which are emitting X-rays, In this case the
cellimator is divided into 100 subcollimaters of which
64 have ar x 4" reselution and form a 32% x 32" central
field of view, In addition there are four sets of 9
subcollimators with resolutien 32" x 32", 1.6' x 1.6,
4.8' x 4,.8' and 14.4"' x 14 .4' respectively whose fields

~ of view are arranged as shown in Figure IV - 1 to form

a hierarchy with the highest resolution elements greuped
in the center and the combination viewing the full sun.

2 burst occcurring anywhere on the sun would be
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detected by one of the elements, A microprocessor
control system would then issué commands te the pointing
system so as to direct the high resolution elements to
the locidtion of the burst, This could be done within

~1. to 2 seconds. Should the burst be larger tham the
32" x 32% high resolution field of view, this would be
sensed by the 32" reseclution elements and the pointing
system directed to 'time share' the high resolutioen
elements among the different regions of interest,

This system would always be alert to the full sun
although only the center of its field of view would be
imaged with the highest resolution, It is analogous to
the human eye which responds by turning to lock at objects

of interest which are first sensed by peripheral vision.

7. Fan Beam Modulating Cellimator

The fan beam modulation ecollimator in its simplest
form consists of a one dimensional collimator with high
angular resolution in one dimension which is scanned
back and forth across the source in the direction of
high resolution. As parts of the source are successively
transmitted and blocked by the collimator, the resulting
detector rate plot represents a one dimensional projection
of the two dimensional source distribution. If fan beams
with different orientations are used simultanecusly a
set of such one dimensiohal projections are obtained.

An additional data forming stage is necessary to
convert a set of one dimensional scans to a two dimen-
sional image.

In the reference fen besam system, six fan beams
are provided with 4" FWHL. reselution and 12g» périod.
Their relative orientations are 15, 45, 75, 105, 135,
and 175 degrees with respect to the scanning axis. In
addition there are 4 fan beams with 64" resolution and
34.1' period with orientation of 22%°, 671°, 112%°, and

1574° relative to the scanning axis. These low resolution
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fan beams serve the dual purpose of removing potential
source location ambiguities associated with the high
resolution elements and imaging extended coronal sources,
The entire collimator structure is scanned through
34' with a 4 second period so that the average time
resolution is 2 seconds for the low resolution elements
and 0.1 seconds for the high resclution periodic elements,

8., Multiple Fan Beams

This system differs from the Fan Beam Modulation
Collimatbr just deéscribed primarily in the manner in
which the one dimensienal projections of the two dimen-
sienal sources are measured, Instead of a single fan
beam mechanically scanned across the source, the multiple
fan beam system uses a set of fan bz2ams, each of which
views an adjacent strip of the sky (Figure IV = 3),
Pithering permits full advantage to be taken of the
iriangular beam profile, One dimensional projections
of the source are converted to two dimensional images as
describeéd above.

In the reference system six sets of high rasolu-
tion fan beams are provided. Each set has 32 - 4" FWHM
resolution, 128" period fan beams with a given erientation
and adjacent fields of view, 1In addition four sets of
low resolution fan beams are provided with 64" resolutioen
and a 34.1' period. Apart from a small dither, no

mechanical scanning is necessary.

9. Rotating Modulation Collimator
The rotating modulation collimator (Schnopper,
et,al,, 1968, Willmore, 1970) has been successfully

used on a number of rocket and satellite payloads to

‘provide a wide field of view collimation system which is

capable of accurately locating point sources in two

dimensions, The collimator, which has a fan beam angular
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response when stationary is rotated about its axis of
symmetry So that a point source located off-axis is
alternately shadowed and exposed. The resulting de-
tector count rate plet is similar to that shown in
Figure IV =~ 4, As the figure suggests, the number of
count rate maxima during a half-resolution of the
collimator is dependert on the angular separation of
the source and collimator axis while the phase of the
maxima depends on the azimuthal position of the source.
Such count rate plots can bé used to locate a point
source in two dimensions, although with 2 provisos.
First there is a two-feold ambiguity in the deducéd
source position with the two apparent positions symmet-
rically located with respect to the collimator axis.
Second, the accuracy with which the radial and azimuthal
locations are determined are in general not the same.
The use of rotating medulation collimators in identical
pairs with non parallel axes of rotation serves not
only to minimize these effects, but also to greatly
reduce gyroscopic effects associated with their
rotation.

For the reference system, four rotating modula-
tion collimators are provided, Two of these are high
resolutison systems with 4" resolution and 128" period
for imaging burst sources and two are low resolution
(64" resplution and 34.1' period) for viewing extended
sources., Note that the low resclution fan beams are
not necessary for removing source location ambiguities.
The axes in each case are slightly off the solar disk
with one high/low resolution pair being displaced
about 1° from the other. A rotation rate of 50 RPM
would give a basic time resolution of 0.5 seeconds, With
4 collimators, gyroscopic effects can be completely

eliminated,
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10. Scatter Hole Camera

The principle of the scatter hole camera (Dicke,
1968) is illustrated in Figure IV -~ 5. The camera
consists of a single opague grid containing a large
number of randomly located apertures. At an appropriate
distance, a spatially revelving detector is reqguired.
A point source illuminates the detector in a pattern
corresponding to the grid, with the pattern displacement
determined by the source location.

For the reference system to have 4' resolution
the aperture diameter and detector spatial resolution

should be 60 microns.

11. Scatter Hele and Mask System

The scatter hole camera described above will be
found to have about 2 orders of magnitude more sensitiv-
ity than any of the previously described reference
systems. It will be found, also, to have the critical
disadvantage of reguiring a detector system with 60
micron resolution over its 1 m x 1 m area. Since such
a detector is not available at présent, the scatter
hole and mask system now described provides a way to
trade sensitivity for a relaxed detector spatial resolu-
tion reguirement, The scatter hole and mask system is
similar to the scatter hole camera except that an opague
mask with regularly spaced apertures is located immedi-=
ately in front of the detector. The apertures have a
with separations of (32 x 58.2 microns =) 1862 microns.
This permits the use of a detector with spatial resolution
~1 mm FWEM to associate each event with the correct
aperture in most cases, thereby providing a detector -
mask system with effective spatial resolution of 60
microns., Although a 1 mm FWHM detector will occasionally
nisidentify an aperture, the effect of this is to generate
sidelobes displaced by 128" from the central peak of
the systems point response function.
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12, Scatter Strip and Mask System

Structurally this sytem is similar to the
scatter hole and mask scheme described above. In this
case, the top grid has a set of parallel, 58 micron
linear apertures, randomly spaced, The mask at the
detector has a set of parallel, 58 micron linear
apertures, evenly spaced every 1.862 mm, The detector
requires a one dimensional spatial resolution of .1 mm.
This is therefore, a one dimensional version of the
scatter hole and mask system. The deconvelved output
from each subcollimator is a one dimensional projection
of the source so that each subcollimator effectively
has a fan beam response,

Cutput from all six subcollimators ecan then be
combined as with more conventional fan beam systems to
yield a two dimensional image.

13. Pin Hole EBubsatellite

This system, which is pictured in Figure IV = 6
and is described more fully elsewhere (Hudson, 1976)
features a simple subsatellite launched (and perhaps
retrieved) by the shuttle, The subsatellite station
kéeps at an appropriate distance from the shuttle in a
direct line between spacelab and the sun. The subsatellite
is basically an opague disk with a clear aperture which
forms a large sc¢ale, direct, inverted image of the sun
on a detector system mounted in the orbiter bay. (A
conceptual equivalent might have a mask raised into
positidn on the shuttle projecting a shadow image onto
the detector located on a subsatellite,)

In this case a 3.3 e¢m diameter aperture in a
1.7 km distant subsatellite provides a 4" FWHM image with
a 128" field of view at a detector system which needs
only ~3.3 cm spatial resolution, Note that the aperture
could be varied to give the highest possible resolution

consistent with count rate statistics.
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14, Remote Scatter Hole System

This system applies the potential sensitivity
advantages of the scatter hole camera to the subsatellite
concept. A scatter hole grid with 2 mm apertures
located 100 meters from the detector (either on a
subsatellite or a boom) would require a detector with
2 mm position sensitivity to provide full sun viewing
with 4" resolution., Although the position of the remote
grid needs to be known to ~ L mm it need not be

=

controlled to better than a few centimeters,

D. VVariations of the Reference Systems

As was mentioned at the beginning of this chapter,
the list of fourteen schemes outlined above can spawn a host
of other possible collimator configurations.

For example, periodiec vérsions of any of the first
four systems are certainly possible, The imaging collimator
concept could easily be adapted to the multiple fan beam or
the multielement pencil beam scheme. The foveal system
could effectively use low resolution fan beams to direct it
to a location of interest instead of using the hierarchy of
coarse pencil beams for this purpose. Additional periodic
elements might be added teo a foveal system to provide high
resolution coverage before and during its ‘'response time',

A multiple beam version of the rotating modulation collimator
is also feasible, One dimensional versions of any of the
scatter hole systems are certainly possible. There is, no
doubt, a continuum of such approaches,

Since full evaluation of such a éontinuwum is§ not
feasible, it is hoped that the tradeoffs discussed in
Chapter V should serve as a guide to which variations and
combinations might be potentially useful.
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V. TRADEOFFS AMONG REFERENCE SYSTEMS

In this section the 14 reference systems described
previously are compared under the six general headings of
angular response, collimator characteristics, detector char-
acteristics, sensitivity, time resolution and telemetry, and
miscellaneous. These comparisons are displayed in matrix form
in six corresponding tables with the entries explained and
discussed in the text,

A. Angular Response

Table V-1 summarizes the characteristic angular responses
of the fourteen reference systems. Where appropriate, the
responses of different sets of subcollimators of a given system
are tabulated separately,

The field of view of each system is shown in the second
column. This refers to combined respense of a set of sub-
collimators (when scanned, rastered or rotated) and does not
necessarily refer to the response of a single subcollimator,

FS = Collimator views full sun with no ambiguity,

PFS - Collimator response is periodic over the full sun,
with the period indicated in ecolumn 4. Note that

there could be some image confusion associated with
sources larger in extent than the peried.

Although the resolution FWHM has been set at 4-v for all

the systems there are some differences among the systems as

te their resolution profile which may be defined as the
Baysian probability distribution of the location of a point
source detected in a single subcollimator. A well-defined
resolution profile is important if source details smaller than
the resolution FWHM are to be inferred.

Tl -~ For systems with resolution profile type "Tl", the
angular response (in 1 dimension) is determined by
the equal apertures in the top and bottom grids and
so the one-dimensional response has the triangular
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TABLE V-1

ANGULAR RFSPOHSE *

System Field Aesolution Perind Aesolution
of FHHHY Profile
Viaw Type
1. pancil Heam 125.:128" s - T2
2, Melrielément 128x128" 4" - T2
Pencil Beam
3. Multiclemoent 12g4128" 4= - 2!
Collimator
Array
4. Imaging 128x12B" a - 72!
Collimator
5, Periodic PFS " 128" ™
MECA F§ 128" -
6. Fovial 3axazn L - ™
System 1.6x1.6" a2 -
4.6x4.8" 1.6 -
14.4x14.4" 4.8 -
5 1.4 -
7. Fan #deam PFS 4+ 128* T1*
Modulation FS 64" -
Collimator
3, Muitiple Prs 4" 128" T1
Fan Beans ¥s 3" -
2. Rotati PFS L 123" k4
Modulasion s [T h -
Collimator
10. Scatter- hole FS 4" - [+
Carmera
11. Scattier hole £3 i - P2
and Mask
System
12.  Scatter strip Fs 4 - T1
and Mask
11, Pin hole 128x128" 4 - [of
14 Remote FS ER - Py

Scacter-hole

Numbher of Irage Deconvaelution Image Limitation
Fan Beam Codinyg Heguired Completeness on
Orientations Resrlution
Iaprovement
- o no yes GF,A,5,D
- ] no y=s8 GF.AS, D
- o ne yes GF,A,5,D
- £ no yes GF RS0
- b no yes GF . A.S,D
- o no yes GFL.A,D
1 n-1p ves, for for "sinpple® GF,a,8,D
£l 24 images sotrees only
[ n-ip yes, for fur "simple” Gf,ALS,D
4 20 ipaars sources only
E R ves 1n prainciple GF A, 5,0
- = ves yes GF,DR,D
- 5 Tes Yes GF,5.D
£ .19 for "rimple"
spurcws only Gr.5,0
- o yes yes &
- H yos res -

* Soe text for

explanation of abbrevintions.
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profile as indicated in Figure III - 1,

T2 - In two dimensions this response becomes (1 - |x|/4")

(1 = |y /4"), where x and y are the angular
displacements relative to the subecollimator axis,

T1l' - This profile is similar to Tl except that it is
smoothed by the effective timeé resplution since
the triangular profile is being mechanically

scanned.

T2' ~ This profile is similar to T2 except that it is
convolved with the spatial resoclution of the

detector or is smoothed by the mechaniecal secan,

X - The angular response of the rotating modulation

collimator is unidue in that it is nen-uniform over

the field of view and in addition is not symmetrical.

Typically the source position can be much better
defined in terms of its radial distance from the
collimator axis than in its "azimuthal" location
(Schnopper et. al., 1968).

C - For these systems, the profile is a straightforward

convolution of the aperture shape and detector

spatial response,

The next three columns indicate the related issues of

image coding, completeness and deconvolution reguirements,

D - The images from these collimators are directly

coded, either in terms of a time segquence of counts

or by association of counts with a particular

subcollimator. Image formation in such cases is 2

straightforward procedure, given the aspect solution.

No decomvolution is regquired, The images are
complete in the sense that the source complexity

cannot introduce any ambiguity into this.process,

DW - Image formation with the foveal system is as direct
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D=1Pp -

as described above, except that some weighting may
be necessary depending on how the system "time
shared” its high resolution elements over larger

spurces,

With fan beam systems, formation of 1 dimensional
projected image is direct and straightforward.
Some interpretation can be done using the one-
dimensional projections (source extent, time vari-
ability of source configuration, spectral changes,
ete.,) and in this sense the fan beams directly
provide information analegous to the direct inter-
pretation of the output of a radio interferometer
(where fringe amplitudes can provide a measure of
source size, for example). But just as earth rota=
tion synthesis is used to convert radio interfero-
metric data into two dimensional images, so an
additional deconvolution step in data reduction is
regquired to form images from the fan beam data.

The limited number of fam beams does not permit
a "complete" image to be reconstructed in all cases,
That is, if the source were spatially very complex,
there would not be a unigque selution to the deconve-
lution problem. (This is analogous to having
incomplete u-v plane coverage in radio interferometry.)
In practice, however, the expected high contrast
nature of the hard X-ray source is well suited to
deconvolution. Many techniques are available for
doing this (Algebraic Reconstruction, Fourier
Synthesis, Maximum Entropy, Baysian Probability.)
{e.g. Gaarder and Hexman, 1972; Gordon et, al., 1976;
Gilbert, 1972).

Figure IV = 4 illustrates the indirect manner in

which rotating modulation collimators are enceoded.
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Fast algorithms have been developed and used suc-
cessfully (for example, with the $AS-3 rotating
modulation eollimator) for the deconvolution of
such data to yield point source locations. In

principle, given sufficient statistics, a complete

image can be reconstructed.

S - Figure IV = 5 shows the image encoding for the scatter-
hole camera (Duke, 1968). The deconvolution of
such data has been investigated by a number of
workers (e.g. Brown, 1972; Blake et, al,, 1974) with
the result that digital techniques are available
and have been demonstrated with sources of modest
complexity. It has been shown that image completeness
can be attained, even for extended, low contrast
images.

§-1p - The scatter-strip and mask system would yield data
encoded in a 1 dimension apalogue to the scatter-
hole camera data desecribed above, Similar (and
probably simpler and faster) techniques could be
used to yield a complete l-dimensional projection,
at which point a second deconvolution stage, similar
to that described abovée for fan beam systems, would
be required to convert the l-dimensional projections

into a 2 dimensional image.

The final column of Table V-1 indicates some potential
limitations that could apply if the angular resolution ef
each of the systems were to be significantly improved,

GF - nrid fabricatiom could become a problem since higher
resolution would reguire smaller apertures, The
total thickness of each grid could not be reduced if
high energy responses were to be maintained. Only
the subsatellite or tethered boom systems are immune

from this preblem,
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A = Maintaining grid alignment becomes a more severe
problem for multigrid collimators as aperture sizes
are decreéased, The transmission/error budget/
périod/ grid count/ resplution tradeoff i§ relevant

here.

S ~ Sensitivity could not be maintained in any system
except the scatter-hole devices unless the field of
view were correspondingly reduced. (See Table V-4,)
D - Diffraction is a potential limitation at low energies
for all the self-contained collimator systems.
DR - Detecter spatial resclution is a severe limitation

for the scatter-hole camera,

B. Collimator

Characteristics

The collimator characteristics of each of the reference
systems are listed in Table V-2, The reselutien and period
values are taken from the discussion in Section ¥V, The
different grid types are indicated in the fourth --~.umn,

1D = One dimensional grids with regularly spaced, linear
apertures,

2D - Two dimensional grids with regularly spaced rectangular
apertures (can be fabricated by combined two ortho-
gonal one-dimensional grids).

51 - One dimensional grids with randomly spaced, linear

apertures,

§2 - Two dimensional grids with randomly spaced upertures

{sgquare, circular, or hexagenal),.

M1l - One dimensional mask, largely opague with regularly

spaced linear apertures,

M2 - Two dimensional mask, largely opague with regularly

spaced apertures (sguare, circular, or hexagonal),.

g
[

A single large aperture.
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TABLE V-2 QOLLIMATOR CHARACTERISTICS

System Angular Period Grid Number Number Total Aperture Critical
Resolution Type of Grids of Grid Bize Alignment
FWHM “Frames" Count Count
I. Pencil Beam 4" 34.1° 2D 10 1s 160 58um 400
2. Multielement 4n 3.1 2D 10 L 160 58um 400
Pencil Beam
3. Multielement
Collimator Array 4 34.1" 2D 10 16 160 SBum 100
4. Imaging a” 34.1° 2D 10 L6 160 SBum- 400
Collimator
5. Periodic 47 128" 2p ] 12 92 SBum: 156
MECA 128" 34.1° 2D 5 4 1. 9mm
6. Foveal 4" 34.1° 2D 10- 12 142 5Bum 300
System 3z" 34.1° 2D 7 1 0. 47mm
1.6 51.2° 2D [ L 1., 4mm
4.8" 38.4° 2D 5 1 4. 2mm
14.4" 43 2 2P 4 1 12.6mm
7. Fan Beam 4" 128" 1p [ 12 98 58um 108
Modulation 54" 34.1' j ic] 6 4 0.93mm
Collimator
B. Multiple 4" 128" 1D 6 12 96 5Bum 108
Fan Beams 64" 34.1° 1D 6 4 ¢.93mm
9. Rotating 4" 128" 1D B 8 96 SBum 72
‘Medulation 64" 34.1" 1D B 8 9.93mm
Collimator
10, ‘Becatter—hole 4" - 82 1 16 16 58um 0
Camera
1. Scatter-hole 4" - 82/M2 2 X6 32 58um 0
and Mask
System
12, Scatter-strip 4" - Si1/M1 2 16 32 5Bum 16
and Mask
13, Pin Hole q 3.1 A - - - 3.3cm 0
14. Remote qe - 52 - - - 2mm 0

Scatter-hole
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The number of grids required is indicated in the fifth
column. For non-periodic multigrid collimators, this pumber,

N, is determined by the relation, 2 N-1

= Period/Resclution,
discussed in Section III. For periodic collimators, where the
period is 32 times the resolution, 6 grids are required as
illustrated by Figure III - 1. ©Note that although no grids
are indicated for the pinhole or remote scatter-~hole systems,
relatively coarse aperture(s) would have to be provided, 1In
addition, coarse collimation would undoubtedly be reguired at
the detector to aid in background suppression.

As indicated in Section III, both the metering structure
and grid fabrication would undoubtedly reqguire the Im x 1m
frontal area of the collimator to be divided into a number of
"frames" (eg.l6) so that individual grids could have an area
~20 cm on a side. An appropriate allocation of such frames
among the different angular resolutions is indicated in column 6.
The total grid counts shown in column 7 is simply the product
of the grids per frame in colummn 5 and the frame count in column
6. Note that the grid counts do not include any allowance for
“stacking" grids to increase their effective thickness, nor
the possibility of making two dimensional apertures by combining
one dimensional grids,

The aperture sizes given in columh 8 are determined by
the product of the angular resolution and effective collimator
length (3m in mest cases).

The final column, identified as Critical Alignment Count
(cAC) is a measure of the number of potential degrees of
freedom associated with the metering structure whose preflight
alignment must be maintained to a few microns during launch
in order that the collimator response not be affected.

A number of assumptiocons are involved,

(1) Relative dimensions within a grid are maintained at

all times,
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(2) Frame to frame coalignment can be re-established by
in-flight calibration.

(3) Displacements parallel to the collimator axis are

negligible,

(4) oOnly the 4" resolution frames are considered. The
larger tolerances that could be associated with

other frames are not as difficult to maintain.

Building up a multigrid collimator, the position of the
last grid is not critical. X and Y displacements of the first
grid are not critical since they merely define the collimator
axis, Rotation of the first grid'relative to the last is
critical, however, sihece it could degrade the effective response
of ipdividual subeellimaters. Thus the first and last grids
contribute 1 and 0 respectively to the CAC. In the case of
two dimensional inner grids, excessive displacement in either
X or Y directions or rotation degrades the response and so they
each have 3 degrees of freedom which must be maintained. One
dimensional inner grids contribute only 2 to the CAC since
displacements parallel to the linear apertures are not critical.
As an example, for the pencil beam system, _

CAC = 16 (frames) x (1 (first grid) + 3 x 8 (inner grids))= 400.
The CAC for the other systems are similarly determined. Note
that the scatter-hole and pin hole systems are largely immune
to such alignment requirements, Also the periodic systems,
with their fewer grids, have a lower e¢ritical alignment count

than non-periodie systems.

C. . Detector Characteristics
' Characteristics of the detectors reguired by each of
the reference systems are indicated in Table V-3,

Time and spectral resolution requirements are not indi-
cated as these are largely independeéent of the collimation
scheme as discussed in Section III. Thus the role of detector

characteristics on the tradeoff is largely based on their
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REPRODUCIBILITY OF THE
OFRIGINAL PAGE IS POOR_

TABLE V-3 DETECTOR CHARACTERISTICS
Collimator Subcollimator Spatial
System Angular Count Resolution
Resolution Requirements
FWHM Type
1. Pencil Beam 4" 1 - B
2. Multielement 4" 32 - B
Pencil Beam
3. Multielement 4" 1024 2mm D2
Collimator Array .
4. Imaging 4 - " Emim c2
Ceollimator
5. Periodic 4" 1024 2mm D2
MECA 128" 200 2mim D2
6. Foveal 4" 64
System 32" 9
1.6 9 2mm D2
4.8 9
14.4" 9
7. Fan Beam 4" 6 - B
Modulation 64" 4
Collimatoer
8. Maltiple 4" 32x%6 21p D2
Fan Beams 64" 32x4
9. Rotating 4" 2 - B
Modulation 64" 2
Cellimater
10. Scatter-hole 4" - A6 0pm c2
Camera
1l1. Scatter-hole 4" (1.7%x10°%) ~Lmm D2
and Mask -
System
12. Scatter-strip 4" (2.8x10%) Almm Dl
and Mask
13. Pin hole 4" - n8mm c2
14. Remote " - ~,2mm c2

Scatter-hole

TII-37



spatial resoclution,
The different types of spatial resolutien reguirements
are indicated in the last column.
B - Background suppression is the driver for the detector
spatial resolution in these systems where spatial

sensitivity is not required for imaging purposes,

€2 - A two-dimensional centinuous position sensitivity
is most appropriate for these systems,

DL(D2} - One (two) dimensional discrete subcollimators regquire
the detector to merely identify which subcoellimators
a photon passed through., The number of such sub-
collimators is indicated in column 3,

The FWHM spatial resolution requirements are shown in the
fourth column, Digitizing the position of photon counts te
the 2 mm guoted for systems with discrete subcollimators
allows the 5 nmm dead lane between subcollimators to ensure
good subcollimator to subcollimator isolation without much
sacrifice of effective area. The 6 mm resolution associated
with the Imaging Collimater and the 8 mm of the Pin Hole
system each corresponds to an angular resolution contribution
of 1", Note that only in the case of the scatter hole éamera
is the spatial resolution reguirement impractical for pro-
portional counters.

D. Semsitivity

Table V-4 displays the factors entering inte estimates
of the sensitivities of the reference systems.

Thé third ¢olumn indicates the gross ceollimator area
assoc¢iated with the collimators of each angular resclution.
In most cases this comes to 60% of the lm x lm collimator
envelope, with the remaining 40% reguired for structural pur-
poses, etc., For the Rotating Modulation Collimator this is
reduced by an additional facter of w/4 so that the four
circular cellimators canm fit within the 1m x lm envelope. The
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TABLE v -4

Sensitiviey*

System collimator  Gross Gross Area  Transe Transmissing Duty A A A A Baanar Approximnte
Angulag Collimator for Image  misslon  Aves per cycle k1B DPS *s CPS Mhx Scaling of
Resplution  Area Element Image Element Sensitivity
L. pencil Bean 4 6000 6000 LLat 846 /1624 0,83 0,83 (te”Yy 846 846 atrn 2
2, Multielement 4 6000 174 L 141 24.5 1/32 0.77 .77 [LO-l] 24.5 24,5 G-IR/'-')2
Pencil Beam
a. Multielement Ea 6000 . 3,69 Lt 0,52 1 0,52 0,52 {10_"] 0,52 0,52 G(-R/V!2
Collimator
Array
4. 1maging q» 6or - LLal - 3 ¢,78  0,7¢ aehy o8 0.78 alr/n?®
Collimacor
5, Periodic N 4500 2,55 141 0,36 1 .36 0,36 0.36 1.6 olr/m
MECA 128" 1500 5,01 245 1.2 1 1.2 1,2 'Eﬁ
6. Foveal 4 " 4500 62,2 JAal 8.4 (ry 3.8 8.8 B.B J‘IR/V’): .:Od
System R 3175 35.5 23 8.2 1 8.2 \ —_
L6 375 5.5 243 8.6 L 8.6 {107y 43 q‘) |ﬂ
4.8 373 5.5 248 8.8 1 B.8 -
3.4 375 5.5 .249 3.8 L 8.8 E toj
7. Fan Beam 4" 4500 700 L 262 1/32 0.2 39 1575 2310 G R/P Cj
Modulation 64 " 1500 375 490 184 1/32 5.7 23
Collimator v %
8, Multiple 4 4500 6.8 ,375 7.0 1 7.0 42 7.0 50 G R/P [
Fan. Beans 64 * 1500 B.54 1490 4.2 1 402 17 = Fi
9, Rotating 4" 2186 1178 .375 442 1/32 13.8 28 28 2025 G R/P C-:j =
Hodulation 64 " 2356 1178 L4980 577 1/32 18.0 36
Collimator EQ"
ko, Scatter-hole 4 " 8000 - 235 - 1 - 13¢o 1300 1100 1300 G O
camera g "3;
11, scatter-hale 4 6000 - .DBe23 - 1 - 1.3 1.3 L3 1.3 on/m? o)
and: Mask w
Systam E_j
12, Scatter strip L 4243 - 0103 2.57 1 5.13 at 41 41 31 G R/D
and Mask
13,  pin Hole 4 8.6 - .25 2,15 1 2,15 2.2 oY 2.2 2.2 G2
13, Remote 4 6000 - .235 - L - 1400 1400 1400 1400 G

Scatrer-hole

All areas are in cmz.




scatter-strip and mask system is reduced by a factor of 1/,/2
to allow for a "packing problem" uniquely associated with
this system. This system requires optimized detector spatial
reso. ution perpendicular to the linear apertures which in
turn determines the relative orientation of the proportional
counter cathode and/or anode wiring. Fitting six reectangular
propertional counters with orientations corresponding to the
six grid orientations would not permit complete utilization
of the lm x lm envelope. The factor of 1/,/2 is a worst case

assumption. The 8.6cm2

entry for the pin hole system is just
the area of the 3.3e¢m diameter aperture.

The gross area indicated in column 4 is just the Gross
Collimator Area divided by the Subcollimator Count (Table V-3)
with an allowance of 21 mm on each edge to provide a 5 mm wall

isolating adjacent subcollimators. As illustrated by Figure ITII-=3,

Gross Area per detector = (\/G;Qﬁﬁ Cgllimgtgr Area _ g éf
Subcollimator Count iy
The collimator transmission, indicated in column 5 is a
particularly significant factor since it is proportional to
the seurce to background count ratio. As indicated in
Seetion III, with the error budget of 9.7 microns, the trans=
mission of 4" resolution collimaters is 0.375 and 0,141 for
the one and two dimensional configurations, respectively. The
same error budget combined with the coarser collimators permits
the higher transmissions shown for such cases. The maximum
transmission of self-supporting random hole grids is 0,235 if
o two holés are adjacent (Blake, 1976). For the scatter hole
and mask system, the first grid transmission of 0.235 is sig-
nificanhtly reduced by the low transmission, (58.2wm/1862um)2 =
9.8 x 10 *3, of the detector mask to yield the effective trans=«
missien of 2.3 x 10 b4. For the scatter-strip and mask
systems the corresponding transmissions of the random strip
and mask are 0.33 and 0.031 respectively resulting in a

combined transmission of 0.0103. The transmissioéen of 0.25
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adopted for the pin hole system is due to the detector colli-
mation requir ed for background suppression.

The transmitting area per image element is the product
gross area per sube¢ollimator and the transmission.

Another significant parameter, the duty cycle, is
indicated in column 7, It is the ratio of the time averaged
effective area (or count rate) to the maximum instantaneous
area {(or count rate), and is unity except in the case of
rotating of mechanically scanned collimators, It is impertant
because low values of this duty cycle aggravate the dynamic
range problem. Duty cycles assigned to the scanning or
rastering systems in Table V-4 are slight overestimates since
no allowance is made for dead time due to scan reversals, etc.
Also for sources larger than 32" in extent, the foveal system
duty cycle would be reduced appropriately.

An1gs the effective area per imaging elément, is the
product of the transmitting area per image element and the
duty ecycle, It represents, for example, the effective area
for each fan beam orientation or for each of the 4 rotating
modulation collimators,

Appg, the effective area for distinguishing point sources
is an impertant measure of sensitivity. It represents the
total time averaged effective area of the high resolution

collimators for each system. The product of A incident

DPs’
flux and detector and window efficiency is the total count
3 itself

ineludes no allowance for background, window transmission,

rate associated with 4" cellimators. Note that ADP

detector efficiency or deconvolution effects. Although the
relative sensitivity of the different systems is not uniquely

determiried by A it ferms a very useful measure of sensi-

DES’
tivity, one which can be readily converted to a count rate
as indicated above.

In view of the discussion in Section II on burst occurrence

freguencies, it is worth noting that a system that is 4 times
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as sensitive a&s another can expect to observe 4 = 3 times

as many bursts at a given level of detail.

ADPS equal to Apyp in most cases,
(Elsewhere Ap,p is multiplied by the number of fan

beams or high resolution rotating ceollimators.) In
the case of the scatter hole and scatter strip and mask
systems Appg 1s the product of the gross area per subcollimator,
number of subcollimators and transmission. Fer the remote
scatter hole system, Appg is the product of the gross colli-
mator area and the transmission.

Ayg is the effective area for extended solar sources
{(assumed »> 2°' in extent), For systems with less tham full
sun field of view, this value is dependent on source size and
scanning technique used., Order of magnitude estimates for
these cases are indicated in brackets, For the others, Ayg

is calculated similarly to A except the course resolution

collimators were used, where ggplicable.

Acpg is the effective area with which cesmic
point sources could be viewed with the high resolution colli-
mators. It is the same as Appg in all cases, except for the
scanning systems whose mechanical scan is assumed not to be
used in such cases, The same cautioenary notes about background
determination and deconvolution apply here as in the case of
Apps-

Aynx is the maximum area that can instantaneously view
a point source, It is relevant in determining the total
count rate from é soarce if spatial infermation
were not important and in estimating of the upper limit of
instrument count rates, summed over all detectors,

The final column shows how the sensitivity (i.e. ADPS)
would scale from thevtabulated values if different choices of

the angular response parameters had been made. The scaling
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is appreximate in that is does not allow for the effects of
deconvolution, erroxr budgets, subcollimator separation, etc.
which would enter into the calculation in second order, nor
doesit indicate that some particular choices might be im-
practical to implement efficiently in practice. There are
significant differences among the different systems in their
scaling sensitivity, so that this comparisen is an important
one, particularly when the uncertain nature of some of the
estimates of solar parameters is recalled, and the reflight
and refurbishment potential of shuttle facilities is noted.
G - Sensitivity is proportional to the gross collimator

area in all cases,
= FWHM resolution.
- Field of view,

- Period of the high resolution collimators.

b m < w
I

~ Detector spatial resolution.

E. Time Resoluticn and Telemetry

et

Table V-5 indicates some of the time resolution and
telemetry considerations for each of the reference systems,
The second column indicates the basic limitation on the time
resolution of each system. In most cases this limitation is
due simply to counting statistics., Clearly this limitation
will be surongly energy and flare dependent but in any situation
will be less severe for systems with more sensitivity. For
mechanically scanned cor rotated systems, the ultimate time
resolution is also limited by the scan or rotation rate. For
the foveal system the limitation is source and program
dependent 1if the foveal elements have to be "time shared"
among more than one hot spot in the source,

The estimated time resolutien is indicated in the third
culumn, For statistics limited systems, 0.1 seconds is
indicated, since this would be appropriate if the collimator
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TABLE V-5 TIME RESGLUTTON AND TELEMETRY

System Time Pime Image Number of Number Max
Resplution Resolution Susceptibility Spatial Bins of Time Telemetry
Limitation {sec) to Source Bins/Sec Rate
Changes {xED" BPS)
1. Pencil Beam 0.5 sec 16 ' extreme 64 256 g.89 1
“single scan
2. Multielement 0.5 sec 8.5 yves 64 258 0.88 T
Pencil Beam single scan
5 ~ Multielement statistics <0.1 no 1024 10 1.2 T
Collimator
Array
i, Imaging statistics <0.1 ne 1.6%x10" 10 1.5 T
Collimator
5. Periodic statistices <0.1 no 1224 10 1.3 T
MECA
6. Foveal statistics, (<0.1) For large sources lLoo 10 0.35 B
System source extent {(>32") only
3
7. Fan Beam 2 sac <9.1 (2) yes 64 L.oxlo 6.88 7T
Medulatiion single scan
Collimater
8. Multipie statistics <0.1 ro 320 10 1.1 T or
Fan Beams :
9. Rotating 60 rpm 0.5 ves 18 1.7x10" 0.88 T
Modulation rotation rate
Collimator
10. Scatter-hole statistics <0.1 no ¥.8x1l0°® 10 2.6 T
Camera
11. Scatter-hole statistiecs <0.1 no 1.7x10°% 10 1.8 T
and Mask .
System
12. Scatter strip statistics <0.1 ro 2.8x10° 10 1.4 T
and Mask :
13. Pin Hole statistics <0.1 no 1.6%10"% 10 1.5 T
14. Remote )
Scatter~hole statistics <0.1 no L.sxlos 10 1.8 by

¥0O0d ST OV TVNIOIO
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were dithered with a peinting system with 5 Hz bandwith, 1In
other cases this limit follows directly from the scan/rotation
rates. Note that even though the fan beam modulation collimator
single scan time is 2 seconds across the whole sun the high
resolution elements have an effective time resopluticn that is
mach better sinee the periodic¢ response of each subeellimator
ensures that it will view a given point many times during a
scan. The time resolution remains 2 seconds, however for the
coarse, non-periodic subcollimators. Note that the time
resolution of 16 seconds is a severe drawback for the pencil
beam system. Note also that if the scan/rotation rates
assumed here are overestimates, the adeguacy of time resolution
for some systems would have to be reconsidered.

The fourth column indicated whether the imaging is
susceptible to source time variations comparable to the
time resolution,

The last three column review the reference systems
telemetry regquirements., There are two basic techniques
which could be used to éncode the data of an instrument such
as this, viz., bipning and tagging. Tagging implies that each
detected photon is assigned a telemetry word which indicates
its energy and appropriate detector spatial information. Its
arrival time is implicit iﬁ its poesition invthé data stream,
Assuming a maximum instrument count rate of 80,000 counts per
second (2 x l04 counts per second 1in each of 4 proportional
counters) and 5 bit energy label (i,e.,, 32 channels), we have
Max ., Tagging Bit Rate = 80,000 x (5 + logy (No. of Spatial Bins)).

Alternatively the data may be binned so that each photon
count is added to an appropriate spatial/energy bin, which is
then read out periodically, so that

Binning Bit Rate = 32 (energy channels) x Number of spatial bins
x Number of Time bins/seconds x Bits per bin

Assuming 20,000 counts per second as an upper limit to any
bin sets the Bits per bins = logz (20,000/Time bins per second),.
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The number of spatial bins and time bins per second are shown
in columns 5 and 6. The minimum of the tagging or binning bit
rates is shown in the last column with a T or B to indicate
which was used.

Some caveats on this estimate should be noted.

(L) No housekeeping or aspect data iz included,

(2) These represent peak, not average telemetry
rates.

{3) No attempt has been made to compress the telemetry
or to take advantage of the expected data character-
istics in order to achieve a more efficient use of
telemetry,

(4) A more optimized strategy may involve a combination

of binning and tagging.

Thus the bit rate queted is a very conservative upper
limit to the telemetry reguirement in each c¢ase, Apart from
the foveal system and scatter hole systems, the range of
telemetry rate estimates is relatively small, and not
incompatible with a shuttle facility.

F. . Miscellanecous

Some other considerations which may enter into the
overall tradeoff ameng collimation systems are outlined in
Table V-6.

The second column recalls some of the subsystem reguire-
ments not common to all of the systems, The third column
points out operational tasks required of the pointing system
in addition to sun or active region pointing. Systems
requiring pretargeting to an active region are indicated next,
The final columns are those systems which would be inherently
adaptable to detectors with less spatial resolution than
possible with proporﬁional counters. Solid state detectors

or scintillation detectors would provide an attrative way to

ITI-46



LY-ITX

TABLE V-6 MISCELLANEOUS
systém subsystem Additional Pretargeting Suitable for Syitable for
Requirements Pointing Required 301id State or Focal Plane
System Scintillation Instrumentation
Requirements Detectors with Poor Spatial
Resolution
1. Pencil Beam Mec* Rapid raster ves Yes Yes
2. Multielement MGC Rapid scan Yes Yes ves; if scan mode
Pencil Beam changed.
3, Multielement MGC Dither Yes Yes, if fewer No
Collimator subcollimatovs
Array
4. Imaging MGC Dither Yes No No
Collimator
5. Periocic MGC Dither No Yes, if fewer No
MECA subecollimators
6. Foveal MGC, Responsive to burst No Yes Yes
System Response loop location & axtent.
7. Fan Beam MGC Rapid scan No Yes Yes
Modulation
Collimator
8. Moltiple MGC Dither No Yes No
Fan ‘Beams
9, Rotating MGC - No Yes Yes
Modulation ratation
‘Collimator drive
10.  Scatter-hole : Dither No No No
Camera high spatial
resolutien
detactor
1l. Scatter-hole - Dither Na No Na
and Mask
System
12. Scatter-strip - Dither No No No
© and -Mask :
13. Pin hole subsatellite - Yes Yes Yes, with suitable
operational modes
14. Remote subsatellite - No Yes, if No
Scatter-hole cr tethered appropriate
boom parameter
changes

+* MGC - multigrid collimator

0,
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extend the high energy detection efficiency but could not be
used with collimation systems requiring (continuous) spatial
resplution better than a few centimeters. Similarly focal
plane instrumentation such as X-ray polarimeters would not
be inherently adaptable to systems requiring appreciable
spatial resolution, Collimation systems with gross subecolli-
mator areas -~ 102 cm2 could be adaptable to suech instrumenta-
tion, however,
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VI. TRADEOFF SUMMARY

Tabkle VI = 1 summarizes some of the more significant
tradeoff considerations that have been discussed in previous
sections. B.efore considering the relative merits/demerits
of the reference systems, the definitionh and significance
of the criteria in the columns will be reviewed.

A, Criteria Review

The second column indicates those systems which in the
reference configuration had fields of view limited to about
2' x 2' and those with full sun fields ef view. Configurations
with less than full sun field of view reguire pretargeting and
risk missing all or part of flares in other active regions.

This third column, indi¢ates the time=averaged

Appg
effective area for imaging a point source within the high
resolution field of view. Note that this area does not make
any allowance for window transmission losses or detector
inefficiency so that at a particular energy, all the effective
areas must be reduced accordingly.

The duty cycle indicated in the fourth column is the
ratio of the time averaged effective area to the maximum
" ipnstantaneous effective area. Small values of this ratio
aggravate the dynamic¢ range problem.

Transmission, given in the fifth column, represents the
collimator transmission for anm on-axis source, The source/
background-count ratio is proportional to this factor so it
is relevant at the higher energies where background consider-
ations become sérious (see PFigures 1II - 1, II - 2),.

Image formation notes whether two dimensional images
are directly formed by the collimator or whether a deconvo-
lution algorithm needs to be used, as is the case with indirect
image formaticn.

Systems whose images are susceptible to time variations

are indicated in the seventh column, In such cases the time
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12,

13.
14,

TABLE VI-l

TRADEQFF SUMMARY

Imaging
rield Alps Susceptibility cCritical Unigue
of - Duty Image to Time Alignment Design

System Views fem” ). cycle fTransmission Formation Variations Count Areas
Pencil Beam 12Bxiz2B" 0,83 1/1024 .14l direct yaes, very 400 -
Multielement
pencil Beam 128x128" 0.77 1/32 .141 direct ves 400 -
MECH 128x12B" @.52 1 .141 éirect no 400 -
Imagihg
Gollimator 128x128" G.78 1 k41 direct no 4060 -
Periodic MECA PPS 0.36 1 .141 direct no 156 -
Foveal System 32Wx32", for large

¥5 with sources

limited {> 32" rEsponse

resolution 8.8 1 .14 direct only 300 loop
Fan Beam direct for
Madulation projections
Collimator PFS 49 1/32 375 indirect 108 -

for 2p yes
Multiple
Fan Beams PFS a2 1 L3753 " na 108 -
Rotating
Modulation rotation
tollimator FS 28 1/32 .375 indirect yes 72 Jdrive
Scatter-hole ‘detector with
Camera PFS 1300 k L2358 indirect no 0 ~60 micron
resolution

Scatter-hole
and Mask System FS 1.3 L .00023 indirect no 0 -
Scatter-strip 2 stage
and Mask FS 41 L .01 indiréct no 16 -

-
pin-hole 128x%128" 2.2 1 .25 direct no 0 subsatellite
Remote subsatellite
Scatter-hole PS5 1400 1 .235 indirect no 0 or tether

system
* PS = Full San
PFS = Periodic over the Full Sun

D0
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variations must be more rapid than the mechanical scanning
or rotation rate of the collimator.

Critical alignment count refers to the number of one
dimensional alignment adjustments which must be maintained
during launch for the system to suffer no degradation of its
4" imaging ecapability. Alignment adjustments relative to
lower resolution élements or whose settings can be verified
by in-flight calibration on cosmic sources are not included.

Finally the last column indicated the unique design
areas where the more significant development aspects unique
to a given collimator scheme are identified,.

B, . Tradeoff Discussion_

The first five systems listed in Table VI - 1 all suffer
from the potéentially serious disadvantage of low sensitivity.
Recalling that the peak flux for a "once-a-day" flare is ~2
photons/cm2 sec above 20 kev, their effective areas of < lcm2
would not permit nonthermal imaging except perhaps by accepting
a severe sacrifice of time reseolution.

The foveal system would provide direct images with anp
order of magnitude improvement in sensitivity with the most
serious drawbacks being some imaging susceptibility teo time
variations for sources larger than .. 32" in extent and the
necessity of providing a microprocessor-controlled response
loop between the detectors and pointing system,

The two fan beam systems offer a further increase in
sensitivity compared to the foveal system. In addition, their
transmission is higher and the critical alignment count
somewhat less than with the foveal system. Some physical
questions could be answered directly by the fan beam data
while 2 dimensional images would require an additional data
reduction stage., Comparing the two fan beam approaches, the
multiple fan beams require a small penalty in effective area

but have the advantages of (1) inherently high time resolution,
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(2) laek of susceptibility to source time variations, (3) a
less severe dynamic range problem and (4) no need for a rapid
scanning motion., On the other hand the fan beam modulation
collimator would be able to view cosmic point sources more
effectively,

The rotating modulation collimator offers comparable
sensitivity to the fan beam approaches but suffers from
several relative disadvantages. First the indirectly formed
image in this case must proceed through a somewhat more
involved deconvolution procedure, Although it can provide a
complete two dimensional image in principle, it does not,
except in the simplest cases, permit as much spatial infor-
mation to be apparent until after the deconvolution is complete.
Second, it is susceptible to rapid source variations. Thixd,
it requires development of a rotation drive system. Fourth,
the leow duty cycle accentuates the dynamie range problem,

Its advantage over the fan beam systems is its formal potential
for image completeness,

Although the scatter hole camera offers 2 orders of
magnitude more sensitivity thamn the fan beam or RMC systems
it requires a ~ 1 m2 detector with 2 dimensional spatial
resolution of . 60 mierons. Such detectors are not available
at present.

The sc¢atter strip and mask system, however, has a factor
of ~ 2 sensitivity advantage over the fan beam systems. The
price paid for this adﬁantage is a relatively low transmission
and a more complex deconvoluticon task., In addition to its
sensitivity advantage, alignment of such a system would be
grgétly simplified compared to famn beams.

The pin hole subsatellite approach, as configured in
the reference system doés not appear to offer any striking
advantages. It has excellent potential, however, in its
application to sub are second and very high energy imaging,

applications whe re cenventional collimator structures would
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not be feasible,

Combining the subsatellite and scatter-hole concepts
as is done in the last system does offer a 2 order of mag-
nitude sensitivity gain in addition to the other potential
capabilities of the subsatellie approach., Although a high
resolution collimator structure is not required, the need
for a subsatellite or tethered boom system may be an over-
riding consideration,

The more viable systems that remain from the preceeding
discussions are:

(1) Foveal system

{(2) Multiple fan beams

(3) Rotating modulation collimater
and (4) Scatter-strip and mask system.

Among these four, the primary advantages and disadvan-
tages may bé sumnmarized as follows.

Compared to the other three, the rotation modulation
collimator has comparable sensitivity, but with a deconvolu-
tion reguirément and a lower duty eycle which aggravates the
dynamic range problem.

Comparing the foveal and multiple fan beam systems, the
foveal system has a reduced, but perhaps adequate sensitivity,
and the advantage of direct imaging. Its primary weakness is
in its necessity to "time share" coverage if the burst
extent were larger than its field of view of its high resolu-
tion elements, ,

This is not the case with the multiple fan beam system
which views the whole sun at all times with good sensitivity
but which does require a deconvolution step to produce two
dimensional images.

Relative to the multiple famn beam system, the scatter
strip and mask approach has the advantages of more sensitivity

and simplified metering structure and grid reguiremeats,
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but at the expense of a more involved deconvolution procedurs
and much lower transmission which would seriously aggravate
the background effects at higher energies. Improved detector
resolution could ease the latter problem somewhat.

It should be noted that the detector and collimator
requirements of the foveal and multiple fan beam systems are
similar so that they could co-exist in the same collimator
during a given mission or be easily interchanged from one
flight to the next.

The scatter strip and mask approach would also be
compatible with these two if an appropriate detector readout
system were provided,
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FIGURE CAPTIONS

Figure II-1 Differential Spectra

The top ¢urve shows the differential spectrum of the
incident X-ray flux for a typical thermal burst

(15 x 10° x, 3 x 10%® en™3)
plus a "once-a-day" non-thermal burst (EnédiffErehtial spectrum,
0.32 photons (cmzs xev) 1 at 20 kev). The center curve
shows the corresponding count rate speetrum that interacts in
40 atm - cm of Xenon after passing through an aluminum window
with the property that 99% of its area is 0,1 g/cm2 and 1%
is 0.01 g/cmz, The lower curve shows a repreéesentative back-
ground level, When count rates are estimated, it should be
noted that the source spectrum is effectively lowered rela-
tive to the background spectrum by a factor egual to the
transmission.

Figure II-2 Integral Spectra
The three curves are the integral spectra corresponding
to the differential spectra shown in Figure II-1.

Figure IIT-1 Multigrid Collimator Principles

In panel A , simplified versions of two, three
and four grid collimators are illustrated, with representative
photon paths shown. Note that all apertures and walls are
the saie,. In panel B, the angular response in each case is
shown ., In panel C, a 6 grid collimator is shown where the
period is 32 times the FWHM resolution. Note that small dis-
placements of the inner grids would have no effeect on the

angular response,

Figure I11-2 _ Phased hrray of Subcollimators

The top panel shows a three grid collimator divided into

four subeollimators, each with a period four times the
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regsolution FWHM, The second panel shows the transm. sion of
ea¢ch subcellimater. The third'panei illustrates the "uniformity
of field" property whereby subject to the envelope, the summed
transmission over all subcollimators is uniform, The bottom
panel shows how the angular half peak contours repeat to give

a wide field, high resolution coverage,

Figure I11-3 Effective Area of Subcollimators
The effective area per subcollimator is shown as a function
of the total number of such subeollimators in the lm x 1lm colli=
mator envelope. Assumptions are: (1) 40% of the total area
is deveted te structural purposes, etc, (2) A 5 mm wall is
provided between each subeollimator (3) Transmission is 0.375
and 0.141 for the one and two dimensional cases, respectively.
The deviation from straight lines is due to the walls between

the subeollimators.

The energy dependence of the angular resolution limits
are shown for a 3 m collimator. The diffraction curve represents
the ecriteria discussed in the text, The grid transparency
curve assumes the aperture is equal to one absorption length.
The alignment ¢éurve assumes the aperture is egual to 10um.
Note that none of these limits are absolute, They merely
represent regions where additional ¢are needs to be *aken or
other tradeocffs considered.

Figure ITI-5  Dithering Simulation

The top panel shows an assumed source function. The
second panel shows the simulated response of a fan beam system
with the data put in 4" bins as is necessary with a
stationary 4" FWHM collimator., The lower panel shows the
responseé of an identical system with the data binned to 1" as

would be possible if dithering or scanning were used. The
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total number is 1000 in each case.

Figure IV-1 _Direct Imaging Systems

Each column schematic illustrates a different approach
to direct imaging. The top panel indicates the angular half
peak contours in each case, The lower papel indicates the
collimator scanning or rastering motion reguired., To simplify
the figure, a field of view only 8 times the FWHM resolutioen
is illustrated,

Figure IV-2 Imaging Collimator

A four grid imaging eollimator is shown, along with
photon paths corresponding to typical transmission maxima.
Note that the apertures are slightly more closely spaced at
the bottom than at the top.

V=3 . Fan Beam Systems

The two eolumns schematically show how the fan beam systems
view a source. The fop figures illustrate the angular half
peak contours while the lower panel shows the collimator scanning
motion. To simplify the figure, only one set {orientation) of
non-periodie fan beam is illustrated with a field of view only
eight times the FWHM resolutiog.

Flgure Iv=4 _ Rotatlng Modulatlon;,elll ator

The tep panel shows the transm1531on maxima of the fan
beam ¢ollimator projected against the sky. Rotation of the
collimator about its axis of rotation, R, means the alternate
detector intermittently views a source, $. The resulting count
rate plot is shown in the lower panel, Note that the number
of maxima in a half revolution is twice the number of projected

transmission maxima between the source and rotation axis.
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Figure IV-5 Scatter-hole Camera.
A point source, S, illuminating a single random aperture

grid, G., illuminates a spatially resolving detector, D.

Figure TV-6 Pin hole Subsatellite

-

Schematic view of a pinhole éubsatellite positioned
between the sun and detector system which would be on
board the orbhiter.
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MULTIGRID COLLIMATOR PRINCIPLES

Resolution FWHM « (Aperture / Collimator length)
Period = Resolation FwmM x 2 (6rid count -1)

Envelope a~ (Collimator width / Collimator length)

Figure III-1 a and b
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APPENDIX - SIMULATIONS

In this appendix, the sensitivity, background and
deconvolution considerations discussed in previous sections

are illustrated by simulated data for three reference systems.

The spatial distribution of the X-ray source is assumed
to resemble the August 7, 19272 white light flare, whose surface
brightness has been roughly digitized on a linear scale from
1 to 9 in 1 arc second sqguare pixels as shown in panel a of
Figure A-1. The total flux is taken to be that of a "once-
a~day" size flare, whose absolute spectrum is illustrated in
Figure II-1. A 30 secornd integration in a 20-30 kev energy
channel, along with background and detector window efficiencies
used in Figure II-1 are also adopted. The total source counts
for the Multielement Collimator Array, Foveal System and Multiple
Fan Beam $ystem are therefore 30, 203, and 2440 respectively.
The corresponding background count totals (per subcollimator)
are 1.1, 7.5, and 5.6. This parameter choice is such that
imaging is possible while statistics and background are not
negligible.

Panels b, ¢, and 4 show the relative counts in the resulting
two-dimensienal images for the three.é?stems. Because of
marginal statistics ne background subtraction was attempted
for the Multielement Collimator Array (Panel b). Similar
results might be expected from the single beam, Multielefment
Pencil Beam Imaging Collimator and Periodiec MECA Systems. Panel
¢ illustrates the image directly obtainable from the Foveal
system under the assumption that 40% of its time is spent viewing
each of the 2 pairs of emission patches. Background has been

"included in this simulation, then a (non-optimized) background

subtraction algorithm employed to produce the image shown.

Panel e shows the simulated data that would be available
from the Multiple Fan Beam System. Starting from

this data, the reconstructed image in panel & is obtained
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by using a simple Background subtraction/reconstruction

algorithm which resemhles an Algebraic Reconstruction Technigque.
Comparable results would be available from the Fan Beam Modulation
Collimator.

In no case has any attempt been made to unfold the 4"
FWHM resolutieon which could be attempted in a sSubsequent step.
Alternatively, in each case the data could be regrouped at a
coarser resolution level to display itself to better advantage,

but at the expense of angular resolution.

It is clear that in the cases illustrated here, the
sensitivity advantage of the Fan Beams more- than offsets the
direct imaging advantage of the other systems.

Although at lower, thermal energies where statistics
are not a serious limit, the direct imaging systems would not
have been at such a serious disadvantage, the importance of
imaging the non-thermal c¢ompénent above 20 kev emphasizes the
relevance of the comparison illustrated here,
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FOREWORD

This is an engineering study for a Hard X-Ray Imaging Instrument

to be flown during an early Shuttle/Spacelab mission. This study

is the last of a series of three studies performed by and for the
Hard X-Ray Imaging Facility Definition Team under the leadership
and direction of Dr. Laurence E. Peterson, University of California,
“an Diego.

The major pertion of the eagineering study was performed by Ball
Lrothers Research Corporation under contraé¢t to the University

¥ Califernia, but significant contributions te this repert were
made by several members of the definition team. Those contributing
to this effort are acknowledged below,

M. A. Chapman ucsh
J. T. Conlan BBRC
J. G. Emming BBRC
G. Hurferd CIT

M. E. Poyer BBRC
J. R. Reach BBRC
D. E. Schneible BBRC
E. A. Stephan UCSD
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1.0 INTRODUCTION

An engineering trade-off study performed by Ball Brothers Research
Corpoeration (BBRC) for the Hard X-Ray Imaging Facility Definition
Team (HXIFDT) was begun on 3 May 1976. The twelve week study Was
divided inte three phases as shown in Figure 1-1, the study schedule,
Phase I, the requirements definition - hase, was accomplished in

2 1/2 weeks. A kick-off meeting between the HXIFDT and BBRC
personnel held during the week of 17 May marked the transition from
Phase I tc Phase II, the trade-off analysis phase. Due to the large
number of trade-off items cofisidered and the relative complexity

of the proportional counter trade-off analysis, this phase required
approximately one month to complete, The concept desién-Phase I1I
extended from mid-June through early July with a review of the design
concept by the HXIFDT on 30 June. A final briefing of the engineering
study was presented at both NASA headquarters and GSFC on 12 July.

1.1 STUDY OBJECTIVES

The study has twe main objectives, both of which have been achieved
during Phase III of the study. Objective one is to develop a basic
configuration of the Hard X-Ray Imaging Instrument (HXII) to an
adequate depth to demomnstrate its feasibility for shuttle/Spacelab
missions. The second objective is to ensure the conceptual HXII

is physically and operationally compatible with a variety of
balanced or end-pointing schemes which may be deployed om a

space shuttle missiomn.

1.2 STUDY GUIDELINES AND ASSUMPTIONS

This BBRC study was directed by the HXIFDT as part of a series of
studies conducted by a number of agencies including the University
of California, San Diego (UCSD)}, California Institute of Technology,
(CIT) and ethers. The results of the HXIFDT science requirements
study led to a science trade-off study which in turn led to the
BBRC engineering study. Consequently, a number of guidelines

1-1



Z=T

 HARD X-RAY IMAGING INSTRUMEWT STUBY SCHEDULE

WORK WEEKS l 5/3@|5’1GJP5/17215/2“'f5/31136/7‘F5/1“;|5’21|‘6’28|‘7’5| 7112 |1/18 |
¢ DEFINE REQUIREMENTS (PHASE 1)
e KICcK~OFF MEETING
¢ TRADE-OFF ANALYSIS (PHASE 11)
& COoNCEPT DESIGN (PHASE 111)

¢ FINAL REVIEW

Figure 1-1




for the engineering study were generated from the results of the
science tradeoff study. A brief summary of these guidelines is
given below:

® HXII performance requirements will be defined by the
HXIFDT.
® HXII is to interface with various types of pointihg

systems mounted on a Shuttle/Spacelab; therefore, the
physical dimensiens should not be greater than approxi-
mately 1m x 1 m x 3 m and the weight should neot exceed
approximately 500 kg.

® The pointing system used could have the general charac-
teristics of the balanced gimbal system defined in
BBRC document F75-06, ''Low Cost Small Instrument Point-
ing Svstem (SIPS) Study," or a variety of other pointing
systems noet necessarily limited to a balanced system.

) Design concepts will be based on state-of-the-art
projected for an initial mission in the 1981 time frame
with respect to electromnic components and system data
processing evelution.

. HXII is to be designed for flexible reuse over a
minimum ten year period.

. The study is to determine the feasibility of the HXII
and identify areas of technical difficulty that could
limit the achievement of the scientific objectives.



As a result of the in-series, and teamwork nature of these studies,
ihe BBRC enginéering study ismnot a stand-alone feasibility study
in the usual sense. The effort involved in defining a feasible
cnncept for the HXII was shared among the agencies involved.
Consequently, this repert only considers several critiéal areas
that needed "first cut" conceptualization in order to evelve to

a final feasible instrument concept. The specific questions
addressed in this reéeport are:

) Can the HXII be pointed by a Shuttle pointing system
and accomplish scientific goals?

@ Can the HXII be assembled and aligned in a lg environment?

. Can two-dimensiomal proportienal counters be developed
to meet the scientific requirements?

© Are interface requirements compatible with present NASA
concepts for point mount and Spacelab?

[ Are the data processing and data reduction requirements
compatible with present NASA concepts for Spacelab
interfaces?

» Are the mechanical constraints of environments expected
by the Spacelab of a level whose severity would restrict

the possible accomplishment of the scientific objectives?

[
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2.0 REQUIREMENTS DEFINITION

The HXII requirements defined in this section are the engineering
requirements necessary to meet (1) the science requirements
generated during the science trade-off study and (2Z) the guide-
lines and assumptions summarized in Section 1.2. Seme of these
preliminary requireéments weré modified during the study. The
mechanical envelope evelved as a result of incorperation ef the
scientific apparatus requirements. It takes into consideration
the thermal and mechanical constraints in a manner suitable to
allow for overall instrument interfacing to a variety of Spacelab

fixed or pointing mechanisms either pallet or non-pallet meunting.

Pointing requirements were taken directly from the science trade-
off study,but the coalignment requirements were medified by con-
ceptually developing an aspect system which does not require

precise instrument internal coalignment.
Power requirements were not givem by the science study or covered

by the guidelines, but were generated after the conceptual
electronics design had been dene, primarily by UCSD personnel.
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2.1 MECHANICAL REQUIREMENTS AND CONSTRAINTS
2.1.1 Volume

The HXII was not baselined for a particular pointer or geometric
applications usage; however, from a systems standpeint and
sciehtific requirements bonds, the volume that appears to pro-
vide maximum utilizatiem of viewing area and potential modularity
of the design is in the order of 1 m x 1 m x 3.2 meters, without
thermal centrol shrouds. If we consider a nominal 0.1 m fer
thermal and protective shrouds around the instrument, the
maximum volume would be 1.2 m x 1.2 m x 3.4 m.

2.1.2 Weight

Based on an examination of potential structure designs, grid,
proportional counters and supporting equipment items, the
estimated weight for the HXII is 500 kg.

From a scientific and techmical viewpeint, the baseline require-
ment for viewing area was for 7392 cm’ utilizing 14 cellimators.

s

2.1.4 Balance
The center of gravity appears to be near the geometric center;
however, adjustment in the mass can be accomplished to allow
for pointer or installation application requirements.

1~
=
Py

Alignment Requirements

The subcollimater slits for the high resolution fan beams are
50 pm (0.002-inches) and there are six sets of grids per collimator,



Alignment through the sets of grid (= 2.5 meters) should be made
to within 5% (2.5 pm--0.0001-inches) at initial alignment and
held through launch and orbital operations. This telerance is
an rms figure and refers to each dimension within a subcollfmator.

2.1.6 Proportional Counters

Analysis by members of the science team defined the baseline
gas requirement as 40 atm-cm for x-ray path length in both
counters. This may be obtained by a 20-cm depth at 2 atm of
pressure, or an equivalent combination. The gas chambers are
to be sealed during operatioen.
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2.2 POINTING REQUIREMENTS

The HXII pointing requirements as defined by the HXIFDT are
summarized in Table 2.2-1. These requirements are general
enough in nature to be adaptable to a variety of pointing

mechanisms.

An aspect system concept which could meet both the selar and

stellar pointing requirements of the HXII is presented in Figure
2.2-1. The system would incoerporate a finé sun senser such as those
being proposed for the Selar Maximum Mission (SMM) and twoe star
sensors. One of the star sensors would be used for roll infermation,
the second would be used to translate between selar and stellar tar-
gets by moving a series of attenuators in and out of the sensor
field of view. With the attenuators out of the optical path, the
sensor is polnted te a cosmic X-ray source. The poesition of the
source as Seen by the instrument determines the alignment between
the sensor and the instrument. For selar viewlng, the attenuators
are moved inte the optical path and the Sensor peinted to the solar
limb. The position of the limb with respect to the solar sensor

is then determined, and a value for the misalignment between both
sensors and the instrument can be calculated. By using the combi-
nation of sensers and instrument readouts, precise coalignment is
not required although accurate pesition readout becomes crucial.

Table 2.2-1

[Pointing Accuracy: 3 arc sec (10 arc min roll) on sun
Stability: 0.4 arc sec rms (80 arc sec rms roll) eover 10 sec
Motion: Slew 30 arc min/sec poeint-to-point
Dither 10 arc sec diameter circle, executed
repeatedly in 1 sec peried
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3.0 TEAQE-OFF ANALYSIS

The trade-off analysis conducted during Phase II of the HXII
engineering study comprised the major effort of the study. Not
only were the necessary trade-offs numerous, but alse quite
complex, especially the proportional counter configuration trade-
offs., 1In this section all of the trade-offs are discussed. The
selected method is then expanded into conceptual design details
in Section 4.0,

Section 3.1 deals with the structural trade-offs between two of
a variety of pessible structural configuratiems. One consists
of four identical structures, each 1/2 meter square. The second
is a single structure 1 meter square. Both were modeled mathe-
matically for computer deflection analysis.

The four piece structure follows the reasoning that each quarter

$ize colliimater could be aligned vertically and boélted together.

itowever, there is redundant structure inside which reduces active

detection area. Presently it is not known how the sections could
be fastened together, and to a SIPS gimbal frame, without struc-

tural distertion, so it is visualized that alignment will have to
be checked after assembly. There is advantage in fabrication of

the four section structure since each section is identical.

The single unit structure 1s an attempt to increase active detec-
tien area. A pointer gimbal frame would be a permanent part

of both structures. No sheet shear webs were used in either
structure since they would have to be removed for alignment access
and would cause distortion when replaced afterwards.

Only these twe configurations were considered because of the require-
ment for 7392 cm?® viewing area coupled with the I x1m
cross sectional area, The structural design was therefore required



Te adintair approximately 75% of the instrument cross section
for data acquisition. This proved to be more difficult than
anticipated after several unsuccessful attempts. The most pro-
mising struccural design for maximizing the area for data-
acquisition was then scaled up to the largest possible option
availabhle and an acceptable 6915 cm2 viewing area obtained.

As 4 result of these requirements and the mechanical constraints
they implied, enly the structures which provided maximum viewing
area and minimum weight could be considered in this engineering
trade-off study.
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3.1 STRUCTURAL DESIGN

This section describes the appreach used for the study for the
structural design, the analysis performed, the layouts generated,
and conclusions and recommendations regarding the structure,.
Figure 3.1-1 summarizes the structural design trade-offs used to
derive a final configuratioen.

The baseline configuration was visualized to have a metering
structure to support all of the collimator grids. This in turm
would be mounted in am integrating structure along with the pro-
portional counters. The integrating structure would mount in a
pointing system gimbal frame. A goal of the study was to define
the metering and integrating structures.

Early in the study the requirement for 755 of the instrument

cross sectional area to be available for data acquisition was
idéntified as a driving comstraint (Ref. Section 2.1.3). A

iayout that was considered a typical structure (combined metering
and integrating) which could support the grids and the proportional

counters and interface with a pointing control system was generated.

At the suggestion of members of the science team, the first layout
was for a quarter module structure; that is, one quadrant of the
cross section. It was suggested that grid alignment could be
facilitated by aligning one quadrant at a time while being in a
vertical position te eliminate bending moitents in a gravity field.

After alignment the four quadrants would be secured together and
mounted inte a pointing s)ystem gimbal frame.

Figure 3.1-2 shows the quadrant structure layout and Figure 3,1-3
shows a typical cross section. It is an open truss type structure
with the lattice members inside the corner angles to provide a
clean exterior for attaching to adjacent sections. The grids are
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mounted in frames with adjustment provisions. Shear webs were
net uased (in this or subsequent layouts) to minimize weight and
maximize access to adjust the grids. Grid frames were placed at
nominal fractional positions; that is, at L/2, L/4, L/8, where L
is the distance from front to back grids.

This arrangement accommodates 16 sguare collimator spaces, whereas
the baseline configuration has required 14. The two extra spaces

weTe subsequently designated for a whole-sun menitor and an aspect
sVStem.

From the layout it was determined that the useful open area was
52.2%. However, only 4488 cm? was available for the 14 collimators.

Another layout was generated for a single, unitized structure. This
provided 60% opefi area, but still only 5162 cm? for the 14 colli-
mators. When this was reported to the science team the decision

was made to relax the approximately 1 m x 1 m cross section
requirament to 1.14 m x 1.14 m.

A final layout was made for the 1.14 m size, along with a propor-
tional counter. The proportional counters were coordinated with
the grid frames to determine useful open area, and it was found
that 6915 cm? was available for the 14 cellimators. This appeared
acceptable.  The layout is shown in Figure 4-1 in Section 4.0,

No layout was ever made for separate metering and integrating
structures since they would obviously reduce viewing area.

It was concluded that the HXII could have a dedicated gimbal
frame as a permanent part of the structure. The load paths are
from the gimbal shafts through the gimbal frame, them through

the structure to the grids and the propertienal counters. Merely
attaching the gimbal frame to the structure would most_likely
distort the structure by more than 2.5 um and adversely affect
grid aligmment. It can be considerably stiffer than the structure
and. that stiffness should be utilized as part of the structure.
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1.1 Math Models

A 20 node finite element model was made for the one quadrant structure.
This medel is shown in Figure 3.1-4, and the analysis resultSs given

in the Appendix. When mounted in the herizontal position at the

gimbal frame suppert points (planes at 5, 6, 7, 8, 11, 12, 13,

and 14), deflections at the front were on the order of 2.5 um and

at the back, 25 um. Larger size structural elements were inserted

in the model with negligible effect.

Later it was realized that the model was in error because the loads
included an 18 kg proportional counter at the rear. In reality,
the proportional counters would noet be added until the four quadrant
sectlions were assembled into a single structure., So it appears
that the quadrant concept is a viable candidate and feasibly could
be aligned in a herizental pesition. The trade-off here is how

to mechanically design the modules without significant loss ia

the amount of aperture area. This should be considered _n further
analysis before concluding that the medular design approach cannot
be used. The modularity feature counld produce benefits in the
technical development areas and provide a ready method for up-
grading the HXII instrument without total instrument medificatien,
but at the quadrant level.

A 54 node model was constructed for the single uhitized strueture,
based on a .99 m square section and again with thz grids located
mostly behind the center grid. The model is shown in Figure 3.1-5
and the results are given in the Appendix. The deflections wete
all less than 25 um in the horizontal pesitien eéexcept the rear
mid-plare, nodes 7, 50, and 31. These were on the order of 38 um.
This could be corrected with a bulkhead utilizing the area not
open to X-rays. A similar bulkhead is necessary at the front to
eliminate twisting, but was net included in the math models.

Additional meodeling of the 1.14 m structure should be performed with
the grids at the position finally selected.
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Principally, aluminum was considered for the structure due to its
reasonable cost and ready availability. Since this instrument is
to have a ten-year service life, it is visualized that many altera-
tiohs will be performed. A subsequent study must be performed to
trade off alternate materials and manufacturing methods along with
potential geometric configurations that may lend themselves to a
more cost effective methed achieving the scientific objectives.

3.1.2 Other Structural Approaches

- . ey o AN

It was pointed out by science team members that structures mounted
at the Airy poeints have been used successuflly for finely aligned
collimators. The Airy points are the minimum deflection points

of an overhung beam on two supports. Figure 3.1-6 shows a sketch
of this concept. Since the propertional counters need not be
accurately aligned to the cellimators, they can be independently

mounted.

This concept requires two structures and the open area will be
reduced. If a reduction of area is eventually acceptable, this
concept should be fully evaluated.

These alternate approaches are based upon an optical bench concept
for the design which may or may net allow horizomtal 1 "g" align-
ment and testing. Stiffness and thermal distortion meodeling will
be necessary to verify the feasibility of alternate geometric,
structural and packaged configurations.
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Figure 3.1-6 Airy Mounting




3.2 PROPORTIONAL COUNTER CONFIGURATION

Selection of the method of spatial readout for the Hard X-RE&
Imaging Instrument proportional counters involves a large number
of considerations on the system and subsystem level. In the
following we present the essential elements of the selection
process as it has been applied to the detector system. First we
present the various readout methods which might conceivably be
contemplated. This is feollowed by the application of broad
criteria or considerations which eliminates several candidates.
The remaining options are then subjected to a more detailed
analysis including such criteria as mechanical and electrical
complexity, flexibility to incorpeorate additional features,
interchangeability, etc., with the objective of maximizing per-
formance of the detectors.

The subjects discussed in this section may be summarized as
follows:

. A detailed tradeoff of several position readout schemes

. A recommendation which allows the most promising
schemes to be implemented without changing the propor-
tional counter construction or layout

. Information necessary for a detailed tradeoff of the
electronics to identify the best compromise from a
cost-performance standpoint

® A recommended proportional counter mechanical configura-
tioen



3.2.1 Readout Methods

Four categories of spatially detecting the location of intexacting
photons or charged particles in a proportional counter have been
identified. These are: (1) delay line readout; (2) direct anode

or cathode readout; (3) resistive wire readout; and (4) other methods,
which are combinations of these and/or include other features. Each
of these categories is subdivided inte several groups as discussed
bhelow.

3.2,1.1 Delay Line Readeut

The first applications of delay lines for detecting the locatien of
events interacting in proportional counters made use of an external
delay line (Grove et al, 1972). The sense wires were connected to
an etched copper strip which was capacitively coupled to an external
delay line with rectangular cross section. Timing pulses obtained
from both ends of the delay line start and stop a time-teo-height
converter , the output of which thus provides a measure of the
location of the avalanche in the propertional counter.

An extensioen of this technique is to directly connect the sense
wires to the delay line thus increasing coupling efficiency and
signal-teo-neise in the position sensing.

In essentiaily simultaneous, but independent developments, Los
Alamos Scientific Laboratory (Lee et al, 1972, Flynn gt al, 1973)
and Ball Brothers Research Corpeoratien (Gilland and Emming, 1972,
Emming and Gilland, 1973) devised a proportional counter in which
the cathodes around the anode plane are.weund as a continueus coil,
thus forming a helical delay line. Advantages of this scheme

over the external delay line include 100% coupling efficiency and
elimination of most feedthrus. The latter is of significant
importance in systems with large numbers of wires.
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Two dimensional readout systems have heen built using both the
external and integral delay line schemes, and beth have been
perfected to the point that spatial resolution is essentially
limited by the physics of electrons in gases.-

3.2.1.2 Pirect Readout of Anode or Cathode

This is the oldest method of gaining positional information.
Individual anode wires, or groups of anede wires, are provided
with separate amplifier chains, thus identifying in one direction
the location of the event. The other coordinate; along the anede
wires,can be obtained by cathode wires which rumn perpendicular to
the anodes. The induced pulse on the cathode wire is completely
time-correlated with the anede pulse, but of oppesite polarity.

For completeness, it should be mentioned that the ceerdinate per-
pendicular to the anodes can also be obtained by a cathode plane
whose wires areé parallel with the anede wires. This provides
flexibility of using the information available (pulse height,
pulse position, pulse shape) in varioqus ways, which may be
advantageous for optimizing the use of electronics.

3.2.1.3 Resistive Wire Readout

Resistive anodes or cathodes can be used for position determination.
There are two basic meétheds: charge division and rise time sensing.
The resistive electrode forms a diffusive RC line by its distributed
resistance and capacitance with respect to adjacent electrodes. In
the charge division method the amount of charge collected by charge
sensitive amplifiers at one end of the line is compared with the
total charge consisting of the sum of the charges at beth ends of
the line. The ratic of the two is a measure of the position of the
center of charge of the interacting event in the counter.
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In the rise time method, circuits are used which sense the
difference in rise time of pulses arriving at the end of the line
and which generate timing pulses whose time difference is closely
proportional to the position. The electronics for this schéme

is almost identical to the electronics for the delay line readout
method. Borkowski and Kopp (1970, 1975) have perfected the rise
time method whereas Alberi and Radeka (1976) describe applications
of the charge division method.

-An excellent treatment of the optimum signal processing for both
methods as well as for the delay line readout scheme is provided
by Radeka (1974). '

3.2.1.4 Other Readout Methods

In this categery we include schemes such as the drift chamber
and the center-of-charge readout which, however, use individual
wires read out in the conventional way. The drift chamber works
only for charged particles, since a reference timing signal is
required to establish the passage of a particle through the chamber.
The deposited charge is drifted towards an anode wire and the
arrival time of the pulse thus establishes positien.

The center of charge method utilizes the induced pulses on several
adjacent wires. An on-line computer determines the center of
gravity of the charge depoesited in the chamber té6 an extremely
high precision (tens of micrens). These two methods have been
developed at CERN by Charpak et al. (1973) and Breskin et al
(1974, 1975) for the drift chamber and by Jeavens et al. (1976)
for the center-of-éharge techaique. ' ' |

Combinations Qf techniques discussed in Sections 3.2.1.1, 3.2.1.2

and 3.2.1.3 can be devised. Some examples will be mentioned in
the next section.
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3.2.2 g&ndidate_ngagout Methods Considered

In this section we outline several possible implementations for the
Hard X-Ray Facility based on the readout methods discussed above:
delay line readout, direct readout and resistive wire readout.

3.2.2,1 "Delay Line Readout Schemes

One-Dimensional Delay Line Readout

In this case the 32 spatial elements are long, wide strips, all
running perpendicular toe the anode wires. A delay line is wrapped
around the anode plane. Readout can be performed using both ends
of the line only, or by adding taps on the line to increase count
rate capability.

Schematically this method is shown in Figure 3.2-1. In this figure

and all following figures in this section, the anodes run in the

AE PsD

Figure 3.2-1 Single Delay Line Readout

vertical direction (Y-direction). The delay line thus provides
positien infermation, AY, whereas the anode plane is used for
energy informationi, AE. In addition pulse shape infermation is
available from the anode to discriminate against charged particles.
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This pulse shape discrimination (PSD) is based on the fact that
penetrating charged particles leave an extended ienization grack
in the chamber which produces a slower pulse than X-ray events,
where the primary photoelectron stays close to the locatioen of
interaction.

One-Dimensional Delay Line Readout-Combined with Direct
Anode Readout

In this case the delay line is laid out in the same manner as in the
previous section. The difference is in the arrangement of the anode
wire readout. Instead of a single anode readout, the anodes are
connected in groups, and each group is read out by a separate

amplifier chain. Figure 3.2-2 indicates the scheme.

A ~odes o [:::>
T '
...1 i 1
[T

AX. AE.PSD

Figure 3.2-2 Single Delay Line Readout Combined with Direct
Anode Readout

Iwo-Dimensional Delay Line Readout

The two spatial coordinates can be obtained by using twe delay lines
wound in perpendicular directions to edch other on different sides
of the anode plane (see Figure 3,2-3). This arrangement uses the

minimum amount of electronics.
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Figure 3.2-3 Two-Dimensional Delay Line Readout

3.2.2.2 Direct Readout

Di irect Anode Readout Comblned w1th irect Cathode Readout

Here the anode wires are connected into m different groups, while
one cathode plane is connected into n wire groups. This arrange-
ment results in m + n amplifier chains for position readout, where
mxn > 32. See Figure 3.2:4.

T, N Cathode &Yy, AE
510 0 R
T .

M Anoole Groups
Ax, o, PSD

Figure 3.2+4 Direct Anode and Cathode Readout

Energy and PSD information can be obtained from the anodes or from
either of the cathode planes.
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This scheme is very similar to the one above, except that the two
cathode planes are used for obtaining pesition information in an
arrangement of m x n.

Both melhods mentioned here are hardware intensive, in that the number
of amplifiers is substantially above the minimum required in the
two-dimensioenal delay line readout methed.

3.2.2.3 RC=Line Readout

The variations that can be considered with resistive wire readout

are very similar to those using delay line readout as discussed in
Section 3.2.2.1. Instead of a delay line wrapped around 6r close to
the anode plane, the readout can be performed by comrnecting resistive
wires in a zigzag fashien. The resistive wires can be either the
anodes themselves, or one or both cathode wire planes. The first
three schemes closely resemble the schemes enumerated in Section
3.2.2.1 whereas the fourth through sixth method are other varia-
tions on the same theme.

One Dimensional RC Cathode Readout

All anode wires are connected. One cathode wound in zigzag fashion

provides the pesition information. See Figure 3.2-5,

ZV\GZAG Ay
CATHODE

&

- A-.no'd_es

AE PSD
Figure 3.Z-5 One-Dimensional RC-Line Readout Using a Cathode
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One-Dimensional RC Cathede Readout Camb1nedmyith

Direct Aﬂ‘&é Readout

une zigzag
AX,

cathode
AE and PSD.

provides AY.

A number of anode groups provides

See Figure 3.2-6.
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Figure 3.2-6 RC-Cathode Combined with Direct Anode Readout

Two-Dimens

ional RC Cathode Rea

d out

Two zigzag cathodes are used for the two spatial coerdinates
whereas the anode yields energy and PSD information.

I

db — S

Anode OE, PSD

Z2\GZAG
CATHODE AY

== Rl ZIGZAG CATHODE AX

Figure 3.2-7 Two-Dimensional RC-Cathode Readout
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This scheme is complementary to the one mentioned under 3.3.2. See

Figure 3.2-8.

BT N Cathede |
T, Grouwps  AY,AEPSD

=TT 1 e
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—t

ULUUUL] - sone anede ax

Figure 3.2-8 One-=Dimensional RC-Anede Combined with Direct Cathode Readout

Two-D imensional Resistive Anode Readout

The ends of the anodes are connected to each other by resistors.
Combining the outputs at the four coTners yields the two dimensional
information:

(A + B) - (C+ D)= AY
(A +C) - (B + D)= aX.

See Figure 3.2-9.



C o r?fb

ra "WWW

(A+8)~(c+D) ay

(A+C) < (B +D) 5 aX

A R

Figure 3.2.9 Two-Dimensional Resistive Anode Readout

Combined Delay Lime .- RC Amode Readout

Here the zigzag anode is surrounded by a delay line to generate the
two-dimensional information. See Figure 3.2-10.

1 I AY

“noToTT
AX,AE r Anocle
Figure 3.2-10 Combined Delay Line RC-Anode Readout
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3.2,3 Tradeoff Criteria

The several spatial readout methods enumerated in Section 3 must

be compared in the light of the specific requirements imposed by
the Hard X-Ray Facility. In this section we discuss these require-
ments in some detail.

3.2.3.1 Compatibility of Readout Scheme with Subcellimater
Aspect Ratio

For the periodi¢ elements, in particular the high-reselution fan
beams, the overall field of view is determined by the subcollimater
boundaries ('"'walls"). To maintain a reasonably uniferm sensitivity
over the various periedic beams, particularly when the whole system
is offset from the sun center, it is highly desirable that the length
to width ratio of a subcollimator stay closé to 1. This requirement
essentially rules out all one-dimensiomnal readout schemes, since
these generate long slender subcoellimaters which are net very
suitable for viewing the sun with the fan beams in several
orientations.

3.2.3.2 Complexity of Readout Methed

0f the three basic readout schemes, the ones using direct anode

or cathode readout are thevleast difficult to design, fabricate

and test. Next are the resistive anode or cathode methods followed
by the delay line téchnique. Delay lines require careful eptimiza-
tion of the electrical parameters, as well as physical layout of
wire spacings. Dispersion, the variation of propagatién velocity
with frequency, must beAminimized, requiring phase compensation of
the delay line, which is largely an experimental procedure. Thus,
in delay line readout the dé%ign of the propoertional counter is tied
to the design of the delay line, leaving less flexibility than in
the other two categories.
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3.2.3.3 Spatial Resolution Capabilities .of Readout Schemes

Both the delay line and resistive wire readout methods offef

the potential of high spatial resolution in the directioen along
the anode wires and combine this capability with a minimum of
electronics. This feature results from the fact that the induced
pulse on the cathode plane has an envelope whose peak location
(or eguivalently: whose center of charge) is indicative of the
position of the proportional counter avalanche. Since this peak
does not have to coincide with the poesition of a particular cathode
wire it is possible to interpolate between cathode wires if elec-
tronically the peak can be determined accurately enough. It has
been found that the electronic resolution can be less than 0.1 mm
FWHM aleng the anode wire, so that ultimate spatial resolution is
set by other effects invelving electron-gas physics.

However, it must be neted that inm the directiom perpendicular to
the anode wires the spatial resolution is basically set by the
anode wire spacing. This is so because X-ray events interacting

in the chamber, mestly produce only a single avalanche oh one anode
wire.

For the present application the spatial resolution requireménts

are moderate, however, at least with the multigrid collimators.
Resolution becomes only important in the boundary regions between
subcollimater cells where a zone of confusien exists as to which
collimater produces a detected event. These boundary problems can
be minimized by allowing some dead zones to exist between colli-
mators. If, however, one were to use coded apertures for imaging
purposes then the reselution requirements over the wholé counter
area become a éignificant design critérion. Realistically only the
resistive wire or delay line readout methoeds would be suitable in
such a case, the direct readout schemes requiring tee much electroni
processing circuitry. The same would be true for the foveal element
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if the total number of foveal elements would be increased signifi-
cantly, such as would result from an increased field of view from
32 arc sec to 128 arc sec, generating 1024 elements. v

3.2.3.4 Crosstalk Between Spatial.Elements

There are several sources for coupling effécts between spatial
elements in the proportional counter. An obvious one occurs when
an event interacts clese to the boundary between elements, produces
a photoelectron which p\netrates into a neighboring element, or
when a fluorescent photon (escape photon) o6r comptom electren is
generated. These are problems having little to do with the particu-
lar readout method adopted. They must be taken care of in the
electronics (anticoincidence, pulse shape discrimination, see
Section 3.2.3.9) and by thefphysical layout of subcellimators. Another
source of crosstalk in spatial readout systems is electrical cross-
coupling which can occur in delay line and RC-line readout schemes,
As a ruyle it is wise to isolate the two electrical wave functions

(X and Y} propagating along the line$ by an intermediate plane

such as the anode plane. Some schemes are more susceptible teo

this effect than others and will therefore have a lower rating.

3.2.3.5 Ease of Implementing Drift Fields

The total amount 6f stopping power required in the twe proportional
counters dictates the use of drift fields outside the proportional
region of the counter. This results from the fact that proportional
counters cannot be made arbitrarily thick without the use of excessively
high voltages to provide the multiplication fields. It is therefore
customary to include a separate drift region, using another electrode,
which now preovides the réquired gas thickness. X-ray events inter-
acting in this drift region see a constant electric field which
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drives them towards and inte the proportional counter region where
they are accelerated towards the anode and experience multiplication
through secondary ionization.

In some readout schemes this requirement of a drift field interferes
with other requitements. This is especially the case with two-
dimensional delay line readout where delay lines are lecated on both
sides of the anode plane. Since these delay lines enclose a field-
free region, the need for a drift field conflicts with this. The
situation can be only partially resolved by including another
electrode within the delay line. Here, however, there will always

be a small region where the field is in the wrong direction, creating
dead volume.

3.2.3.6 Mechaniical Complexity of Counters

Obviously one would prefer a simple mechanical arrangement of the
various wire planes within the propoertional counters. The fewer
the number of wire planes the less expensive the counters will be.
The minimum number of wire planes is two. In this case the windows
aré used as electrodes. However, with a drift field the two win-
dows have to be at a different electrical petential which creates
mechanical problems by itself. Therefore, a more realistic minimum
number appears to be three wire planes. Seme readout schemes could
require as many as seven or eight wire planes.

3.2.3.7 Wire Material and Thickness
Mechanical properties of wires are of some concern, particularly
when they get either very thin or very thick. Thin wires, like

0.5 mil diameter tungstenm or stainless steel, are difficult t0
handle, break easily, and generally produce a reliability problem.
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Thick wires create undesirable stopping power for X-rays, generating
spurious events and tend to increase the thickness of the frames
supporting the wires due to mechanical stresses introduced ¥n the
winding precess.

Anode wire thickness is flexible to some extent and is mainly
determined by proeportienal counter properties such as required gas
gain, high voltage desired, wire spacing and anode to cathode
spacing. Generally anode wire diameters between 0.8 and 2 mils
are used.

The resistive wireé readout techrnique forces the choice towards
thinner wires in erder te eobtain a reasonable resistance. For
delay lines one wants to minimize resistive leosses in most cases,
creating a preference for thicker wires.

3.2.3.8 Count Rate Capability

Proportional counter dead time is affected by the readout method.

For an incident flux which is uniformly distributed over the

whole counter area, the dead time is inversely propoertional to

the number of readout circuits empleyed. However, in the present case,
it is expected that most counts will be concentrated in a few

detector elements, arising from the small diameter of the flare
regions. Therefore, the count rate problem cannot be significantly
alleviated by employing a large number of veadout circuits, since

most of them would produce low count rates and only a few would

handle the high flux from the flare regien. '

To first order theh, the inherent signal processing times of the
various readout methods determine the count rate capability of the
system.



3.2.3,9 Background Rejectien Capability

It is important to have an efficient scheme for rejection of the
charged particle (electron and proten) background. Most environ-
mental electrons will of course be passively shielded by the
tungsten collimators. Some electrons are, however, created in
the counter walls by interacting gamma's through the Compton
effect. In addition fluorescence photoens, particularly in the
xenon counter, could escape to adjacent cells, thus confusing

the position infermatioen.

In the layout as presently defined there are two sets of proportional
counters behind each cplliimater--an argoen counter follewed by a

xenon counter. This arrangement offers the opportunity of anti-
coincidence between these two counters. Charged particles which
penetrate both counters will thus be effectively rejected. However,
charged particles entering from the sides, and only hitting one
detector, would noet be rTejected by this anticoincidence.

Such particles could be rejected by anticoincidence between indi-
vidual cells. In a direct readout scheme the individual rows and
columns defining the cells are available as separate signals.

Mutual anticeincidence between rows and columns would thus provide
cell-to-cell anticoincidence. The same technigque is net available
for delay line or RC-line readout because no individual signals for
the elements can be identified. In fac¢t these fMethods can only
detect one pulse on the line at any instant and erroneous information
is'ebtained when mere than one event is registered on the line. How-
ever one can detect the occurrence of such multiple events by the
constant delay time sum technique. This approach is applicable to
both the RC-and LC-delay line schemes. It makes use of the fact that
for a single event the sum (;e-tﬂ + (to-tz) is a constant, whereas
for multiple events this sum is always less. Here t, is derived

from the prompt pulse on the anode or on a cathede; ty and t, are

the delayed timing pulses obtained from both ends ef the RC- or LC-
delay line. '
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Thus this technique effectively replaces the anticoincidance
scheme discussed abeve for the direct readout methods.

A problem remains with particles stopping entirely within a cell.
One solution for the identification of these events is pulse shape
discrimination (PSD) as mentioned in Section 3.2.2.1. Its effective-
ness in planar proportional counters is, however, less than in
conventional cylindrical counters, first because of the electric
field configuration which produces slower pulses in planar counters
with a decreased difference in rise time between photons and charged
particles. Second, there is a higher probability of a charged
particle being parallel te the anede plane in a planar counter, than
for it being parallel té6 the anode wire in a cylindrical counter.

In both situations the charged particle produces a pulse with a

fast rise time indistinguishable from a pulse resulting from a

peint charge.

Seme charged particle events, which stop within a cell, will be
rejected because their pulse height falls outside the range for
the X-tay region (2 - 100 keV).

One remark on anticeincidence between argon and xenen counters

should be made at this péint. Sifiice xenon counter pulses develop

much slower than argon counter pulses {(facter 5 to 10 slower) problems
could develop at high argen count rates. The anticeincidence rate
could then be so high that the xenon counter is effectively dead
because of this. In the design of the windows, shutter and anti-
coincidence logic this problem must be taken into account.

5.2.3.10 Electronics System Complexity
Total electronics system complexity is made up of individual

¢ircuit complexity multiplied by the number of circuits required.
For the RC- and LC-line readout methods the circuits are relatively
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complex wren compared with the direct readout method. For the
latter, however, the number of circuits required is several times
that for the other two methods. In the HXII the minimum number

nt circuits for a direct readout method is 2 x 6 = 12 per pro-
pertional counter. This provides 36 spatial elements in a square
array. For 15 argon and 15 xenon counters the total number of
circuits would amount to 360 circuits plus other circuitry required
for pulse shape discrimination, anti-coincidence, étc.

An all RC- or LC-line scheme would consist ef anywhere from 3 x 30 =
90 to 5 x 30 = 150 circuits of higher complexity. It is a priori
difficult te judge which selutiofi provides the most science for the
least cost. Representative schemes for both solutions are given

in Section 3.2.5. It should be noted that intermediary solutions are
possible as well, conceivably offering the potential of upgrdding

of the elec¢trenics as the HXII becomes operational.

3.2.3.11 System Flexibility

A very impertant consideration in the selection process should be
the incorparétion of system flexibility in the adopted solutioms.
For example in the construction of the proportional counters it
would be valuable if various readéut schemes could be implemented
without changing the mechanical layout significantly. Another
example would be the upgrading or changing of the electronics to
improve overall performance in background rejectien.

Closely tied to flexibility is interchangeability. It would be
preferrable'to build only ene basic proportienal counter structure
for both argen and xenen counters. Further, the adoptiom of

a single wire frame which ¢an be used for anodes, cathodes and drift
field electrodes is strongly advisable. All of this will minimize
design, fabrication, checkout and test costs as well as increase
system reliability. |
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3.2.3.12 Functional Redundancy

Some readout implementations have a higher degree of functional
redundancy than others. The direct readout schemes having several
identical electronics ¢ircuits have a high degree of redundancy.
When one set of electronics fails, a dead strip in the proportional
counter results, still leaving the major capability to image intact.
For a two-dimensienal RC-line or delay line system, however, loss

of electronics would result in elimination of the two-dimensional
imaging capability. Some scientific performance would still be

left in this case where the system basically would become one-
dimensional.

3.2.4 System Tradeoff

e -

We are now in a position to compare the various readout methods
considered using the tradeoff criteria as operands. The first
step 1s to idehtify those methods which must be eliminated from
the start because of some overriding consideration.

3.3.4.1 Elimination of One-Dimensienal Readout Schemes

As described in Section 3.2.3 the requirement for essentially

square subcollimators eliminates one-dimensiéenal readout Schemes.
These include one-dimensional delay line readout and one-dimensional
RC-cathode readout.

3.2.4.2 Elimination of Tweo-Dimensional Delay Line Readout

This system, desc¢ribed in Sectien 3.2.2.1, is basically incompatible
with the requirement feor drift fields and for minimizing dead volume
and mechanical complexity. ' '
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3.2.4.3 Evaluation of the Remaining Systems

In Table 3-1 we have listed the several remaining systems plus

the evaluation criteria developed above. Each system receives

a ranking from 1 to 5§ as shown by the entries in the table. The
ranking is to some extent subjective because not all ramifications
can be overseen in a particular area. This is especially true

in the rating for electreonics system complexity. A detailed
tradeoff invelving cost, weight, volume, etc., of the electronics
for two bhasic systems will hopefully resolve this dilemma.

An unweighted summation of the marks for the various methods
identifies the direc¢t readout schemes 4, direct anode readout
combined with direct cathode readout and 5, direct cathode
readout as winners. They are closely followed by the two-
dimensional RC cathede rcéadout, method 8.

Upon scrutiny of the difference between these systems it is evident
that there is very little mechanical difference between them. This
is also true with the next :‘wo systems: 7 ome-dimensieanl RC
cathode readout combined with direct anode readout, and 9 one-
dimensional RC anode readout combined with direct cathede readout,
which are hybrid solutions between direct and RC-line readout methods.

A 2igzag wire plane differs from a direct readout plane only in
the way the anode wires are interconnected (see Figure 3.2-11).

zawae | | ||| | 1 1| | preeT
CONN ELTO - READOWT

é s , Lo

Figure 3,2-11 Wire Planes Differ Only in the Method of Interconnection

I
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S0 all five schemes ranked highest can be retained as possible
solutions for the readout problem from a méchanical point of view.

As pointed out, the main difference is in the electronics required
in each case. If there turms out to be a substantial cost
differential between the electronics then a comparison of the
performance of each system from a scientific and technical

point of view should ultimately produce the preferred solution.

Some discussion on two electronics systems which are at both ends
of the spectrum follows in Section 3.2.5. Intermediate solutions
could result with the adoptien of hybrid readout schemes as
mentioned above.

3.2.5 Readout Electronics

= S =

The two basic readout schemes resulting from the tradeoff are out-
lined in schematic form in this section. More detailed Investiga-
tions of how to implement various features and the detailed cost
evaluation should be made.

3.2.5.1 Birect Readout

The electronics required for the direct readout schemes of solu-
cathedes 2) is very straightforward, although a large number of
circuits is required. Figure 3,2-12 gives the schematic block diagram
of the electronics required for one of the 32 propertional counters.

In the system sketched, the anode plane provides the energy infor-

mation of the x-ray event to the pulse height analysis chain. A
lower level discrimimator (LLD) and an upper level discriminator
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(ULB) set acceptable limits (2 to 100kev) on the energy of the event.
[n addition, a pulse shape discriminater (PSD) will reject events
which have an anomalous rise time.

These three outputs are combined in the veto legic to provide an
inhibit signal to the pulse height analyzer (PHA).

The spatial infoermation is obtained from the two cathede planes where
wires are connected in six groups in each plane to provide 6x6=36
spatial elements. The signals induced on the cathode wires are
charge integrated, shaped and discriminated by an LLD which provides
legic signals. These signals are used to proevide the two spatial
coordinates by the x- and y- Address Generators. In addition, the
Anticoincidence Logic detects when more than one row and/or one cel-
umn of wire groups registers afi event.

The three pieces of infeormation: x-and y-positiens and E, energy
of the event are temporarily stered in buffers. In addition, in-
tegral count rates are made available,

3.2.5.2 RC-Line Readout Electronics

Figure 3.2-13 shows a block diagram of representative electronics for
one detector using two zigzag RC-cathodes. The anode pulse is in-
tegrated in the preamplifier and followed by a shaping amplifier
which feeds four discriminators. The Comstant Fraction Discrimimna-
tor (CFD) provides the timing reference to, independent of pulse _
amplitude, which is used as the start pulse for the two Time-to-Height
Converters (THC) in the X- and y- position encoding systems.

'LLD, ULD and PSD generate outputs used by the veto logic in the same
way as$ described for the direct readout electronics.

The two cathodes provide delayed output signals dependent on the po-

sition of the event in the x-y plane. Voltage amplifiers connected
to both ends of the two cathedes are followed by a filter amplifier
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which generstes a bipelar signal. Zero-crossing discriminators
generate the stop oulses for the THC's which are started as
lescribed abeve by the anode CFD signal.

In figure 3.2-13 we have shown identical sets of electronics connected
to both ends of both catheode planes. Strictly speaking, only ome end
of each has to be connected to provide the x- and y- pesitiom signals,
However, using the two complementary position signals xl; Xy5 ¥q and
Y and requiring that their sums X * X, and Y1t Yy be constant we
can detect the presence of multiple events onm the lines. This fea-
ture thus essentially performs the anticoincidence function as indi-
cated in the figure.

e,

3.2.6 P oportional Counter Mechanical Configuration
In order to obtain a reasonably accurate weight and cost esti-
mate, it was necessary to study the mechanical requirements for
the propertional counters (PC's) in some detail. The results
of that study are reported in this section.

In the structural design study, it was determined that the colli-
mator grids would be divided structurally in four equal-area
sections to provide maximum open transmission aréa. It became
obvious that four gas containers maintained this advantage over
separate gas chambers for each collimator. Within each of the

four gas chambers is a separate multiwire detector for each colli-
mator (total of 14). Figure 3.2-14 shows a layeout of a typical pair
of chambers, detecters, and collimatoers.

The mechanical design of a PC is based entirely on stress analysis,

The stresses were determined as follews:

Wire preload tension;

Frame size to support wire loads;

Housing frame size to suppert gas pressure;
Egg-crate collimator cell size to support window.
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The results of these calculations are given in the following sub-
sections. The detailed analyses are given in the appendix.

In addition, a subsectien is included on window materials and
another on materials in general for within the gas chamber. A
summary of conclusions and recommendations follows.

3.2.6.1 Tension on Anode and Cathcde Wires

A worst case of 1-mil anode and 3-mil cathode wires, both 304
stainless steel, was assumed.

A preload stress of 2900 psi on the 1-mil wires will prevent
them from oscillating in a 4-kV voltage field. It will not
prevent them from going slack in the temperature range.

The preload was selected to be 15,000 psi. This is provided
by 5.4 grams force when welding the wires to the frames. Maximum
preload is 20,000 psi at maximum temperature.

A preload of 5.7x10°° grams force prevents oscillatiens for the
3-mil wire. A force of 48 grams was selected, for a neminal
tension of 15,000 psi.

3.2.6.2 PC Wire Frame Sizing

The force due to the preceding wire loads, for wires spaced

0.25 em, is negligible. The frames must have sufficient material
to have fastener holes.

A frame section of 1 cm thick by 0.75 cm wide was assumed.

Maximum deflection of 6.3x10”° inches was calculated, assuming
a glass-bonded mica ceramic frame material.
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3.2.6.3 PC Housing Frame Analysis

The quadrant-sized PC gas chamber housing must have internal
tension members at the midpoints, otherwise excessive defleé%ions
will occur. Deflections must be minimized at the midpoints or
the wire frames will be distorted and wires overloaded. One-
quarter-inch aluminum plates are adequate to prevent this from
dceurring.

Foer a reasonable housing side wall sectien (less than or equivalent
t0 a one-inch aluminum plate), the remaining midpeints deflect
sufficiently to fail a 2-mil beryllium window. Therefore, addi-
tional tension suppert is required. '

It was concluded that if the egg-crate collimater is brazed to
its frame, this assembly can provide the tension required. Then
the side wall sections can be shown in Figure 3.2-14. Time and
money did not permit a computer model to be made and analyzed to
prove this idea.

3.2.6.4 PC Egg-Crate Collimator Size

Calculations were made using flat-plate theory for the maximum
square cell size for a 5-mil beryllium feil windew. Using a
factor of safety of 2 for yield stress gave a cell size of 4.7 mm,
for a pressure of two atmospheres.

Again using flat-plate theory, it was found that a solid aluminum
plate 6.9 mm thick would deflect 0.13 mm, the‘maximmm allowable.
The moment of inertia of a section 4.7 mm wide by 6.9 mm high was
determined. An equivalent mement of inertia for a section 0.25 mm
wide requires a heighttef 18 mm. Hence, the egg crate can be made
up of 0.25-mm-thick aluminum strips, 4.7 mm apart (square) and a
minimum of 18 mm high.

The same analysis was made for a 2-mil parylene window. Since this
is an elastic material, the calculations for cell size were baseéd
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an_membrane stresses. The cell size came out to be the same as
for the 5-mil beryllium. However, the parylene will deflect 1.5 mm
into each cell.

3.2.6.5 Window Material

Vendors were contacted about berylliium foil. Neither of the two
manufacturers contacted who supply it would guarantee 2-mil foil
te be vacium tight. The beryllium grain size is on the order of

1 mil, and in rolling the foil, one or more grains may be crushed,
resulting in through-cracks. Five-mil foil is guaranteed vacuum
tight. Maximum sizes available are 20 ¢ by 20 cm and 12.7 cm by
30.5 cm. Neither size is large eneugh for HXII (23 cm by 23 cm
maximum)

Several beryllium metal fabricators were contacted to determine
the metallurgical method most suitable for this design approach;
however, at the 2-mil foil thickness range.we are approaching

the basic grain size from the sintered material crystal geometry.
As a Tesult the practicality of achieving a completely leak-free
window is quite doubtful without enormous costs which could not
even be accurately estimated. The most likely method, should

it be required, would be a combinatien of electron beam welded
joints of etched sheets of 0.01 beryllium.

Parylene has been successfully used for gas chamber windows. From
a fabrication and cost view, this or mylar appears the preferable
window material. ' '

3.2.6.6 Materials Within the Gas Chamber
The gas chambers are to be sealed during operation. The gas 1s

easily contaminated, particularly by water vaper and organic out-
gassing materials.



During the study, glass-bonded mica machinable ceramic was investi-
gated for the wire frames and other required insulatoers. Sketches
of parts were sent to suppliers for cost estimates. Only one
supplier responded, but it appears reasonable in cost. It was

anticipated that a suitable metal would be plated on the frames
and the wires resistance welded to the plating. In & follow-up
conversation, it was learned that metallizing is difficult. It
adhers to the glass bond but not to the mica. The supplier was
to investigate the plating problem but to date has not roported
back.

An alternate suitable material is ordinary electrical-insulating-

type alumina ceramic. Because it has to be diamond ground, the
cost would be greater.

Viton "O"™ rings will provide suitable sealing. A gas chamber con-
tains 5x106 cec. A 13&10-4 cc/sec leak rate would leak 60 cc in a
7-day mission. It is estimateéd that a leak rate of :LO'6 ce/sec can
readily be attained with the "O" rings. Viton can be baked out to
reduce the possibility of contaminants.
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3.3 SIPS/INSTRUMENT INTERFACE

A SIPS/Instrument mechanical interface has been suggested (sse
Section 3.1) and a maximum instrument length of 3.2 meters base-
lined. The maximum SIPS canister length is limited to just over
3.3 meters by the gimbal and yoke configuration. However, the
Spacelab pallet length is significantly less than 3 meters so that
interference with large instruments on adjacent pallets is a poten-
tial problem for a 3.3 meter canister. The unknown factor is the s
spacing between adjacent pallets which is TBD at this time.

Althcough the conceptual 'standard' SIPS canister is a thermal and
contamination shroud, it is not a support structure and will not
support electronics packages or RAU's. The use of a 3.3 meter
SIPS canister has been baselined for the HXRF for thermal and
contamination protection. Mounting of electronics boxes or RAU's
must be on the gimbal frame or instrument structure if the number
of interfacing wires prohibit mounting on the Spacelab pallet,.
Similarly, sun sensors and/or star trackers must be mounted on
the gimbal frame or instrument structure. An HXII unique gimbal
fraem has been proposed which could be designed to accommodate
electronics and sensor packages at the expense of additional mass
to be pointed.

Locating the RAU on the pallet has the advantage of minimizing
size and weight on the gimbals, but again the wire bundle required
between the electronics bex and the RAU may be prohibitive for the
SIPS. ' The current estimates for the RAU siie and weight are 5.5
inches x 6.2 inches x 15.8 inches and approximately 20 1bs.

The SIPS/Instrument thermal interface was not considered in this

study, but it is reasonable certain that the 20 * 1°C canister
thermal control~option will be required by the EXII.
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Another SIPS/Instrument interface which will require further
definitien is the way in which the SIPS and HXII micro-processors
work together. Section 4.3 outlines some of these considerations,
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1.0 MECHANICAL CONFIGURATION

This section describes the configuration of the instrument
recommended as a result of this study. Included is a weight
breakdown, and a description of how to potentially balance the
instrument for a centered mass positioning contrel system.

Figure 4.1-1 shows the initial balanced recommended configuration.
The grids are ceordinated with the proportional counters for
maximum viewing area: each cellimator is 22.225 cm square, giving
6915 cm? for the 14 collimators.

4.1 STRUCTURE DESIGN CONCEPT

The pntential structure is an open frame truss. At the front
and rear, a bulkhead with open areas equal to the grids is re-
quired te prevent twisting of the square structure. The center
structural webs are sheets of aluminum. The gimbal frame is an
integral part of the structure. The propertional counters are
mounted in tandem on the rear of the structure and each gas
chamber ¢overs one quarter of the area cross section.

For .thermal control, the truss portion of the structure will be
covered with multi-layer insulation blanket.

The structute may not be sufficiently rigid te permit alignment
and alignment checkout of the grids in a horizontal positien.
However, further analysis with a math model may show it can be
made sufficiently rigid by redistribution of structural elewsnts.
The math model used in this study treated all joints as pinr~d
joints. By using patch plates at all truss joeints, rivets cculd
be patternsd to approach fixed end conditioens.



;%’“,l 4

Dimensions in meters

Figure 4.1-1 Final Structural Concept for [IXIT




4.1.1 Weight Breakdown

Table 4.1-1 gives the major component weights, These figures are
the weights after the weight-relieved numbers are applied. 1In
the case of the grids, the weight relieving includes the subcolli-
mator slits, where 50% is open area. On the basis of the analysis
performed in the study, it is believed that these weights are

achievable.
Table 4.1<1
Weight Breakdown
Item Weight Weight
. (kg) Relieved
Propoertional Counters 109 25%
Structure 84 aaa
Grids (109 @ .794 kg) 86.8 33%
Grid Support Frames (31) 61.3 25%
Gimbal Frame 45.5 “--
Thermal Shield¥ 73.0 ---
Aspect System and On
Gimbal Electronics 40.4 ---
Tetal 500.0

*Door, mask, covers and heaters
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4.1.2 Balance

The ground rules for the grids are that there is a grid at the
front and at the back of a collimator. The distance between these
two is L. The next grid is leocated at L/2. The next grid is
located at L/4, but it may also- be located at 3L/4. The next
grid is at L/8, or 3, 5, or 7L/8, and so forth. All but the end
and center grids may be located either in front or behind the
center grid, or any mixture of beth. This allows ample provision
for balancing HXII. One other ground rule is that provision must
be allowed for access to adjusting mechanisms.

An exercise produced one iteration at balancing the mass of the
propoertional counters. Of interest is to see the CG move forward
from the initial structure CG as each gquadrant of grids is added.
This exercise left the CG 1.15 cm from the gimbal axis, but did

net include the aspect system, which probably will be at the

front end. It shows that there is great flexibility and ne ballast
weight need be used.

Alternately, the grids can be located in a similar manner to
optimize an end-<pointing control system at the instrument level.
The basic structure may additiomally be designed such that both
a balanced or an end-peinting contrel system can be used by
optimizing the grid positiening to affect the mass moments.
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4.2 PROPORTIONAL COUNTER CONCEPTUAL DESIGN

The selection of the spatial readout method for the proportienal
counters was treated in the trade-off analysis of Section 3.2.

The resulting proportional counter layonut is still flexible and

cah be optimized to give the best performance within the constraints
imposed by the scientific requirements.

The tradeoff analysis resulted in a counter with twe cathode
planes with orthogonal wire directions, read out in six groups
each, to previde the spatial elements, with the anode plane used
for energy and pulse shape discrimination. Remaining to be deter-
mined are all physical parameters such as distance between anode
and cathode planes, wire spacings, wire diameters, location of

the wire planes in the counter, and teotal counter thickmess. In
addition, we need to determine the gas pressure to be used in the
counters, high voltages required, etc.

4.2.1 Propertional Counter Thickness and Gas Pressure

Strictly speaking the argon and xenon counters can be of different
design in terms of thickness and gas pressure. However, it appears
that considerable cost savings can be obtained if the argon and
xenon counters are identical in physical dimensions and in the
pressure to be used. There would be the obvious advantages in
identical drawings, reduction in the number of spare modules
required, and interchangeability ¢f counters, which all coentribute
to lower total cost. 1n this case the overall thickness of the
counters is determined by the efficiency of xenon for the higher
 energy X-ray photens. In Figure 4.2-1 is shown the detection
efficiency for argon and xenen at a total gas thickness of 40

atm. cm.

it should be noted that the detection efficiency shown in Figure
4.2-1 is not the same as the spectral réesponse of the detectors,
particularly for the xenon. A photon above the xenon k-edge
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Figure 4.2-1
Gas Detection Efficiency
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of 34.59 Kev has a probability of 89% of creating a 29 Kev
fluorescence photon. This fluorescence photon introduces spectral
distortion if it escapes from the gas volume. The probability of
escape depends on the location of the interaction of the pripary
photon and on the geometry of the munter. If the fluorescence
vphoton is absorbed at another point in the gas volume, the total
energy deposited is still representative of the energy of the
primary photon. However, if these two interactions occur at widely
differing depths, the counter treats them as two separate events
leading to two separate pulses. In addition of course, a spatial
distertion is introduced by the fluorescence photon. For these
reasons the detection efficiency for xenon as shown in Figure JE-20
is not truly representative of the proportional counter response.
For a detailed analysis of the sSpectral and spatial distortions
introduced by the flourescence effect as a function of preportiocnal
counter geometry and pressure, a Monte Carlo simulation must be
performed.

A very significant problem for detectors for selar X-ray physics
arises from the steepness of the solar X-ray spectrum which, between
1 and 100 Kev covers some 10 orders of magnitude in photon flux.

It must be understood that a good efficiency at 3 Kev is a require-
ment because of the need to observe cosmic X-ray sources for
ebservational as well as alignment purposes. The counter window
can therefore not be made thick in order to attenuate the low
energy solar X-ray flux. This creates an extremely high count

rate in the argon counter during selar flares. From the start

it was clear that the requirement of good efficienty at low

energy X-rays and a reasenable count rate in the proportioenal
counters could only be solved by some kind ef variable geometry,
such as a shutter, to be operated during flares.

UCSD used their existing computer programs to analyze several
combinations of shutter, window, argon and xenon gas thicknesses
with the objective of reducing the overall ¢ount rate during
flares while maintaining good efficiency at 3 Kev for cesmic



sources and the quiet sun,as well as having a good efficiency from
50 to 100 XeV, The final result of this exercise is shown in
Figure 4.2-2. Here the solar input spectrum is indicated for

a plasma with an emission measure of 10°° (cm ®) and an electron
temperature of 1.5 x 107 °K. The non-thermal component is
characterized by a power spectrum with a slope of -4 and a value
of 10 photons/sec-keV-cm? at 20 KeV. This event is expected to
occur oh the average once every 10 days.

An aluminum shutter of thickness 5.08 x 10°2 cm (20 mils)

with open area of 10 * (realized by holes in front of all spatial
elements of the proportional counters) serves to attentuate the
low energy photon flux while essentially transmitting the higher
energy photons. The assumed entrance window consists of 5 mil
beryllium. It can be seen that the spectrum incident on the 40
atm.-cm thick argon counter has been flattened out considerably
in this way and that the total count rate in the argoen counter

is 1.87 x lO’}counts/see-cm?. The 40 atm-cm thick xenon counter
is lecated behind the argon counter and has a total count rate of
105 counts/sec -cm?.

Because one subcellimator has an effective area of about 3.3 cm?
the count rate per spatial element in the argon counter is 6.17
x 10? per second for this flare., Most counts will be located in
a few subcellimators so that the maximum count rate in the argon
counter will be of the order of 2 x 10* per second which is a
reasonable number for an argon counter.

This effort of optimizing the proportional respomse thus resulted
in the total gas thickness of 40 atm -cm for the xenemn counters
and from the desire of keeping argon and Xxenen counters the same,
this same 40 atm.-cm was specified for the argon counters.

The next step was to determine the absolute gas pressure in the
counters. This must be a compromise between the problems introduced
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by high pressures and the advantages of lower pressures. The
problems rcsult from the following considerations:

1. Gas Physics:

a) Proportional counters, and in particular xenoen counters,
are susceptible to contaminants such as oxygen and water
vapor. This susceptibility increases with pressure. The
effect shows up in deteriorating energy resolution (due
to recombination) and decreasing gain.

b) The gain of the counter is an inverse function of the pressure.
7o maintain a certain gain the voltage applied between anode
and cathode must be increased as the pressure is increased.
Higher voltages create spurious breakdown problems, in the
proportional counter, close to the edges, around feedthroughs
and outside the counter in the high voltage components.

¢) The rise time of the anode pulse increases with pressure,
decreasing the rate handling capability of the proportional
counter system.

2. Mechanical:

a) Since the square cross-section of the proportional counters
does mot lend itself very well for a pressure vessel design,
a weight penalty has to be paid for increased pressure.

b) Window design becomes a limiting factor, such as in the
case of beryllium which cannot be readily obtained in large
areas below 5 mil thickness. The window suppoert, in this
case an egg-crate type structure, has to be increased with
increasing pressure by reducing the cell size. This creates
additional dead area.

¢i Safety becomes an area 6f increasing concern with increasing
pressure.

A careful weighing of these factors leads us to a compromise
pressure of nominally 2 atmespheres, resulting in a nominal counter
thickness of 20 cm. Operation of xenon counters (90% Xe - 10% CO;)
has been reported by Borkowski and Kopp (1975b) at 6 atmospheres

of pressure, so we do not expect significant problems at 2 atm.
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We already discussed the need for drift regions in proportional
counters of this thickness in Section 3.2. The requirements

for spatial resolution, although not severe, nevertheless must

be of the order of a few millimeters for an unambiguous identi-
fication of the spatial element in which the X-ray photon

reglsters. This leads to a maximum anode wire spacing of a few
millimeters which in turn leads to a maximum anode-to-cathode

wire plane spacing of 5 to 10 mm., Therefore the bulk of the counter
thickness must be drift region with the proportional region on

the order of 1 to 2 ecm thick,.

We still have the choice of locating the proportional region
symetrically within the counter, or asymmetrically such as
close to the window. We have chosen to locate the preportional
tegion in the center of the counter for the following reasons:

1) The maximum drift length is then about 9 cm, rather than
18 cm. This keeps down spatial uncertainties due to diffusion
and non-hnormal incidence. Diffusion is proportional to the
square root of the drift length. The effect of non-normal
incidence, which produces an apparent displacement of the
registration of the photon interaction, which is a function
of the depth of the interaction, is propertional to the
drift length.

b) Symmetrical location allows a symmetrical electric field
configuration, This reduced the overall voltages required
and alse reduces the number of different voltages required
to set up the proper fields for drifting.

4.2.2

Proportional Counter Configuration

As a result of the above considerations we arrive at the proportional
counter configuration shown in Figure 4.2-3.

The two counters are nominally 20 ¢m thick at a pressure of 2
atmospheres of argon and xenon respectively. The proportional

region of about 2 cm thick uses a nominal voltage of about 4 Kv.
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On both sides of the proportional region are located 9 cm deep
drift fields with an electrical fiesld strength of about 200 v/cm.
Field trimmers close to the counter walls are used to mihimize
fringing fields and spatial distertions.

The entrance window to tle argon counter can be either 5 mil
beryllium or made of a material like Kapton or Parylene in a
thickness of about 2 mils. The choice of the final material for

the window will have to take into account the need for a bakeout

at elevated temperatures to remove harmful contaminants. The

window is supported by an eggcrate structure. The backside of the
argon counter and the front window of the xenon counter are beryllium
of about 50 mils thick, and are separated and mutually supported by

a coarse collimator made of the same eggcrate material that supports
the entrance window. |

An exploded schematic view of the detector is given in Figure 4.2-4
which shows the orientation of the anode and cathode wire planes,

as well as the readout of spatial coordinates.

4.2.3 Proportional Counter Qperation

For clarity we briefly review what happens when a photon is absorbed

in the drift region, assuming that it is converted photoelectrically,
preducing a primary electren with energy equal to the photon energy
minus the electron binding energy. This primary electron will quicXkly
lose its energy by creating secondary electrons along a tortuous path
whose projected length is of the order of 2 to 3 mm for a 50 KeV
photon in 2 atmospheres of xenon and 1.5 to 2 mm for a 20 KeV photon in
2 atmospheres of argon. The number of secondary electroms created

is equal to hv/w, where w is the energy required to create amn electromn-
ion pair. For P, (90% argon - 10% methane) w = 26.3 eV and for

50% xenon - 10% methane w = 21.7 eV,

The cloud of electrons is subject to the force imposed by the drift
field and moves towards and through the cathode plane from whereon
it sees the higher electric field in the propertional region. As
the cloud of electrons approaches the anode wire the electric

4+13
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field strength increases and the electrons accumulate enough energy

tc produce additional electrons through ionization of gas atoms.

This muiriplication process accelerates and mostly takes place
within a few anode wire diameters. Space charge created this way
assures that the ions are distributed around the anode wire ia cylinder
symmetrical fashien. The electrons are quickly collected by the anode.
The ions, being much slower, move away from the anode, and in doing so
induce a veltage on the anode wire and on all surrounding conductors,
including neighboering anodes and cathodes. The total induced charge
on all conductors must be zero, of course. The induced charge pulses
can be integrated by charge-semsitive preamplifiers and subsequently
pulse height and pulse shape analyzed. '

Tt will be evident that iomizing particles, which leave an extended
track in the proportional counter/drift region, will produce pulses
which have a long rise time. This feature can be used to discriminate
against and reject charged particles.

4.:.4 Proportional Coun

nter Front-End Electronics

The anode plane pulse is collected by a charge integrating pre-
amplifier as shown in Figure 4.2-5. This is fellowed by a voltage
amplifier and a shaping amplifier stage to create a pulse shape
suitable for pulse height analysis. The output of the veltage
amplifier is also routed te a pulse-shape analyzer (PSA) and pulse
shape discriminator (PSD).

The pulse height analyzer converts the height of the shaped pulse
into 2 pulse width which is subsequently converted into a digital
number by the Time-to-Digital Converter shown in Figure 4.2-5b.

The two cathode planes are each divided inte six groups of wires.
Induced pulses on these wire groups are collected by charge-sensitive
preamplifiers, followed by voltage and shaping amplifiers. Finally
one of the six low level disc.iminators (LLD) in each direction

will trigger to indicate X- and Y-position of the X-ray event.
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The output of the shaping amplifier in the anode chain also goes
t~ an LLD and a ULD, wupper level discriminater, to determine
whether the event is within the energy range of the detector.

The output of the anode lower level discriminator (ALLD) is
synchronized to a digital clock and normalized to a width defined
by an integer number of cleock perieds. The normalized LLD (NLLD)
tims correlates other digital signals relevant toe the detector's
X-ray event. These signals are input to the first rank latch.
The first rank latch is cleared when the NLLD output appears.
Immediately following the clearing operation, inputs are sampled.
[f an input is valid at any time during the shert sampling
window, that information is stored in the latch. The time-to-
digital converter is busy converting the pulse height into a
number. Also, the veto logic, which is programmable to accommoedate
various coincidence and anti-coincidence schemes, determines
whether the event is acceptable.

The X- and Y- positiom are converted into a single position
number identifying which spatial element gave rise to the event.
If the event is acceptable, an event strobe is generated. The
event time and position codes and first rank discriminator data
are then stored in the second rank latch to await the completion
of the time-to-digital conversion of the pulse height. When
conversion is complete, second rank data, PHA value and detector
identification codes are loaded into the uP buffer register to
await transfer to the event steering logic. The front end legic
may begin processing a new event when the uP buffer register is
loaded. In case of an imvalid event, the pulse height informa-
tion is dumped,and am event strobe is net generated.
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The anticoeincidence scheme includes cell by cell anticeincidence

as discussed in Section 3.2. Also, the argon and xenon counters
are operated in mutual anticeincidence. To be investigated Turther
during a future study is the matter of additional anticoincidence
capability by using guard wires clese to the proportional counter
walls which would see induced pulses from Compton electrons created
in the walls. In addition it needs t6 be considered whether a
separate anticoincidence section clese to the argon counter windew
would be required and be acceptable. Here the increased protection
for Compton electrons created in the collimater and window must

be weighed against the reduced efficiency at low energy photons
because of the absorption in such an argoem layer.
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4.3 ELECTRONICS INTERFACES

The primary electronics interfaces for the Hard X-Ray Imaging
Instrument (HXII) consist of the interface between the front*-end
electronics (discussed in Section 4,2) and the microprocessor
system as well as the interface between the microprocesser system
and the Spacelab Command and Data Management Subsystem (CDMS). In
addition to the front-end electronics there are other instrument
functions which are controlled by and must therefore interface with
the microprocessor system. The subsequent paragraphs will be de-
voted to a discussion of these internal and external electronics
interfaces that are shown in Figure 4,3-1.

4.3.1 Iu_grgal Electronics In_ngg._g

The basic internal electronics interface within the HXII is between
the imaging detectors and the microprocessorswhich control their
operation and prepare the data for transmissien. As shown in

Figure 4.3-1, a total of four microprocessors will be used for inter-
facing with the 15 argon and 15 xenon detectors. Two of the micro-
processors will be used for event binning functions and a third
will be utilized as.a tagged-event processor. Present plans are

to utilize a 32-bit word to tag each event with the breakdawn of

the 32 bits as follows: “

. Pixel Identification - 5 bits
. Frame Identification - 5 bits
° Pulse-Height Analysis - 5 bits
. Time - 8 bits
. Flags - 3 bits
* Unassigned = 6 bits

The fourth microprocessor in this group will be used as a binning
. priority processor to be utilized during peried of high
activity. Although the goal of the HXII is te transmit as much
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fully tagged data as possible, the expected count rates during
periods of high activity will produce bit rates which the system
would not be able to handle. The argon and xenon detectors would
generate the following bit rates:

. Argon
20,000 events/sec x 32 bits/event x 15 detectors =
9.6 x 10° Bps

. Xenon
2,000 events/ sec x 32 bits/event x 15 detectors =
1.0 x 10°% Bps

Worst case total bit rate =
10.6 x 10° Bps

In order to aveid data rates of this magnitude, the binning priority
processor will isolate the most active channels by identifying the
high frequency events tags, both by energy and by pixel. The

most active channels will be diverted from tagged data te bins

which will be output at 0.2 second intervals. Each time the bins
are read out, the processor will update the channels being binned
based on current activity levels.

As indicated in Figure 4.3-1 the other four microprocessers in
the system will serve the following functiens:

Housekeeping and Thermal Contrel
Full Sun Monitor and Shutter Comtrol
Aspect and Peinter Control

Executive Control, Command and GMT

‘All eight of the microprocessors will be tied together on a
common bus and the executive contrel processor will direct the
efforts of the total systen.



i.5.2 External Electronics Interfaces

The external electronics interfaces for the HXII consist of the
electrical interfaces with the Spacelab electrical power and
distribution subsystem (EPDS) as well as the command and data
interface with the Spacelab CDMS.

The eiectrical interface will be a direct link through a Spacelab
provided experiment power distribution box. “‘he peower which will
he available through this interface will be 28 VDC and 115/120 VAC
at 400 Hz.

The interfaces to the Spacelab CDMS are shown in Figure 4.3-2. The
Spacelab experiment input/output unit will control the distribution
of on-board and ground originated command information as well as
timing and Orbiter state vector data to the HXII. The informatien
will be transmitted over the experiment data bus and through the
remote acquisition unit (RAWU) to the instrument.

The RAU, the capabilities of which are shown in Figure 4.3-3,will
also serve as the interface for control data which will be trans-
ferred to the experiment input/output unit for formatting in the
experiment computer and output te the display unit at the payload
specialist station. The data rate for this contfol data is currently
estimated at between 1.5 KBps and 5 KBps. With this data rate and
the number of cemménds erivisioned for the HXII it is currently felt
that a total experiment RAU would not be required and could therefore
be shared with another experiment if necessary. The current estimate
of the services to be used by the HXII is shown in Figure 4.3-4.

The high rate scientific data from the HXI], which will be in the
200 XBps to 500 KBps range, will be transferred directly to the
Spacelab high-rate multiplexer. The transfer will take place

over a hardwire channel which is Capable'of accepting an input
with a bit rate of from 62.5 KBps to Z MBps. The low-rate contrel

4-23



+ e i

— 1 4 LAL Usta & 2°Fups Cusruanps o
1 .
" o, Sensom JaTA [
' '
3 N
| { ]
i 1 Subarite Jaid aus o RAYs 3 .
Gewerat | R (5 Ma? i SuBsesia
. Pimeest Gl 64 Kees Max i ! : —--
IC'MPUI'E" I T T 5 i éi
b o TaeseTEe Supsysten |
I e i/u i ' Cosipu :
' .1 €PT » 5
i (5 B =~ N S¥peaL ) _ it
Onp1Ten 164 Raps. A | Hass l LY, ) GArrwe
Dara ‘ “G::il e T GE_"E""“ NemoHY - 4_\ —a:! {ompuTER
1 : Kevaoano :
I - a . -
[ EXPERIMENT " EXPERIHENT |
[ ’ 170 ) Compurgr )
| 6l Kups Max ] K" .
‘ : c ;
|§::::: fe 'Il::::: - i ) _ SxpERInENT Bata Bus
: kil b 1 . -
S-Banp PH | Pracesson | Uiy, | |
Revay i : ; DIsPLAY
; X 4 ’ ) 3
S-Banp : ) 55 e 1 1024 Kops Maxtuin g . [ Tiven Sreer ]
W I i : .FEI! | . i ' L__REcoRDeER
G y L e i 1 Dump 01024 Kaps Maxinim) Hian Rate
o | ECOHDR T | MoLvipeexen f | Dremizen |
Ky-laso | . ] ’ T Voree ‘
Revar L 1 : . 160 RayE DiGiTaL Data
. : [} ] g . i )
J : I : Merzar (2,4 4 50 Mers) T
: . : ' Ku=Banp e ! - -
L 4 Kul-:mu 4 Stewm: ) !
. Fruct annli 4
 § i g U L :
X ) HARD X-RAY [NSTRUNENT i :
i ) — [
] i
- i ] “ INTERFACE ) ‘
wiv 1 v ' ' DeTecTons ] Frony+Exy : ComshoL '
1 Mourrors | smrcnine . ; | ‘ JBuecTRoM1CS Uy i :
1 w | T twee f ' : — :
' ; - b o e e e e ——— S
I‘
i :
I POINTERL. :
Mapiter || 1 o INSTRUNENT!
. vipea ) luvenFace:
|
| '
| :
] : '
I ~Pownien Porwten | )
| Thives & : .‘
ORI | SPMEIAS eevatss | ContROLLER: -
. :




STt

, , A » ‘
R T —
1 User TiMe Crock Bus ——-—@I 1 HTC Crock

. MODYLE | 1 iTC UppaTE
: —-—=-:7—w~ 4 SeriaL PCM CoMMANDS
\ EXPERIMENT —-"-T—W 4 Ser1aL PCM Ciock
|' MODULE -ﬂ-—-;—m 4 Ser1aL PCM Data
| o -~ 4 RequesT LINES
) —-—-'—-b 4 SeriaL -PCM CrLock
! INTERFACE fe——— 64 FLEXIBLE INPUTS
i MODULE > 32 On/0gr CoMMANDS
} | }
1 ComMaND LENE -——-:—b’} A 64 FLEXIBLE InPUTS
1 DaTA LINE il CORE L % On/OFF ComaNDs
1 Repunpant Commanp LINE g MODULE o < UNFTIFF LOTMAND
1 RepunpanT DATA LINE <=y ——— 1 MEASURING POINT
(| )
) Powien O [ | !
2 PONER TN ——mt e |
- 2 Powgr OFF ————2 N
e Eecn ¢t |  SUPPLY ]
1 Power FEEDER ——+» o
_ . b MADHILE 1
1 1 Power On Inp e :
J ' IMTERFACES AVAILARLE T0
SPACELAB 1 RAU J HARD X-RAY ITHSTRUMENT

Figure 4.3-3 Spacelab Remote Acquisition Unit (RAU) Capabilities

¥00d §I OV TYNIDINO
11, 40 XITTIEONA0YITE




9Z-¥

170 UNIT

POWER INTERFACE

T04/0

: RAU

1 USER TIME ———uny

CLOCK BUS

T COMMAND LINE —mer

1 DATA LINE ~a——

1 CMO LINE RED _..~

1 BATALINE RED —~o—i

2 POWERON  —u]
2 PUUNER OFF —— o)
1 POVIER FEEDER -~
1 POVER ON IND, ~o

e UTC
I movue T3

o e St A — — — ——

i EXPERI-
i MENT

.ﬁ
1= 5
MODULE _.4
<t
_D;

= T EXP
1 UTC SLoCK R
i 1 UTC UPDAYE N
A SER PCM CMDS )

4 SER PEM CLOCK

4 SER PCM DATA

B 4 REQUEST
4 SER PCM CLOCK -
INTER- '<F 64 FLEX INPUTS
: FACE | 32 OMIOFF CMDS
; MODULE "D' -— i
- 1 64 FLEX INPUTS
ar _<f;_.-_.. ’
: f 32 ON/OFF COMS
il CORE
AC MOBULE
i 1 MEASUEING POINT
X8 D
E— POWER
SUPPLY
P nobuLe
T

1 UTC CLOCK
1 UTC URDATE
2 SER PCM CMDS

& SER PCMA CLOCK |

Z SER PCM DATA
2 REQUESY
2 SER PCM CLOCK

O FLEX INPUTS
32 ON/OFF CMDS

6]

FLEX INPUTS
QO ON/OFF COMS

HX11

Figure 4

.3-4

Hard X-Ray Imaging Instrument RAU Utilization




data (1.5 KBps to 5 KBps) discussed above will also be transferred
ro the high-rate multiplexer by the .xperiment input/output unit
{or mulriplexing back into the data stream and transmission to

the ground. These two interfaces are shown in Figure 4.3-5._

If the Orbiter is in TDRSS coverage the high-rate scientific

data will be transferred directly to the Xu-Band signal processor

for relay to the ground via the TDRSS in near realtime., During
perinds when the TDRSS is not available for use by Orbiter, the
hiph-rate data will be recorded on the Spacelab high-rate digital
recorder. When the TDRSS again becomes available for Orbiter support,
the stored data from the high-rate digital recerder will be inter-
leaved inro the realtime data stream on the Ku-Band downlink.
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4.3.3 Power Recuirements

The breakdown of the power requirements for the Hard X-Ray Imaging
Instrument (HXII), excluding the pointing contrel system, is shown
in Table 4.3-1, This power estimate was established utilizing the
power rtequired by the front-end electromics, microprocessors, inter-
face circuits, special controllers, shutter driver and the thermal
control systen.

The current estimate for the signal conditioning portiem of the
front-end electronics is 101 watts as shown in Table 4,3-1, An
additional 89 watts has been added to this figure to covei the
electronics required to interface the signal conditioning for a
total of 190 watts for the front-end electronics.

Current estimates are that a total of eight microprocessors will
be required to support the HXII. Four of these microprocessoTs
will be utilized as proportional counter handlers and the other

four will serve the following functions:

Housekeeping and Thermal Control
Full Sun Monitor and Shutter Control
Aspect and Pointer Control

¢ O e e

Executive Control, Command and GMT

Assumming a power figure of five watts per microprocessor and a
low voltage power supply overhead at 70% efficiency, the total
power required fer the microprecessors is 57 watts.

For the purpose of establishing the power requirement for the
HXII, the total power required for the thermal control system is
estimated at 200 watts. Although further thermal analysis may
require an update of this estimate, 1t is felt to be a representa-

tive number based on past experience.
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ITEM

POWER
{WATTS)

i
|l

- - a1
: EE—— -

¢ FRONT-ENP ELECTRONICS

190

¢ MICROPROCLSSORS

57

o INTERFACE CIRCUITS ANDB SPECIAL CONTROLLERS

43

¢ SHUTTER DRIVE

30

THERMAL CONTROL

200

TOTAL POWER CONSUMPTION
(EXCLUDING POINTER SYSTEM)

220

Table 4.3.3-1 Hard X-Ray Imaging Instrument Total

Power Consumption



ITEM POWER
(WATTS)
@ CHARGE SENSITIVE 10.0
PREAMPLIFIERS
e VOLTAGE AMPLIFIEZRS 10.0
o SHAPING AMPLIFIERS 10.0
e DISCRIMINATORS 11.5
© PULSE-HEIGHT ANALYZERS 8.4
o PULSE-SHAPE ANALYZERS 5.6
e HIGH VOLTAGE POWER SUPPLIES 15.4
e LVPS OVERHEAD @ 70% | 30.4
EFFICIENCY B o
¢ TOTAL POWER CONSUMPTION ©101.3

Table 4.3.3-2 Signal Conditioning Power Estimate
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The power required for the shutter driver is estimated at 30
watts, and the interface circuits and special controller will
probai-ly consume mewhere around 43 watts.

When ali of these figures are summed, the total power requirement
is 520 watts as shown in Table 4.3-1. For the purpese of this
study, this number has been rounded to 500 watts for the total
HiIXII power requirement.
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CONCLUSIONS AND RECOMMENDATIONS

The HXII is compatible with a balanced pointing system
such as the large option SIPS.

A truss-like structure supporting both the grids and
proportional counters, and with a dedicated SIPS-type
gimbal frame is feasible for HXII, but it cannet be
aligned or checked in the horizontal poesition.

A single, full size structure most nearly meets the
nseful area criteria.

The quadrant size structure most nearly meets an "optical
bench" stiffness, but sacrifices useful area and weight
{120 kg vs 84). 1t permits horizontal alignment.

The Airy mount arrangement should be evaluated at least
to the extent of determining the maximum useful area.
If it is suitable for this criterion, it should be
avzluated further because it could be aligned in a
horizental pesition.

Detailed thermal and structural analysis should be com-
pleted before a full design effort is initiated.

A single gas chamber for four collimaters, and with
four detectors, is feasible. This approach maximizes

usable viewing area.

A parylene or mylar windew would grigﬁly reduce the
cost and fabrication problems associated with a 2- to
5 mil beryllium window.



. Glass-bonded mica ceramic is suitable for the wire frames
if it can be metal plated for welding the wires. If not,
alumina ceramic can be used.

@ A finite-element model of the egg crate should be developed
to determine influence coefficients, stresses, and deflec-
tions to determine if it can support thinner housing side
walls.

The tradeoff analysis for the optimum proportional ceunter readout
configuratioen results in a flexible simple scheme for constructing
the counters. Several electronic implementations for the readout
of position, energy, pulse shape and anticoincidence data reamin
possible without significantly impacting the design of the counter.
It is proposed to make all wire frames square and of the same
dimensions, using stainless steel wire of about 1 mil for anodes
and cathodes. This makes all wire frames interchangeable, Direct
readout (6 x 6), resistive wife readout of anodes and/é6r cathodes
as well as combinations of these are feasible. Final decisions

on the readout method to be adopted can be based on economic/
cost/performance tradeoff of the electronics.

Should it be desirable to provide oné or more collimaters with a

coded aperture (randem hole pattern for example) then the twe-
dimensional RC-line method can be used without much penalty.
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SECTION V

MANAGEMENT CONCEPTS
FOR A
HARD X-RAY IMAGING INSTRUMENT
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A. Management as a NASA Facility
(1) Introduction.

We present here a plan for the development and operation of the
HX11 as a facility-class instrusient. This includes the Phase B design
study, hardware construction, operatiens, data reduction and analysis.
The present Facility Definition Team (FDT) forms a core greup for the
various phases. Hardware and operation management is through MASA centers
with scientific participation broadened in stages through appropriate
Announcements of Opportunity. Figure V-1 summarizes the plan.

This document is the outcome of a discussion at the 28-29 September
1975 FDT Meeting in Berkeley, follewed by a draft plan dated 12 December
1975, written by the Team Leader. This was extensively discussed at the
15= 16 December meeting in Boulder jointly by the FDT and NASA represen-
tatives from the GSFC Astronony Shuttle Payloads (ASP) Project.

(2) Assumptions.

(a) The present FDT, formed in response to an Announcement of
Opportunity (AQ), contains a majority, but not all, of the members of
the scientific community who have direct interest in the instrumentation,
observations, or interpretation of data associated with a solar hard
X-ray imaging facility.

(b) The present FDT, in cenjunction with various engineering
groups, has compieted "phase A" definition period.

(c}) The facility, because of its size, complexity and unique-
ness cannet be the domain of a single Principal Investigator and his
institution.

(d) The construction, management and operation of the facility
will be the responsibility ef a NASA Center, such as the GSFC,

(e} In order to maintain viability it is necessary to have
strong scientific input and control at all stages of design, construc-
tien, operation, and data mamagement. ,

{3) Role of FDT.

In order to accomplish the scientific objectives under the above
assumptions, we must conceive a new management approach. Because of the
particular interest and expertise of the present membership of the FDT,
we assume it can form a cere greup with a central, but evelutienary,
role in the various phases of the facility deve]opment and operation.

In addition to the overall interest im astrophysical X-ray phenomena,
the members of the present FDT or their organizations have particular
expertise in the following areas!

Collimators: - Blake, Garmire, van Beek
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Detectors: Garmire, Peterson, van Beek

Electronic Systems: Garmire, Peterson, van Beek

Auxiliary and Monitor Lin, Hudson, Peterson, Svestka

Instruments:

Systems Engineering Peterson, Svestka

and Management:

Operations: Crannell, Garmire, Hudsoen, Lin,
Svestka

Data Management and Lin, Peterson

Reduction:

Data Analysis and Blake, Hudson, Lin, Svestka

Synthesis:

We envision a plan whereby the present FDT evolves into a consortium,
responsible for guiding the development and operation of the facility.
At different stages, various members, depending on the expertise required,
will have more or less key responsibilities, Furthermore, the scientific
participatien is expanded at various stages through AG's, such as for
participation in the development phase, or the formation of a Users'
Group during operatiens. Propoesals in respense to the A0's are evaluated
by NASA, with input from the central consortium, er its representative.

(4) Hanagement Plan:

(a) Phase B design. This design study is the next step after
the work of the presently defined FDT. We suggest this be either con-
ducted through YCSD, under contract to GSFC, as is the FDT at present, or
directly threugh GSFC, with the present Team remaining intact, but having
major input to the study as consultants. This group would submit to
NASA a proposal, based on the present Definition Study, and would func-
tien as a consortium, chaired by a Team Leader, who would have somewhat
the role of the classical PI.

At this time a strong Study Scientist from within the NASA ceuter
would be appointed. It is assumed this individual weuld centinue on the
project through phase C/D and eperations and have personal interest in
the results,

The majer pertion ef the werk would be done in conjunctien with an
Individual Contractor, with various members of the consertium being
responsible for particular subsystems or areas. The Team would have
censiderable input and interaction through a series of meetings and
reviews.

The output ef the Phase 8 study would be available to all members
of the scientific and industrial community.

V_z



€=p

SCIENTISTS

re— ———— Aty ———

6SFC

"PROJECT
MANAGER

|
|

1L

INSTRUMENT

INVESTIGATOR S|

CHXI

“I”|OPERATIONS

PROJECT

Figure V-1

1=~ T 71" sCIENTIST [

¥_V

INSTRUMENT
CONTRACTOR

—
y

DEFINITION
TEAM




(b) Development and construction, Phase C/D. This will be
accomplished by a contractor selected competitively, in response to an
RFQ., At this time, the Team role becomes consulting and advisery, and
functions as a cellective P.I. through the Project Scientist. Manage-
ment responsibility will be assumed by GSFC, which requires a strong
Project Manager and Project Scientist. The latter participates in the
daily technical decisions, and is responsible to the scientific Team.
Ideally this person should be appointed or at Teast approved by the
Team, since he (or she) bears the key respensibility for the goals and
objectives defined by the team to be implemented as meaningful hardware.

Members of the present FDT may also have a hardware role, as de-
termined during phase B. For example, certain jtems such as collimator
grids or detectors may be best constructed at a member's laboratory
where the expertise exists.

In order that the scientific greup not become ingrown, sometime
near the start of the phase C/B, an AD may be issued for participatien
in this phase, and in the planning for the early flights. Added par-
ticipation would be en the basis of being able to contribute signifi-
cantly to a particular task, previde needed expertise, or supply
uniguely a portion of the hardware. It would be assumed that the group
at this time would have contributed sufficiently to the facility to have
primary access te the results of the early flights.

During this phase, the rele of the various members of the team
will involve oversight and outside review of various systems and Sub-
systems, and Tiaison and monitoring function. The GSFC Project Manager
ana Project Scientist are the principal contacts. We envision consid-
erable involvement by the Team in the various design and management
reviews, and as a minimum, consultation on Class I Tevel change-control
items.

(c) Operations and Early Flight. During the early stages of
the instrument construction, planning for flights must cemmence. This
requires two distinct, but coupled efforts:

(i) An operations group at GSFC, reporting te the Project
Scientist and Manager, rmust be formed. This group must conzist of a
small number of technical and software specialists who are responsible,
with contractor assistance, fer the detailed checkout, integration,
operation, refurbishment and updating of the facility from f.ight-te-
flight. This group also acts as a liaison between the various NASA
Centers responsible fer the different stages of the Shuttle Integratioen,
checkout Taunch and operations, and data retrieval. These people have
personal invelvement with the facility, a leng term commitment, work
directly with the user scientists, and have the same sense of dedicatien
and empathy that a Principal Investigater and technical staff as a
university maintain,

(ii) A scientific Users' Group, formed initially from a
subszt of the Phase C/D team and chaired by one of its members. They
are responsible for planning the calibration, observation sequence,
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Operations Control Center interactions, coordination with other shuttle
and ground based activities, and planning data reduction and analysis
procedures. This group can also indicate changes in procedure, and up~
dates in software or hardware which will increase the scientific return
of the facility. As the Phase C/D proceeds, the Users' fGroup will per-
form an increasingly deminant and essential rele in the operation of
the facility, as the hardware, construction and initial tests of the
instrument are completed. This group will also be responsible for dis-
tributien of the data from the early flights in some equitable and
democratic manner, recegnizing the particular scientific interests of
the team, individual, or group.

(d) Follow-on flights. As the facility nears completion, and
the first flight is immirent, an A0 for participation in follow-on
oppertunities should be issued. There could be twe kinds of participa-
tion: as a member of the Users' Group, which is responsible for the
scientific operation and observing schedule of the facility and has
major access to the data, or as a guest investigator, who proposes
specific observations, studies based on available data synthesized in a
unique manner, or supporting and collaborative observations using other
shuttle or ground-based instruments.

The Users' Group could be chaired by a scientist outside the
project who serves a term (3 years?) and is a consultant to the Project
Scientist. The GSFC Project Scientist, who is in effect the Scientific
Director of the facility, is an important and permanent member of the
Users' Group. He {or she) acts as an advisor during the evaluation and
selection of proposals in response to the various AQ's.

(5) Related Programs.

It should be recognized at this early stage that the facility is
useful net only for solar X-ray imaging but for similar work on cesmic
X-ray sources. Many of the present FDT members alse have considerable
interest in this area, and it is therefore natural that a night-time
observing program be envisioned. Furthermere, the facility may have
some application in the study of small scale auroral features. Since
it is unlikely that two nearly identical imstruments of this scale will
be constructed this facility may well be unique. Coupling the Solar
observing program to the requirements for High Energy Astrophysics
should result in increased epportunities for both areas.

Furthermore, folleow-on studies in solar hard X-rays will require
the extended observing time available only in free-flying spacecraft.
One would expect that as the shuttle facility nears cempletion for an
early flight, an A0 for such a mission would occur. It is natural and
cost-effective that such a system follow almoest directly from the
shuttie facility design, and that many of the same Investigators would
be involved. It may even be possible to use a nearly identical instru-
ment, with suppert subsystems selected from the repertoire implied by
the GSFC Standard Spacecraft concept.

V-5




B. Management as a PI-led Consortium
(1) Intreduction.

The alternative to the management concept outlined above con-
$ists of censortium of scientists lTed by a Principal Investigatoer, in
the normal manner. In this configuration, the Principal Investigator
would be identified with the leader of the Facility Definition Team,
and the Ce-Investigator list would include at Teast some of the present
team members, and possibly other scientists as well. The evelution of
the instrument design through the eguivalent of a phase B study will
probably continue in the format described in Section V-A, under NASA
responsibility through the Spacelab Payloads program at GSFC.

(2) Early Spacelab Flights.

The bulk of this report describes the instrument cenfiguration
as proposed for Spacelab 2 (1) and OFT (2) opportunities. We 1ist here
the responsibilities of each member of the consortium and the management
structure developed to successfully guide this project from an initial
planning stage through instrument development, data acquisition, reductien
and analysis and future Hard X-Ray Imiging Instrument missions. UCSD, in
conjunctien with hardware subcontractors, will be responsible for flight
instrument development. The basic assumptions which form the basis of
project planning are Tisted. We further describe the expected evolutien
of the pregramn inte a multi-user instrument.

The Spacelab Hard X-Ray Imaging Instrument will invelve at
least seven institutions working closely with one another and receiving
direction and assistance frem NASA. The entire project i5 te be under
the direction of the Principal Investigater, whoe is the spokesman of the
Investigator team and bears ultimate responsibility to NASA. Hardware
to be delivered under this program will be the responsibility of the
Principal Investigator. It is envisioned that separate contracts will be
issued from NASA to each of the participating team : -bers' institution
for support of scientific direction and data analysis, with a separate
cantract to UCSD for the Principal Investigator's support and all de-
iiverable hardware costs. The planned interrelationships among these
organizations are discussed here and summarized in Figures V-2 and V-3.
The detailed responsibilities of individual Ce-investigators remain the
same as in Section V-A.



Contracts and a Memo of Understanding between the Co-investigators
institutions and NASA should be direct and not include UCSD. In the case
of UCB, where hardware is being furnished, enly the hardware development
and support costs would be channeled through UCSD. This relationship is
illustrated in Figure V-2. The responsibilities of each team member are
listed in Figure V-3,

. For the above summarized organizational relationship, the respen-
sible NASA Center will have a single point of contact through the Principal
Investigator at UCSD and will also have direct access to any of the organi-
zational elements. It is expected that day-to-day technical coordination
will be between NASA and the UCSD experiment manager.

The organization shewn in Figure V-4, established at UCSD to
assist the Principal Investigater in the management and conduct of the
program, includes an Experiment Manager and a full-time Experiment
Scientist. The Experiment Manager is responsible for the day~to-day
operation of the program and will work clesely with the Experiment
Scientist to assure that the scientific objectives of the experiment are
achieved. He will be responsible for technical, financial and schedule
direction of UCSD persennel and of the subcontractors. He will act as
the interface with NASA, the integration contractor, and other experiment
contractors.

The Experiment Scientist will assure scientific ceordination
with all coinvestigators, and will provide scientific direction of the
design, development, testing and data reduction throughout the 1ife of
the program. Assistant to the Program Scientist and Principal Investi-
gator will be graduate students engaged in X-ray and gamma ray astronomy.
These students will provide calculations for design parameter changes,
and will assist in instrument testing and test data analysis as well as
mission design.

Reporting to the UCSD Experiment Manager is a staff of engineers,
technicians and pregrammers toe provide design and technical suppert. In
addition, an Administrative Assistant is responsible fer cost accounting,
purchasing and data management. He approves for payment of all jnveices,
menitors the material and Tabor costs, prepares projectiens and reports
financial status to the Program Manager and NASA. F£11 purchase requests
are processed by the Administrative Assistant. He determines documen-
tatien requirements, insures timely submittal and distributes and files
all incoming pregram documentation. He also maintains the engineering
documentation file, maintains configuration contrel and engineering
release.
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HARD X-RAY IMAGING INSTRUMENT

EXPERIMENT MANAGEMENT AT UGSD
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Figure V-4
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(3) Assumptions for Spacelab-2 Program.

(a)

vd)

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

Schedule

For planning and costing purposes, the following milestones,
actions and dates are assumed:

March 1977 Notification of instrument selection.

April 1977 Funding for definition studies.

July 1977 Subcontractor selected prior to
commencement of hardware development
phase.

{ctober 1979 Deliver flight instrument fer pallet
integration.

Octobar 1980 Launch 7-Day Mission - One year post
mission data reduction and analysis.

January 1981 Final report, preliminary draft.

December 1981 Final report.

Instrument

1. Proto/flight instrument concept (oene instrument).

2. Electronics breadboard of new systems.
3. Engineering verification unit at the unique module
level for development testing and design verification
te include:
Structure/Thermal
- Proportional Counter
- Digital $/C interface
- Special purpose designs
4, Spares of critical mechanical and electrical piece parts.
5. Design to include thermal controel system.
Manufacturing
1. Maximum use of UCSD manufacturing faci?ities,
2. End item te be built to development release design.
3. Design baseline established after end item is assembled.
4. Major subcentractors to be selected for instrument sub-
systems and instrument first order assembly.
Testing

1.
2.

Bréadboard testing of propoertional counter.
Maximum utilization of UCSD (0SO and HEAQ) support

equipment.



Support equipment te simulate the spacecraft interface
will be developed to eoperate instrument.

Instrument final assembiy grid alignment and calibration
to be performed at UCSD.

Instrument certification testing to be performed at and
utilizing GSFC test facilities.

Environmental testing and instrument certification on
the assembled flight instrument.

Thermal-vacuum and vibratien testing performed to ex-

pected flight environmental levels.

(e) Programmatic

1.

Program management and reporting to utilize 0S50 and
HEAQ experience.

Instrument development and delivery to NASA by UCSD.

A1l hardware subcontracts to be let by and administered
by UCSD,

A1l NASA regulations, controls, specifications and
milestene dates available at start.

Design baseline established after assembly of flight
unit and prier te final certification testing.

(f) Reliability, Quality Assurance and Safety

1.
2.

Safety requirements will be met.

No numeric reliabiiity goal is assumed, but highest
probability of success is consistent with the overall
program objectives.

A quality assurance based on the MSFC approved plan for
HEAO A-4 instrument will be used.

The Material Review Board will consist of a responsible
UCSD Designer and a PI representative.

Government source inspection at UCSD and its subcon-
tractor is not baselined, except for final acceptance
of end item.

(g) Cenfiguration Control

i.

Presént interval UCSD cenfiguratien control management
system will be used, based on the interface and end
item specifications established at PDR and on the
design baseline established at CDR.

Class 1 chande control will be applied te the above
baselines.

As as-built configuration document and identification

Jist will be deliverad with the instrument.
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(h) Level IV, II1I, II, I Integration

1. The YCSD will provide field suppcrt, assited by sub=
contractors and Co-investigators, at the Level IV, III,
IT, I integration sites as required.

(1) Mission Support

1. The GSFC Co-investigater will provide mission support,
at the Payload Operations assisted by WCSP and the
Co-investigators, as required.

(j) Pest Mission Support

1. The HUCSD will provide for post-launch recovery, instru-
ment checkout and planning for instrument refurbishment
for future missions.

(4) Evolutionary Program.

The grid collimater concept affords a great deal ef flexibility:
for optimization in specific problem areas, and for imprevement through
upgrading of the instrument jtself. These attributes will result in an
evolutionary program of Spacelab flights, together with the use of
related instruments in free-flying spacecraft. Table V=1 displays a
pessible seguence of evelutienary steps.

The optimization of the instrument fer specific problem areas involves
the grid and detector configurations. Many possible grid configurations
appear in Sectien III of this repert; the specific cheice described in
Sectien I eptimizes the mapping of hard X-ray sources with diameter
on the order of 1 arc min, specifically the impulsive phase of
solar flares and the Crab Nebula, An additional design requirement, also
reflected in the Spacelab 2 design (1), involved the mapping of sources
of around 20 ar¢c min diameter: solar coronal sources and clusters of
galaxies. A deep survey for hard point sources, or the ether hand,
would require a totally different configuration, as would the precise
location of transient sources in a very wide field of view. Changes
of this type fit naturally inte the grid collimator instrumentation:
new configurations can be obtained simply by re-designing the grids.

Detection systems may also evelve. The addition of a layer argon-
filled proportional counters in front of the xenon counters would give
Toewer background seft X-ray performance. Planar high-purity germanium
detectors would give excellent energy resolution for hard X-rays, as a
replacement for the xenon counters. The arrangement of image elements
in subcollimators of finite size makes this quite practicable.

Finally, the establishment of free-flying X-ray observatories will
pe?mit a great amplificatien of our capability for X-ray imaging via the
"pinhole telescope" concept (3). Such systems give extremely high
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anguiar resoiution, defined by a single remote mask on a separate sub-
satellite. Al1l of the rest of the systems of the hard X-ray imaging
instrument, previously used as a Spacelab telescope or as a free-
flying observatory, then become essentially a pre-collimator for the
pinhole telescope.

(5} Management of Evelved Instrumentation.

The consertium responsible for creatior of the initial instru-
mentation, and its ebserving program, would ther relinquish its position.
Subsequent flights with their corresponding modifications to the instru-
mentation would be administered through the Announcement of Opportunity
system. The experimenter group built areund the Facility Definition Team
will then have to compete for observing time and equipment in the normal
manner, or else dissoelve into re-arranged groupings eriented toward
specific observational probleéems.

(1) "A HMard X-Ray Imaging Instrument For Spacelab 2," UCSD proposal
to NASA, 1976.

(2} "A Hard X-Ray Imaging Instrument For OFT," UCSD proposal to
NASA, 1976.

{3) "Large-Scale Telescopes For X-Ray And Gamma-Ray Astronomy," by

H.S. Hudsen and R.P, Lin, submitted to Space Science Instru-
mentation, 1978.
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