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1.0 Introduction

This document is the final report on work.performed:
at the Massachusetts Ihétiﬁute of Technology under éontract'
NASiBf24585 to the Marshall Space Flight Center of the
National Aeronautics and Space Administration. It des-
cribes the results of theoretical and éxperimental inves-
ﬁigations aiﬁed at the development of a curved crystal
cosmic X-ray spectrometer to be used at the focal plane
of the Large Orbiting X-Ray Telescope'(LOXT) én the Third

High-Energy Astronomical Observatory‘(HEAO-C);

l;l Contract History

The work described herein was proposed to MSFC in a
docuﬁent dated 1 February 1969 and entitled "Proposal...
for a Preliminary Design Study for a Cosmié X-kay Spectro-
meter", with G. Clark as Principal Investigétor and H.
Schnopper as Co-Investigator. This work was funded at a
level of $50,000 for the 8-month period from 18 June 1969
to.18 February 1970. Near the end of this period MIT sub-
mitted a proposal for "Continuation of Support for Developmenﬁ
of a Cosmic X-Ray Spectrometer..." with H. Schnopper as
Principal Investigator and G. Clark as Co-Investigator.
The contract was accordingly ektended,to 15 May 1971 under
Modification #1 at an increased cost of $79}581. Further
support for "Continuation of a Preliminary Design Study for
a Cosmic X—Réy Spectrometer" was requested by MIT in a pro-

posal dated 1 May 1971 with G. Clark as Principal Investigator

.
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and H. Schndpper as Co-Investigator. This final phése

of the reséarch Qas funded at $50,027 for the period
ehding 18 February 1972. A no-cost éxtension ﬁntil_Bl
August 1972 was granted to allow for completion of certain‘

'measurements and for thé,preparation of this final report.

1.2 Summary of Activities

At the inception of the program it was recognized by
NASA and by the MIT X-ray astronomy group that>high resolution
Bragg X-ray spectrometry wdula eventﬁélly play a key role
in the elucidation of the nature of X-ray sources and the
composition of the interstellar medium when space vehicles
6f sufficient-capacity to carry the necessary large effective-
" area instruments became available. Recent developments in
concepts for cosmic X-ray spectrometry at MIT, in parti-
cular the unfocused Bragg reflection spectrometer invented
by H. Schnbpper and K. Kalata, had provided a basis for |
planning a high-resolution spectrometer to be used at the
focﬁs of a grazing incidence X-ray reflection telescope.
However, a variety of questions regarding the properties
of crystals and detectors, and design probiemé related to
the methodé‘of detection and the optimization of the through-
put and resolution of the instrument required thebrétical
and experiﬁental investigations which were undertaken under

this contract.

In the course of this work, the MIT group participated
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in a study with scientists and engineers from Amexican;
Science and Engineering, Inc., CoiumbiakUniversityi Goddard
Spécé Flight Cenﬁer and MIT,'who'met.during 1969. and 1970
. with representatives of MSFC and NASA Headquarters to
define the scientific requirements fdr a “X-Ray Téléscope
Facility". The repoft of the study which was submitted

in September 1970 formed the basis for planning the HEAO—C

mission for which a flight opportunity'was released on. 1970.

In response to the flight opportunity announcement,
MIT joined in a consortium with‘AS&E, Columbia University
and GSFC to propose the "Large Qrbiting-X—Ray Telescope“,
- Among the instruments proposed for use at the fécal plane
of the high reéolution telescdpe Was.the curved crystal
spectrometer, fhe design of which was based on the studiés
reported herein. Following review and recommendation by
the Astronomy Subpommittee of NASA in November 1970, two
télescopes proposed by the consortium and certain of the
auxiliary»instruments, including the MIT curved crystal

spectrometer, were approved for phase B funding.

During the earlier part of the work reported herein,
the MIT effort was concentrated on‘the devélopment of épectro-
meter concepts and their evaluation by theoretical analysis,
computer simulation,’and laboratory testing with bread-
board arrangements of crystals and detectors. In addition,
a computer-controlled facility for precision testing and

evaluation of crystals in air and vacuum was constructed.
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Mbst of this work was carried out under the supervision

.of Professor Schnopper and is described in Section 3.0 of

this paper. 1In addition, Section 3.0 reports research on

‘the X-ray emission of multiply ionized atoms which was

undertaken to elucidate the properties of line spectra

that may‘be discovered in the'study of cosmic X-ray sources.

Following the approval of the MIT propoéal for the
focal plane spectrometer in late 1970, the méjor-portioh
of the effort supported under this contract was devoted to
the construction of a laboratory breadboard curved crystal
vacuum spectrometer for testing the performance 6f specfro—
meter systems-with various crystals and detectors in con--
figurations closely approximating those that will be used
in the flight instrument. In addition, a faéility for
fabricating lead stearate multilayer diffractors was com-
pleted and put into operation, and tests were conducted 
of several prototype detectofs for soft ( 10 i) Xfrays
including polypropylene film window flow countérs, channel-
tron detectors and a chevron channel plate intensifier.

This work, which was carried out under the direct super-

vision of Professor Clark, is described in Section 4.0 of

this report.

Section 2.0 of this report is a review of the research
objectives as contained in the statements of work in the

original contract and its two modifications, and a summary
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of results, keyed to the statements of work, and referenced -

3.0 and

- to .the appropriate parts of'the.subsequent Sections

4.0.
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2.0 Summary of Research Objectives and Results

2.1 Statements of work

-2.1,1 ' Contract NAS 8—24585

1. A functioning "breadboard" model of a
cosmic X-ray spectrometer is to be preparéd incorporating
the Schnopper technique of Bragg reflection mapping. The
model will include. the means for pfoducing an.X—ray beam
with geometrical properties like that expected.from a
grazing incidence telescope, a suitable bent crysﬁal, and
a detector capable of_demohstrating the diépe:éibn and-
reéolution capabilities'of the system. |

2. A vacuum system for testing the
spectrometer with soft X-ray (A = 20 R approximately)

is to be constructed.

3. The breadboard model is to be evaluated
in the soft X-ray facility.

4. Various crystals such as mica, potassium
acid pthalate and others are to be tested'and-evaluated

for use in the spectrometer.

5. Theoretical studies of the optical

properties of the Schnopper spectrometer are to be conducted.

6. Theoretical studies of alternative
detector systems are to be conducted for the purpose of
evaluating their relative merits for use in the satellite

X~-ray spectrometer.
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7. Provide X-ray collector definition, i.e.,
~design and performance requirements, by generating related

developmental scientific experiment requirements.

2.1.2 - Modification #1

8. The spectrbmetef design shall be adapted
to the requirements of an orbiting instrument. The inStruf
ment design shall also be studied for compatibility with
vacuum operation and launch survival. Where possible,
tests will be made with already existing equipment except -
" as indicated in Task D. | -

9. The properties of Johansson and Johaﬂg
optics shall be further investigated and compared. Bragg
reflection studies (crystal resolution: and perfection) will
be continued.

10. A breadboard detector system will be
constructed and tested for compatibility with the astro-
physical objectives and environmental requiréments.'

11. A mechanical evaluation system will

be construcﬁed and tested.

2,1.3 Modification #2

The present effort on the development of Bragg reflection
X-ray‘spectrometry is to be extended according to the

follé@ing,statement'of work:

12. Breadboard tests of the curved crystal



‘Bfagg épectrdméter for soft X-rays (>10 i) will be cafried
]oUt}_ - | ’ |
13. Crystal testing:'For the variety.of crystals_
which appear t§ be useful over the-energy rahge of interest
(approximately 0.2 to ld keV), a'étudy of reflectihg’pf§4
:.perties vs. X-ray energy will be made. |
| 14. Detector evaluation:
a. Proportional counters of various types,

-including a ﬁulti-chambered design.ahd,~if possible, a positiénf
. sensitive design, will be tested. | |
| b. A channelplate_imagé.intensifier will be
tested. | | |
| .2.2 Summary of Résults-Keyed.to the Statementsldf Work

:2;2.1 Three functioning breadboard curved crjstal
spectrometers were constructed and used in tests’of varioué
crystal and detector configurations including the Schnopper
technique of Brégg reflection mapping. The first of these was
a relatively crude setup with which the poteﬂtialities of the
reflection mapping technique were demonstrated'with a conicaiiy
diverging beam of CuK radiation reflected in 8th order from a
cylindrically bent mica crystal on the Rowland circle, and a
Polaroid film detector. (Section 3, pagés 13, 14 and Figures
2, 9.) The second model is a precision spectrometer arranged
for operation in air or vacuum. Tests of various crystals in
the Johann and Johansson configuratioh were conducted -(Séction
3, page 20, Figures 24, 25) The third model is a moderate

precision instrument for air or vacuum operation
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which provides a test bed for crystals_and detectors in
configurations which are close approximations to those of
the expected flight instrument. (Section 4, pp 7ff and Figures

L 4.3.2-4).

2.2.2 Two vacuum systems were set up for testing
the spectrometer components with soft (A>10A) X—rays. The
first is a 36"-d1ameter hlgh-vacuum chamber that prov1des
a clean high vacuum capable of accommodating the pre0151onvﬂ'
51ngle or double. crystal spectrometers and varlous other
instruments for testing crystals and detectors. (Section 3,v
page 6). The second system is a 24" stainless steel high
.Vacuum chamber which accommodates the flight configuration~
'breadhoardgspectrometer (Section-4, page -9 and Figure'4.3.lj.

2.2.3 Preliminary tests of the flight configuration
breadboard model have been conducted'with Copper L radiation

o . . ’
(Av13 A) (Section 4, page 17 and Figure 4.6.1).

2.2.4 _ The rocking curves and reflection efficiencies
of the crystals EDDT, PET and KAP have been measured with a
double crystal spectrometer at wavelengthsbof 6.07 and é;34 A,
and their measured properties have been'evaluated for use in

the LOXT spectrometer (Section 3, Table 4 and Figuresvl8,hl9y;

2.2.5 Theoretical studies of various spectrometer
~configurations including the'Schnopper unfocussed configuration

have heen conducted‘(Section 3, pp. lOflS,-Section 4, pp»lff).
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2.2.6 Theoretical studies of alternative detector

' systems have:been”conducted-(Section-3, pp{ l6%22)y

2.2.7 Studies wete conducted to define the design

. of the graZing incidence telescopes. This work was carried
out in cooperation with other partic1pants in the study

for the X—ray telescope faCility and the results appear in

' the report of that joint effort.

2.2.8  The spectrometer design was adapted to the. . ’
requiremente of an orbiting instrument, and'preliminaxy
evaluations were made as to its compatibility with vacuum

'OperatiOn‘and launch survival (Section 3, pp. 26-32).

2.2.9 The properties of Johansson and Johann
optics were further studied, andIBragg feflectionkstudies'

iwere.continued (Section 3, page 20, FigureS»24,'25)."

2.2.10 Breadboard evaluation models of several
- detector systems were set up and tested. (Section 3, page 18;

Section 4, pp. 11, 19ff, Figures 4.3.2, 4.7.1).

' 2.2.11 ~ geveral mechanical features that may be used
in the flight instrument were incorporatediin the flight
configuration breadboard model. These include provision
for "adjusting tne Rowland circle radius and for moving the
components'into the focussed;of unfocussediconfigurations

(Ssection 4, pp. 7, 8).



-6~

2,2,12 Vacuum tests.of the flight:coﬁfiguratiqn e
breadboard speCtrOmeterfwere carried out with_Copper L

o _ o - S B ’ :
radiation (A=13.5 A) .and a spherically bent mica crystal

(Section 4, pp. 17, 1§f;
2.2.13  See Task 4
' '2.2.14  See Task 10

In additioﬁ to the‘work summerized above, which'wasv'
carried outein fulfillment of.theAspecific items in the
statements of'work, three additional efforts were under-
-taken to Supplement the sPeetrometry deVelopment prbgrém,
One of these is the study Qf the X-ray spectra of highly.
ionized atoms preduced by bombarding thin foils withvhigh—
eﬁergy beams'of ions . (Section 3, pp; 7-10) . 'Thefsecoﬁd sup-
piementary effort was the}design developmehﬁ ef.a flat‘
erystal spectrometer for wavelengths shorter than the
effective cutoff Wavelength of the reflection telescopes
(Section 3, pp. 31-33). The third effort is the constructioﬁ
of a facility for the production of lead stearate multi— |
_layers for Bragg diffraction at wavelengths beyond those
for which natural crystals with large eneﬁgh.secondespacinés

are available (Section 4, pp 13ff, Figure 4.4.1).
During the last phase of this study, a difference of
opinion developed between the two co-investigators regarding

the relative merits in the context of the HEAO-C mission, of
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the approved focal plane 1nstrument and of a new approach

':*p developed 1ndependently by Professor Schnopper. ThlS latter

_approach employs a separate one—dlmen51onal gra21ng 1nc1dence
'reflectlon concentrator and a flat crystal analyzer. " In the
‘ llght of this development, Professor Schnopper modlfled

his evaluatlons of the technlcal feas1b111ty of the focal
-vplane spectrometer as expressed in reports of the earller
work and in the LOXT proposal,;and included some of these.

" new evaluations in Section 3 which oonstituteslhis contri-
bution to this final report. Some of the issues raised by
these new evaluatlons are dlscussed in Sectlon 4 Wthh is

_devoted to the work of the last phase.

It was anticipated that the precision facilities developed
earlier in the program‘for testing crystals in air andtvacuumb
would be employed in accordance with Task 13 during the last.
phase of thls study in a comprehensive evaluation of the
'crystals that are candidates for use in the focal plane
instrument. During the last phase results were;vin fact,
vobtained onfEDDT, PET and KAP, and some oflthe results
are reported in section 3.0. The recently completed bread-
board spectrometer,’wfth certain additional,instrumentation
now under construction in the Phase-B-study, will he eapable
of providing the additional crystal measurements needed for
~ the definition of the focal plane instrument design. Among
:_the first results from the new fac1llty which are included

in this report are a measurement of Bragg reflectlon of 44 A
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Carbon K radiation from a 100- 1ayer lead stearate crystal -

’prepared in the newly completed dlpplng tank, and a pre-

liminary test of a spherlcally bentfmlca_dlffractor in the RS

Rowland configuration. B -



3.0 Theoretical and Experimental Studies of the curved .

Crystal‘Spectrometer and Related Matters

Thls sectlon descrlbes work carrled out under the

direction of Professor Schnopper. The sc1ent1f1c personnel  

engaged in these studies were:.

Dr.

Mr. .

Dr.

Mr.

Mr.

H.

K.

Schnopper

Kalata

.Delvaille

Sohval

Epstein

Associate Professor

Staff Scientist

- staff Scientist

Research Assiétantv

Research Assistant



Part I

Laboratory and Development Program'_

II.

CIII.

Iv.

Facilities developed for use in this’program

Curved crystal X-ray spectrometer with a detector

holder wh1ch can raster the detector across the

reflectlon pattern and p051t10n.1t on or off

of the RoWland circle.

vao 1ndependent separately pumped 0- 60 keV 0-10 ma

X-ray tubes with interchangeable anodes.'.

Experimental’set—ups

A L] ’

Alr - a statlon con51st1ng of a three part

X-ray tube and assoc1ated vacuum system,'and

. a. table which w1ll accommodate one of our

. spectrometers.

Vacuum - a similar station inside of a large

vacuum system so that the spectrometer'cah be B
evacuated and the X-ray tube.Window removedufor

-investigations involving low-energy X-rays.

A 0-60 keV 0-10 mA power supply and a filament

supply with a current regulator which providee.-

a highly stable X-ray tube current.

Analog data acquisition'circuitry'e two independent

data channels each consisting of a charge-sensitive

preamplifier, an amplifier, single-channel analyzer;

and a digital ratemeter or a scaler and a timer.

{"
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V.'i.Experlment Control - a mini- éomputer (NOVA) is 1n confrbl_
| of all. operatlons of a glven experlment whlch 1nclude.
.A. Data 1nput | |
B. Scanning operatlons
C. Data output
i;. ‘Hard copy
2;.  Magnetic tapej
3;‘. Specﬁrum plofs
D. Data redﬁction -

2. Electronics'Software

Basic software consists of a superv1sor progrémIWhich‘
controls- any or all of the subordlnate functlons 51mu1taneously.
Each subordinate function can request the superv1sor to type
out messages and/or take data from the teletype and/or notlfyf-

the subordinate function at specific time intervals.
The following subordinate functions exist presently:

a) Spectrometer Control: This routine can count
detectbr output pulses at_rates'of up to 8KHz ahd store the

data in a specified area.

b) Stepping Motor Control: This routine willvcontrélt
changes in crYstal angle and detector éngie'by acfivating'
stepping motors at specified intervals through specified
angles. Both interval and éngle of transit are commuﬁicated
.by teletypé. The crystal angle and detector position can
also be cbntrolled by a set of switches‘néar the spectrometer'

which are connected up as an input device to the compﬁter.



) Strip Chart Control Allows graphlng of data from
spectrometer or any other source. Proper scallng of data mayﬁ'

"be spec1f1ed by teletype or done automatlcally.

‘ d) X-Y Dlsplay Control Allows dlsplay of all or any
,;part of data on CRT X-Y dlsplay. Scallng of data on the

screen may be done dynamlcally with sw1tches on the computer.

e) Data Input Routines: Punches out data onto paper‘
.tape for later analysis or convolutlon with other data, and
.reads in data from prev1ous runs,‘or data taken elsewhere,
Aand then transfers control to. one of the data analys1s and>

-

fitting programs.

3. ‘Electronlcs Systems

We have automated the:control and data processingbof thed
x—ray spectrometer. This is accomplishéd through(the use of .
a Nova computer and a library'of computer programs that have
‘been written for this'system. Through-the use of this type
of COntrol_and data.handling;.a high degree'offflexibility
is obtained;' | o

The mechanical motions ofvthefspectroﬁeter are under
coﬁputer control. By appropriately stepping‘the threeustepping
motors, the computer can slew the tangentparm until the‘Bragg
" angle is reached, and then scan‘the detector'in the x and z‘
directions unitl it is correctly aligned;. The computer can:
then scan the crystal through a range of Bragg angles and

take data obtalned from two proportlonal counters, one of Wthh
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detects the radlatlon reflected from the crystal, and the
other Whlch monltors the X-ray flux 1nc1dent on the crystal.,
' The X-ray spectra obtalned through such scans ‘can be dis--

‘played on a large dlsplay screen or recorded on a dual pen:

- strlp chart recorder. Informatlon relevant +o the operatlng

condltlons of the spectrometer system; suChnas range'of‘Bragg
‘angles to be scanned ‘and 1ntegrat10n tlme per resolution
element,‘are requested by the computer. through a teletype,b
and during allgnment the operator can control the p051t10n1ngh
rof the 1nstrument through a set of sw1tches placed near the'
spectrometer and connected to the computer. Addltlonal |

_ interfaces are now: being bullt to allow a second spectrometer
to be independently controlled; and for more’ 1nput/output

devices to'be operated by_the.computer.

4. Channeltron Test Setup

In order to measure the X-ray detection‘efficiency of
channeltrons and spiraltrons and to 1nvestigate other.properties
such as electron gain as a function of voltage, we have put
together a channeltron test statlon. It con51sts of a channel—l'
vtron or operaltron mounted in the beam of the X-ray tube
1n51de of the large vacuum tank A thin_w;ndow flow pro- .
portional counter next to the channeltron is(used.to deter-
mine the incident X-ray flux. There is a complete set of.
detectlon electronlcs "and a gas flow system for the pro-v
portional counter, and another set, 1nclud1ng a:specially

designed preamplifier-thatvwe built for the channeltron,
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measures the total change in each.pulse out of the channeltfoh::
‘For low energles the window on the X-ray tube can be removed
and for very low energles, both the channeltron and monltor |
flow proportlonal counter can be placed after a Bragg crystalv

whlch serves as an X-ray monochrometer.

Part II Related Instrumentation and.InVestigations
‘1. Related facilities developed in conjunction with other-

programs or ongoing research projects.

I. _Spectrometers

A, Two- Crystal (h1gh resolutlon)

B. Curved crystal or single crystal
- C. ,ﬁon—dispersiVe
1. . LN, cooled Si (Li) high resolﬁtiohvdetector‘;
2. Sealed window proportional counters
»35 Replaceable window, flowtpropoftional

counters 0.25-1.0 KeV -
II. .CryStals - A complete range of crystals'from.OHM'92d=64R).
to quartz (2d=4.937) ' ' '

We have the:following crYstals'undéfgoing,testing and

eValuatiOn (flat crystals 1 x 1 x 1/8):

1)  EDDT
2) - ADP
3) PET

4) KAP



5)  RAP
'6)  SHA

In'addition, we have on hand:

1) - Calcium Fluoride.
2) Caicite- | flat ‘ |
- 3) -Quaﬁtz‘ ‘ flef_elso tﬁin (for'benaihg)
L a) gilicon - = flat and asymmetrically cﬁt‘fer,CrKBu‘
5);‘ Tépei _ ‘ y. ‘thin | o | o
6) Mica :. thin
7)' 'KAP‘> o | _ethln
8)  OHM | bent

ITI. Experlmental Setup-
A. Low Energy Multl Purpose X—ray System - a large, clean

-8 torr) vacuum system w1th »

high vacuum (few x 10
a'windowless, repiéceable anode X—ray tube,
capable of accommodating the twofcrystal.spectfo—:

»Vmetef, the curved crystal specfrOmeter, the

channeltren test'setup, and the.si(Li)-detectOr,,
The wvacuum systemsmay be used wi£h'an extensioh
which places the X-ray tube 15 feef from the main.
porfion of the vacuum system, in order to obtaih‘a
very nearly parallel beamsef’Xérays. |

B. Broad focus, high power (severel'kiiowatt)‘x4ray

tube which may be usedewithyanyygf our X-ray systems.
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- . C. A number of high voltage supplled (0- 800 v,
0-200 ma; O—k_kV, 0- 500 mA, 0-15 kV, 0 -4 mA,
0-32 KV, 0-1.5 mA; 0-50 KV, 0-10 ma; 0-25 kV,
~ 0-500 mA) which can.be_uSed With any of our highf -
voltage supplies. .
‘D. ‘A complete detectionjsyStem for use with channel-'
.trons, proportlonal counters, and.the Si(Li) detector.
E. A Nova 1200 computer system used for data analys1s
and experiment control,.lncludlng a computer-based '

multi-channel analyzer system.

2. Crystal Testlng Program

We are engaged in determining reflectlon propertles of
:Fa number of crystals which show promise for use on satelllte—"
'based spectrometer systems. With the use of the two-crystal
spectrometer,‘we have determined the rocklng curve w1dths and
shapes, andmpeak reflectivities, of EDDT, and two forms of |
.PET, and'are_presently measuring the properties of KAP and

RAP.

3. X-Rays from Heavy Ion Collisions

The present X-ray research facilities have been acquired
with NASA ‘support and have been dlrected towards hardware f:
-development for varlous m1551on-or1ented programs. In the
course of these programs, a program to study the . X—rays from

heavy ion impact phenomena was begun 1n1t1a11y using the
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'tandem van de Graaf at High Voltage Englneerlng and presently -

the dual tandem van de Graaf at Brookhaven. A brlef outllne P

of our early results follows.

In stellar processes, h1gh temperatures produce ‘highly
'energetlc atom1C'colllslons. Multlple electronic exc1tatlon
E and strlpplng occurs whlch 1nd1ces a re-arrangement of the
"yelectronlc conflguratlon and energy levels. Inner shell.
vacan01es caused by these 00111810nS will be fllled by
electron tran51tlons. The resultlng X—ray spectra from these
tmultlply 1onlzed atoms will differ both in characterlstlc
energles and relatlve 1ntens1t1es from the spectra generated
by.conventlonal laboratory apparatuses. In‘our experlments,
hlgh—energy atomlc collisions were produced and the resultlng
x-ray spectra were studled.‘ Very highly 1onlzed and ex1sted
states are produced in these: 1nteractlons.' The study Of
-these states w1ll give us a much better understandlng of the
type of spectra that will be observed from X-ray sources, andr
the energy reglons that should-be. 1nvest1gated.; In order
' to be able to do high-resolution studies of the spectra of
cosmic X~ray sources, a detailed observational.prdgram'must
be produced‘in advance. Because of the very'limited.energy
band that the.spectrometer can accept'at any.one setting,
it is necessary to know the exact energiesrand approrinate;
intenSities of the X-ray lines to be obseryed.; These
‘studies Will‘serve to provide much of thisiinformation,'and
also to provide models on the basis of which satellite results

can be‘analyzed.
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The data that we have were obtalned by u51ng a s1ngle Stage
or two stage tandem van de Graaf to produce beams of Cl, Br,y
‘and I at energies between 10 “and 150 meV. The ion beam was
1nc1dent on thin and thick foils of a large»number of different;
.materlals. The spectra were obtained with a Si(Li). SOlld |
state detector and, for most of our data, computer-based
-multl channel analyzer system. The beam 1ons 1n1t1a11y have B
a charge between +9 and +l3, further strlpped in pa551ng
Athrough the foil, and in the 1nteractlons whlch produce X-rays,,t
both the beam 1on and target atom are even more hlghly strlpped y

usually leaving only a few electrons.

We have just begun detalled ana1y31s of the data, but

'many interesting results have already been obtalned Those
"rof great astrophysical interest 1nclude line energy shlfts

_ frequently of several hundred electron volts, and 'in a number
of cases, over one keV, significantly broadened llnes, 1nd1-
cating unresolved lines from many ex01ted_states contrlbutlng
ito the spectra; 1arge'differences.in relativéfproduction of
a number of L and M llnes as the 1nteractlon energy is
changed, and electron capture from the contlnuum, leading :
' to energies greatly different from the usual X-ray line
energies.z In order to study some of these effects'in'more
detall, and to obtain data similar to that from the orbltlng
spectrometer, we have built a small hlgh resolutlon curved
. crystal spectrometer and a vacuum system Wthh can be taken
to the van de Graaf at Brookhaven. We plan to use the |

,spectrometer to do high-resolution studles of a number of
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" lines from highly stripped*to'excited‘states;‘

4. X—Raysvfrom a Hot-Thin Plasma

We are engaged in settlng up an experlment to measure

161ons/cm ).

X—raYS produced in a'hot (5 x 10 °K), thin (10 4 10

plasma to be produced in the Alcator device at the Natlonal

Magnet Laboratory at MIT. These temperature and den51ty para-
. meters correspond nlcely with models of many X-ray sources.

We will 1nvest1gate the X-ray spectra and productlon cross—

sectlons with our Sl(Ll) detettor and the hlgh-resolutlon curved '

crystal spectrometer.
 Part III. Curved Crystal Spectrometer

1. ‘General Properties of_afcurved Crystalsépectrometer_
All X-ray crystal spectrometers are based on the fact
that crystals efficiently reflect X-rays only if the Bragg
‘angle and the wavelength approx1mately satlsfy the Bragg
Condltlon nix = 2d sin O where d is the crystal lattlce
spac1ng, O is the Bragg Angle for the nth order reflect1on and
A is the wavelength. Figure 1 1llustrates-the geometrlcal
arrangement of the curved crystal spectrometer(l). Thebpoint'-
source and the center of the crystal_are'located‘on the |
Rowland circle of radius R/2, and thevnormal to the crystal .
at.its center is a diameter of thevRowland circle.. Each ray -
r from the point source is defined by the angles of its_hor—‘
izontal divergence, o, and vertical dlvergence ® from the ray

that strikes the center of the crystal; ‘The ray rb(afé);



o - | ' / Elqrje"’_of Fnlm -
Cylindrically Cooor Detector =
~~ Crystal

Crystal
| Focus -

. Circle N

\P_o"in't Spurc;é of_.X-‘_vroys"i.ﬂ'v S

Pigure 1. A schematic diagram of the ¥-ray spectrometer
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_ ;strlkes the crystal at a Bragg angle that dlffers sllghtly»'h

"-from that of the central ray by an amount A, whlch depends

on the partlcular conflguratlon of the bent crystal. .Three"
crystal configurations are of spec1a1 1nterest, v1z. chin;
drically bent to radius R (Johann) ; spherlcally bent to radlus
R; and cylindrically bent to radius R and then cyllndrlcally
ground to radlus R/2 (Johannson) For these three conflguratlons;f

' onehcan show'that the dev1atlon is glven by the relatlons

sin (05 + A) = sin (05 + 8) cos & - _(.Johann)--(_Eq';‘ _-_1)
cos,(@B'+ §) = cos 'Oy cos a

- cos (g *+ A) = cos O cos:d' o (spherical) (Eq. 2)

. sin (GB + A). = sin 65 cos ¢ ' o (Johansson) (Eq.iB)n'

Since o and ¢ are in general small,

cot O = 35— “tan O - (Jehann) (Eqg. 4)
A2 %—-’ c’ot-e)B ' N o "(Spﬁerical) (Eq. 5)

AT %; tan © | ' , '_(thannson)’(Eq. 6)
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Note that ‘with spherical“or Johannson. optics, one. ofrthe

:aberrations is eliminated so that the contours of equal Bragg ﬁﬂf'

E angle dev1ation on the crystal -are approx1mately straight
,lines. | |

In the case of a high;resoiution crystal, the focusing
ldefect‘caused_by the'angular spread of thecradiationzcoﬁing
from the telescope focus“causes a significant degradation
: of resolution at the conventional focus on the Rowland c1rclerf"
If, however, the detector is between the crystal and the con-
ventional focus as shown,in Figure 1, then each'point in | |
.the'detector planeireceives reflected radiation from a unique
spot on the crystal corresponding to a unique value of (2@)
and therefore to a’ unique value of A given by one of’ the Equa—
tions 1-3. Figure 2 shows the effects of focu51ng on the dis—
per51on at the detector plane as the film is moved succe551vely
further from the crystal It is ev1dent that the spectrum can
.be measured by integrating the intensity in the detector‘plane
along'lines corresponding to contours of‘equai A on the crystal.
A two-dimensional detector array is required for‘Johann optics,
‘but only one-dimensional arrays are required for Johansson and
spherical optics. For Johansson optics, it is possible to
place thevdetector at the crystal f0cus. 'If the detector is
at the focus w1th Johann or spherical OpthS, different wave-
lengths reflected from portions of the crystal with different
values of the horizontal dlvergence focus to the same p01nt on
the Rowland circle, thereby degrading the resolution. For

long wavelengths, however,hcrystal resolutions become poorer



Figuré'zl' X—ray pictures of the Cr Ka, oy doublet in fifth .
order after reflection from a cylindrically bent mica crystal
with a radius of 13.5". The distance between the crystal

center and the film is, from left to right, 3.75", 4.75"%,
'5.,75", 6.75", 7.75", 8.75", and 9.,75". L
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“than the degraded 1nstrumental resolution, and it becomes

‘practical to use a ‘smaller detector by plac1ng it at the focus.\

v_'The geometry for focu31ng OpthS is- shown 1n Figure 3.

A ray tracing program was developed in order to demonstrate
the properties of the 1nstrument. To date, Johann and spherical
' pthS have been studied for cases of solid and hollow cones |
of radiation. The hollow cone is typical of the distribution

to be expected from the X-ray telescope.

Figures 4 and 5 show the distributions of reflected'inten—
51ty at the focus at two different Bragg angles. In Figures 4
and 5, the crystal is set exactly to the Bragg angle Whlch .
corresponds to the centroid of the incident wavelength distri-
bution. In Figures 3b and 4b, the Bragg angleuiS'shifted by
a small 1ncrement and the bulk of the focused distribution is
shifted toward the top and bottom. Wlth thlS settlng, a hollow -
cone distribution can be used efficiently and modest resolution
can be maintained. Similar effects are illustrated for'thedcase
of an intermediate detector: p051tion in Fmgures 6 and T.. In these
distributions,'a hypothetical Kal, Ka2 doublet is assumed and |
several different central Bragg angles are- chosen. Solid and
hollow beams are contrasted. It is clear'that if a suitable .
offset Bragg angle is chosen, the hollow beam geometry

" presents no problem.. These cases are summarized in Table 1.

Some of these effects have been tested in the laboratory
with Cu K radiation reflected in 8th order from a cylindrically:

bent mica crystal. Figure 8 shows the. effect on the focused
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Figure 7.
CrK a; oo

several crystal settings.

. 1: .
-1.00 .a

Computer 51mulat10ns of the reflection pattern of
radiation from a cylincridally bent crystal at '
The Bragg angle is 67°,

the cryStal

'is 10 inches from the source, the detector plane is 3 inches

from the crystal,

and a 10° cone of 1nc1dent radlatlon 1s used'



. Table 1.

Summary of Ray Tracing Parameters

8B A - b 8By A 6B, ~Cone  Optics - Figuré : J':

1
 degre¢' ~ Min.  Min. | |
s0° ~ 0.0' --—- solid Johamn  3a
| - “6.7"  -—- "_';' - 3
70° N L 4a
: | -9.2 —_—
380 CuKa, . 6.0 0.5 Solid  Johann  sa -
| 0.0  -5.5 | ', :- . sb
-8.0 '_-13.5]>> o l"'f'. - sc
6.0 0.5 Hollow 5d
6o -is s
- -12.0 ~17.5 7*f>f o 5f“"
67° cfxaliz 12,0 'v:o}9‘ ‘solid ‘:_» 6a
8.0 -3.1 e
0.0  -11.1 - :Lv - " 6C
~4.0  -15.1 Hollow = 6d
8.0 -3.1 O Ge
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Figure 8. X-ray pictures of the focused reflection pattern
of CrK aj 02 radiation from a cylindrically bent crystal with
a radius of 13.5 inches. 1In each succeeding picture the
central Bragg angle is decreased by 10'.’ "




Figure 9. X-ray pictures of the CuK a3 a2 doublet in 8th
order after Bragg reflection from a cylindrically bent mica
crystal with a radius of 10 inches. The film was placed

3 inches from the crystal and the difference between the
Bragg angle and the crystal angle is a) 11'; b) 6'; ¢) 0';
d) -8'. ‘ 3 S
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image of changing the central Bragg angle while Figure 9

"shows the'intermediate detector case.

Since'the'Bragg angle varies over the crystal, the
fraction of the total incident intensity in a given spectral
line which is reflected is always iessjthan the peak reflectivity
tnet wouldvbe obtained if.A = 0. Furthermore, if the'crystal
"width'is on the order of or narrower than the iine width, oniy :
a part of the iine is reflected even-if.allvpositicns of
the crystel are at the Bragg.angle. If we,aSSume»a crYstal'
with a 100% peak reflect1v1ty, then the eff1c1ency factor F
is the ratio of the number of reflected X-rays to the number
of incidentfx—rays. For a glven cone of 1nc1dent radlatlon,_
F is a function of the central Bragg angle OB,.and depends on
the type of cptics used and on the width of the crystal |
"rocklng curve and the line w1dth For a general crystal
the total efficiency is the product of F and the peak reflectl—

" vity of the crystal.

The valueé of F for line widths (E/AE) and_cryétal
resolutions:cf 1500 and 3000, and Bragg anglee of between
10° and 80° have been calculated and are shown in Figures
10 and 1l1.  These figures‘also give the totai effective
‘area of the telescope-spectrometer combineticn. In Figure
11, the telescope efficiency is also included. The values
of the efficiency given in Figures 10 and_ll_uere calculeted
assuming that the crystal angle was set at ‘the optimal

position for the incident radiation.
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Asbcan be seen'in Figures 6, 7 and 9, if the center ef‘the_v
crystal is'set‘to'the Braggsanéle, only a small portiqn of,theh“
crystal reflects the line radiation; only if the Central_ |
.angleiis offset from the Bragg angle-cauSing.the reflectlon
pattern to nove to the top or sides is a signifieant'portion

of the incident ring of radiation reflected.”’FigureSAlZ_andh'
13 give the FWHM of the reflection pattern ef“the crystal as;h
.a whole*as the central anéle'is ehanged, This value‘is:a'
measure of how‘accurately the central angle haS’tb.be set
_relatlve to the optimal angle in order to stlll reflect a j-.

portion of the line belng 1nvest1gated

2. Application'to the PreSent~EXperiment

For practical.reasons associated with:crystal propertiesh:
and detector requirements, we shall:divide thevwavelength
range of 1nterest into three broad bands A<4A,_4£<A€15£,
and A>15A. ' “

(2) (3 4 5) -

From the results of Tucher and others ’ there
are dlstlnct special features to be observed in each of these
wavelength reglons.. Tables 2, 3 and 4 and Figures 14 15 16(6)
and 17(7) describe a number of crystals‘and their reflection -
propertles'throughout the wavelength reglon of interest. |
The results of Table 3 have been obtained in our laborator?
with a tw0ecrystal spectrometer. The twofcrystal rocklng

" curves obtained in our lah.for the cleaved and the etched
and treated PET are shown in Figures 18 and 19. Figure 20‘8)

shows_the properties of a Kanigen coated:telescope



. Table 2.

.Ihtegrated reflectivities, peak reflectivities,
and rocking curve widths for various crystals

at Cu kK (1.5 /)1~

Rocking Cufve ;
Full Width at
Half Maximum

.Crystal»' (Piane)_' 24 (&)_ »Ordér ~ Surface - R R

sio
LiF
ur
- LiF
LiF
LiF
LiF
~:Lir

" PET

 EDDT
EDDT

SHA

(2023)
_kzooi
(200)
(200)
(200)

(200)

(200)
(220)

, >£001)t.

- (010)
. (010)

(110)

2.744

4.026

18.742

.8.808

13.98

e

etched‘
cleaved.
etched
pblished

ground

-abraded

abraded

vground
-~ .cleaved
~polished. -

polished

gfbund

‘as grown

2x10°

6x10 -

x.0x10"

8.8x10"

8.8x10"

" 3.8x10°

4

1.4x10"

 l.1xl0”

1.2x10”
8.6x10"

1.0x10"

5

5

5

4

4

4.4x10”4

4

4

5

4

»4_

- 50%

7.5%
7.5%

23%

25%

20%

27%

6%

27%

31.5%

32%

© 3.2
185
‘185
100
150
1506
300
330

40
29

45



" Table 2 (continued) |-

Crystal ‘plane) .24 (8) Order ~ Surface ' RC-‘ R " Rocking Curve
- » ‘P . “Full Width at
: - Half Maximum
RAP o1y  26.12 . 5 cleaved  8x107° a3
KAP  (001) 26.63 1 cleaved s.1x1070 - 10

lrrom I.W. Ruderman and B. Michelman, President Status of X-ray Analyzer Crystals,
Isomet Corp. report, unless otherwise noted. . -

'20. Adell, G. Brogren, and L.E. Haeggblom,'Ark. F. FySik‘L,'197 (1954) .

3F'.W. LYtle and R.G. Bingham,'Some pDiffraction  Techniques for X-ray Astronomy,
'Boeing Scientific Research Laboratories Document D1-82-0875. o - '



 Table 3.

.Relative peak refiectiﬁitiee.ana-crystal resolntions for various.cfystais:
0.1 20 @) 13.38 | .’j.; 23,68 44.63
Collimation o ' ' ' ' _ o
f-CtYstal o t,";e-  . hIZ F_.Ax3' o 1 ' AX | : Ie". AX
kAP 'Azs;é’_ vhv 240v .  j .97', th a2 ,35;
omM | '63.5'- ! ‘ 24; : v.3$ ,h 65 | "_.8§ - 44§ o ;1;2
th*Laurate | . 3‘7Q,="~t)‘ .810»_1 :'V;AO'- h»h,iOOQ- ,n ;49 h l350. ;'-;1;6
| .'P:'b’-'Myristate . | 79
! Ph;Stearate" 100 ,1006e17,’.vf46t ’ t;éob s _iohd | 1;7

1BHenke and R. Lent, Some Recent Work in Low Energy X-Ray and Electron Ana1y51s,'
"Advances in X—Ray Analy51s . Vol. 12, PP 480-495,

2Relatlve to- Pb—Stearate

3Calculated'from AN = d coseA(Ze), where A(ZG) is the full width at half maximum of

the rocklng curve of the crystal, '1nclud1ng the .19 colllmatlon.



TABLE 4
A. Measured Properties - TwoéCrystal»Spectrometer-

R A FWHM.
Crystal © . order (&) ~ 'min . [I/I_]

o max‘

EDDT . (1, -1)  6.07. 0.8 = 0.13
PET |
2 cleaved (1, -1)  6.07° . 1.2 - . 0.40
1 cleaved .- . 2.55 0.30
1 treated ' '
Vjéltreéted P Sl ':3.90a 0. 21
KAP . (2, -2) . 8.34 0.6 - _0.36'Jt
.B.  Derived Singlé—CrYStél~Propérfiesb |

A AE Rc?

Crystal Order (a) = ev. [I/I ] radians

o max

PET

cleaved 1 6.07 0.37 0.80 - .1.08

treated o . 1.2 0.41 °  1.89

KAP® 2 -~ 8.34 0.17 0.007  0.67

a) - Inferréd

b). Lorentzian line shape assumed

X
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CEDDT 1. 6.07 0.25 0.22  0.42.x 107*

‘radians

1 0.69 x
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8.68 x
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mirror. These data yield several important conclusions.

The efficiency of the teleécope falls rapidly for wavelengths-
below about 4 i and is also low in the region near'the_Ni L
edges. The highest practical crystal resolution and reflec-
‘tivitities are attained at short wavelengths, and both Cf'these

parameters decrease with increased wavelength.

A further consideratioﬁ is the finite épread of the image
of the X-ray telescope which for a point'object is described
by. a function of -the form e-arz/r. This distribution is
largely.due to scattering from irregulaxities in the mirror
surface and partialiy deétroys the uniguevaSSignment 3
of a waveléngth to an (o, ¢) pair. 1In Qrder.to offsef
as much as possible the adverse effects of a finite source
dustributibn, it is desirable to make phe diameter of the
focal circle diameter at leést 24 inches. Since the telescope
focal length is 240 inches, deviations from specular refledtiop
are amplified by a factor of 10 in the plane of dispersion, ana-l

it is therefore desirable to minimize the scatter in the beam

which is reflected from the telescope.

Source elongation in the horizontal airection (plane of
dispersion) directly broadens the.épread in the incident Bragg
'angle and hence feduces the resolution fof a detector placed
any point between the crysfal and the fo¢us. However, source
elongation in the vertical direction affééts'the resolution
only slightly. By choosing a suitable central Bragg angle,
the reflection pattern can be positiohed at the top and bottom

‘of the crystal and a modest resolution can still be retained.
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This'requires though, that the spacecraft be pointed on the
source ﬁo within about 1/2" arqmih. Extended sources (greater.
" than a few arc sec in size) pose a problem for the spectro?
meter since X-rays of the same wavelength caﬁ stfike

the éame portion of the qrystél at different angles.

In order to obtain highbresolution, a vertical slit must be
used.to limit thé'portion of the source viewed to about a

few arc sec by 1 arc min. Because of spacecraft jitter,
however, the slit must be moved about to follow thé motion

of the image. This must be done on board in real time.

Below about 8-10 R highly resolving crystals (reSolutions
greater than 3000) are‘available and proportional counters are.
very efficient (at 8 g a 1 mil Be window has a transmissioh
of 45%). For longer wavelengths, crystal resolutions become
much poorer (see Figure 16 and Tables 2 and 3), and extreﬁely
thin wondows are required to obtain good proportional countef
éfficiencies. To obtain high efficiency and high detector spaﬁial
resolution, an imaging proportional counter with wire spacings
of .050" will be placed near the crystal approximately 1/3 of
the way from the crystal reflection pattern.v It will have a
spatial resolution of about .050", so thét'the detector
résolution will be around 6000. A higher signal to noise
" ratio cah be obtained by positioning the‘detector at the
.crystal focus, resulting in a poorer reéolution (approxi-

mately 3000).

For the longer wavelength range, such a high resolution
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is}not necessary, and it becomes possible to uée a small

linear array of detectors at the focus in ofder to obtain the
‘highest sensitivity. The highest detection effiéiency in the
10 - 70 A range will be obtained by using an array of preampli-

(8, 9) with a hlgh-

fied splraltron electron multlpller tubes
eff1c1ency photocathode materlal such as CsI dep051ted on the
inner surface of the collecting cones. We have tested the |
efficiency ofba base Mullard channeltron 'in our lab, and
obtain efficiencies of 1.5% at 6'3 and 1.9% at 14 R, so that
it is necessary to use a photocathode material to ihcrease
this efficiency. This means thét no visible ligﬁt or UV
_must be allowed to enter the detéction'éystem. A photograph
of a typical preamplified spiraltron ié giveh in Eigure 27.
For this instrument the cones will havé a collecting area of
.15" x .20", and there will be two linear arrays of spiraltrons'
side by side to encompass the wandering of'the_focus due to
spacecraft'jitter. This detector array is shown in Figure 28.
The .20" spatial resolﬁtion‘of the spiraltron array cOrfesponds
to a detector resolution of between 3000 (if the convolution

of the line width and crystal width is 3060‘orv§réater) and
11500 (if the convolution is less than 1006); Because the
incident Xfrays wiil make an angle of 10° with the photo-
cathode surface, the detection efficiency,With‘CsI will vary
from 40 to 80% in‘the 8 - 70 ; range. Gréphs of measured
photocathbde efficienciés as a function Wavelength and inci-

dence angle are shown in Figures 21 - 23.‘9’10'11)

Both of these detector systems will have low background
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rates and therefore high sensitivity. The imaginé proportional
counter will have a backgroundicount 6f about .01 count/cm? sec

and each spiraltron will have a dark noise of less than .005/sec(12).
Because of the nature of the reflection'pattefn, only a small
fraction of the detector will be illuminated by the Bragg

reflected radiation at a given setting of the instrument.

Thus a total detector background of about .05 count/sec should

be attained.

We are considering four crystals to cover the three wave-
length regions discussed aboved. Either EDDT.or PET in combination
with the imaging proportional counter will cover the éhort wéve—
length part of the 4-12 g range while SHA will be used for the |
1ong_wavelength part if problems related to its ektreme fragility
can be overcome. RAP in combination with the spiraltron array
will be used for 12-25 i and either OHM, lead laurate or lead
myristate for 25-70 i. All of these crystals are vacuum and
radiation stable so that their performance will not degradé
while in orbit. Both' lead myristate and lead laurate have been

tested in a vacuum at 40°C for 40 days(l3).

The actual choice of crystals will depend greatly on
laboratory tests. The crystal choice is_complicated by the
fact that there are few crystals that can bé bent cylindri-
cally to the accuracy needed for the spectrometer. Quartz,
mica, and KAP are the only crystals usually used for high-
resolution cruved crystal spectrometers. Both Johansson and
sphericél préblems preseht much more formidable problems.

It is very difficult to bend crystals épherically without

breaking them or severly distorting the surface. We have
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done a little work on attempfing-to bend mica ahd KAP spheri-
cally, but with little success. There are techniques forvv
bending NaCl and LiF_spherically, but not td the acéuracy:
~neéded, and these processes degrade the alreédy péor resolu-
tions of. these crystals. These crystals'alsb have too small a-
2d spacing for use with the telescope. <Quartz can be bent’
spherically, but énly to long radii (~40"), and only the

central portion of the bent crystal is in general used. Quartz
also has too short a 2d spacing. Johansson optics also presehts
great problems because the crystals must be almost 1/8“ thick in
order to accommodate the grinding. It.appea:s that the Only
crystals that can be bent without craéking wﬁen that thick are
LiF and NaCl, and even these crystals{develop internal faults.
We obtained 2" square Johansson ground LiF, EDDT and KAP
crystals and 1" square cylindrically bent OHM from Isomet on

a best effort basis. X-ray pictures of the réflection pattern
of these crystals are given in FiguresA24 and 25. The EDDT

and KAP developed visible cracks, and‘the LiF‘cryStal is

not good enough for high resolution stﬁdies. Further study

must be made into these problems.

We now estimate the minimum detectable integrated signal
strength. We assume a background limited case, a telescope .

with a geometrical area of 1100 cm2

and én observation time
of 1000 sec. Then in order to be detectable a signal at a
given wavelength must be greater than three standard devia- -

tions or
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where b is the background counting rate, t is the observation
time, A is the geometrical telescope collecting area, E is

the telescope efficiency, F is the previously defined effi-
cinecy factor, a is the are of the portion of the detector
which detects the reflected line radiaﬁion, RP is the peak
reflectivity and n is the detector efficiency. With all
factors considered, Imih turns out to be approximately 1l to

3 x 10”3 em~ 2 sec”! throughout the wavelength region. These

. intensities correspond to 1/500 of the line sfrengths pre-
dicted for Sco X—l(z). Higher sensitivities'could be attained

if spherical or Johansson optics could be uséd, although this

seems unlikely at the moment.

To estimate the minimum detectable absorption edge dis-
continuity for a given source strnegth, we again assume a
signal limited condition. The minimum detectable fractional

change in counting rate at the edge is then given by

3/2
I VA E RCF(E) cot OBt

and the minimum detectable columnar density of interstellar

matter is given by

N = AI/I
H (0l -02)

where RC is the single crystal coefficient of reflection, F(E)

is the inqident flux in keV/cm2 sec keV and 041 and o, are the

total linear absorption coefficients on either side of the
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absorption edge and are determined from specific models

of the interstellar medium.(l4’15)

If Sco X-1 is taken as the source, and an observing time

of 1000 sec is used on either side of the edge, then the following

are the minimum detectable AI/I

Edge (Ai/I)min " Crystal
Carbon K .05 Pb Myristate
Oxygen K .03 : KAP
Neon K .10 KAP’
Silicon .10 | | ~° PET

3. Plane Crystal Spectrométer for the Iron

The element iron is of special interest in astrophysics.
Unfortunately, however, the K lines of the irbn ions have
wavelengths shorter than the effective wavelength cutoffs of
either telescope. Therefore, a separate instrument employing
direct Bragg reflection from a plane crystal must be used to
search for these potentially inportant lines and to measure

their characteristics.

A plane crystal spectrometer would consist of a narrow
honeycomb‘collimator, a slab of Bragg reflecting crystals and
a low bacﬁground propéftibnal counter. Tﬁe collimator will be
an aluminum honeycomb with é 1/2° FWHM field of view and with

its axis coaligned with that of the telescopes to within *,05°,
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The slab of crystals will be mounted so thatAthe incident

angle can be scanned over a range of Several.degrees. X-rays

- transmitted by the collimator Will.be reflected by the crystals
into the proportional counter which will have a 2 mil beryllium
window and an internal ahti—coincidence jacket. Pulse height
and risetime discrimination will be employed to reduce further

the background rate.

Two modules will be mounted on one side of the optical
bench so as to utilize effectively the two ttiangular apertures
between the heat shield and the telescope objectives. Each
of these apertures has a usefui area ofiapproximately 350 cmz,
which we shall take as the effective projected area of the
crystals in the subsequent estimate of the'performance of the
system. One module will employ Li F crystels to achieve high
sensitivity for the detection of emission lines at the expense
of resolution. The other will employ_quartz crystals to
achieve high resolution for the purpose of detecting Doppler

broadening or shifts at the expense of sensitivity.

We now estimate the sensitivity of the instrument. We
assume thet in searching for a line the Bragg angle will be
set alternately on and just off the value'expected for the
line, with equal time t being spent on and aff. We call I (E)
the energy spectrum of the continuum (exptessed as kev/cm2
sec kev), I the intensity of radiation in the line, A the
projected area of the crystal, Rp the peak reflectivity, and

Rc the integrated reflectivity. Assuming that the rocking
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curve is broader than the line width, as is probhably the case
with Li F, we find for the minimum detectable (3c) line

intensity the expression

3 /QI(E)RCcotO +2B

in
m R, /AT

We now assume that B, the background rate per unit area of the
proportional counter (using wall-less anticoincidence, rise

time discrimination, and pulse amplitude selection), will be

2 C—l

0.005 cm “ se . For the brighter sources we may assume that

the intensity integrated from 3 to 10 keV is 1.0 keV cm 2 sec 1t
-1 -1 -1 , P
or less so that I(E)~0.2 cm sec A . The quantities R
c

and Rp have the approximate values 10-4 and .25 respectively

for LiF. With these wvalues I(E) cotORc is much less than

B

The noise will therefore be dominated by the counter

background, and the contributions from thevcontinuum and from

the line itself can be neglected. We then have

o
(g o)

’ 3
Inin ¥ R
P

2

Assuming t = lO3 sec and A=300 cm”, we find

I . N 2}:;10-3 cm—2 sec_l
min

3 -1

This corresponds to an energy flux of 5 x 10 ° keV cm 2 sec

3

which is abQut~lO_ of the total energy flux fron Sco X-1.

In the case of the Crab pulsar, we shall select only the

X~-ray counts which occur during the optical pulse and thereby
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suppresses the background relative to the pﬁlsar signal. Since
the pulSar duty cycle is about 25%, the observing time would
thereby be reduced by a factor of 4. This .would redﬁce the
noise.by 2, but leave the signal unaffected. Thus the minimum

detectable signal would be reduced by a factor of about 2 to

I v 1073 om™? sec™?, or about 0.03% of the pulsar average

¢

photon intensity.
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Engineering Descriptions

1. Focal Plane Crystal Spectrometer

The High-Resolution Spectrometer is 75 inches long,
22.50 inches wide, and 37.5 inches high.  These dimensions
would be subject to change; it is not believed this time,

however, that they would need to increase.

Inside this envelope, six different,_igdependent motions
would control the relative positions of the crystals and the
détectors. Each independent‘métion would be performed by a
stepping motor and monitored by.a shaft encodér for verifica-
tion. Thus the carriage holding'crystals and detectors can
move back and forth along the X—ray‘teleséope axis. As shown
on Figure 26, the carriage would ride on rods, positioned
axially by a stepping motor driving Saginaw type ball screw.
The crystals, of which there are four shown, would be posi-
tioned in or out of the optical axis by a rotational indexing
movement; alsp by a stepping motor and usiﬁg a shaft encoder

to accurately determine its position.

Also riding on the crystal carriage is an elongated
arm-slide mechanism which adjusts the detector to crystal
spacing és requiréd.‘ One or the other of the two détectors
may be positioned in the optical path by a 90° rotation of

the assembly.

The crystals, as well as the detectors, may be rotated
on an axis normal to the optical path by additional stepping

motors.
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A wide choice of standard components are available to
make up the proposed assembly. - Saginaw type’screws, stepping
motors and shaft encoders from many vendor sources will easily

fulfill the precision positioning requirements.

The instrument utilizes two different detectors for
different wavelength observations, a spiraltron array is used
for longer wavelengths while an imaging proportional counter

is used for harder radiations.

A spiraltron detector is shown in Figﬁre 27, éhd the
array dimensions are shown in Figure 28. The 32 x 2 linear
array of spiraltrons are arranged electrically organized in
an 8 x 8 array as in Figure 29. Each 8Aspifaltrons in a row
and a column are connected in parallel to an amplifier/dis-
criminator serving that particular row or COiumn as shown in
Figure 30. Each spiraltron is identified with a certain com-
bination cbnsisting of a specific horizontal amplifier and a

specific vertical amplifier.

If the signals are above the threshold, the signals are
allowed to set an associated binary bint in the vertical
column and horizontal row registers. The horizontal address
logic decoder/encoder translates the poéition of the single
bit in the vertical column register into a barallel 3-bit
binary word identifying the horizontai address and stores this
information in a 3-bit buffer. The vertiéal address informa-
tion is processed similarly. The four bit levels of the "OR"

horizontal and vertical address buffers are compared in an
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"OR" gate to determine a "Non-Zero" condition in that address
buffer. The "Non—ZefQ" conditions of each buffer are thén
routed to an "OR" gate which is allowed to freeze a time
encoder. 'The time encoder is sampled and reset to zero at
the rate of 512 samples per second,_the timé encoder can
count up to 31 of the 16,384 pulses in the 2 milli-seconds

between samples.

Every 1/512th of a second (2 milli-seconds), the space-
craft system samples and resets the horizontal and vertical
address buffers and the time encoder. A total event scaler
is used to count the total events which is determined by the
number of signals‘the time encoder receives from the "OR"
gate. Thé ﬁotal event scaler responds»to each signal while
the time encoder stays frozen until its conteﬁts are read

out, at which time it resumes counting until it receives

another event signal.

Imaging Proportional Counter Detector

A multi-anode imaging proportional counter is used as

a detector for the high—resoldtion spectrometer.

The coordinates of each event are ibcated by sensing
the anode wire involved and the division of charge between °
.the low impedance charge sensitive preamplifiers at either
end of the bighiy resistive anode wire. .if QL is the charge
collected at the left end of the anode and Qr is the charge

collected at the right end of the anode, the position (d) of
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the X-ray induced ionization along a wire of length (1) from
the left end is

%)

ad=_R
o * Qg

The sum of QL and QR form the total charge which may‘be pulse
- height analyzed to determine the intensity of the ionization.

The actual electronic block diagram is shown in Figure 31.

Eight amplifiers are connected to every four consecutive
anodes on the left end of the anodes, while on the right end
eight additional amplifiers suffice whereas 64 amplifiers are

required if two amplifiers were used for each anode.

The collecfiVe anode is identified'by.the particular com- -
bination of a "left" amplifier and a "right“ amplifier collecting
the charge for a given X-ray event. For example, if a charge °
is sensed by QLA and QRC of Figure A, the collecting anode
is identified as anode number 3 and decodingvis more easily

visualized as two matrices as shown in Figure 32.

Figure 33 is the complete block diagram for the curved
crystal imaging proportional counter and shows that the outputs
of the 16 threshold discriminators. The outputs of the dis-
criminators are inputs to an anode identification coder which
can be interrogated by either the spacecraft telemetry system
or by an on-board data processor. Additionally, the outputs
of the four "left" amplifiers of a matrix are sumﬁed together
as are the four "right" amplifierloutputs&for that matrix.

The outputs of the summing amplifiers for each matrix are
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 MATRIX A

QRA  QRB QRC  QRD |
'QLA.' l 2 .3  .4
QLB 5 6 7 .‘8 |
QLC 9 0 n 12
QLD 13 14 15 ‘I6
MATRIX B |
QRE  QRF  QRG . QRH
QLE 7 18 19 20
QLF. 21 22 23 24
QLG 25 26 27 28
QLH 29 30  3i 32

Figu;e‘32. Position sensitive proportional counter anode
decoding logic. :
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éimilarly summed on a corresponding "left" and "right" ampli-
fier basis. Therefofe, for a given event there exists a "left"
ahd "right" signal that originates in the charge collected
off each end of the collecting anode. The "left" and "right"
signals are summed to fbrm the total cha;ge signal; The
total charge signal is then subjected to-pulSé shape diséri—
mination apd anti—coincidénce discriminatiqn. An acceptable
event causes the generation of an event marker which in turn
controls the other process involving the "leftf and "right"
signals. The event marker enables the "left" and "right"-
signals to pass through a gate to 128 level analog-to-digital
converters. The outputs of the two coﬁ&erters are stored

in buffers for subsequent readout by\the spécecraft data
processing system. The time of the evént isvélso recorded

in this particular case.



TABLE 5 - FOCAL PLANE SPECTROMETER

Weight Pounds ’
Spectrometer Assemply 278
IPC Electronics 68.5
Crystal Rotation Servo System 18.5
Spiraltron Detector Array 32
TOTAL 397.0
Power Requirement (Watts) :
Highest
Element - Power Config. Peak
Imaging Prop Counter o
Detector - 15 15 15
Spiraltron Array 13.5 - -
Crystal Translation Posi-
tron Servo 6 - -
Crystal Angular Positron
Servo 6 6 -
Detection Translational
Positron Servo - -
Detector Select Servo - -—
TOTAL 21 21
Average Peak
Data Processing Requirements
Channels bits/sample Samples/sec Total
I.P.C.
QL 512 3584
OR 512 3584
A mode ID 1 512 3072

Spiraltron Array (to TM)
1 6

10,240

512 3072



TM Requirements (IPC only)

Channéls Bits/sample Samples/sec  Total
Positron (Anode) 1 6 - 512 3072
Positron (Along '
wire) - 1 ‘512 3072
Charge 1 512 1536
Total Event 1 4 32
Crystal Angle 1 15 1 15
Crystal Translation 1 10 - 1 10
Detector Translation 1 10 | 1 10
Housekeeping _
(Analog) 1 8 1 8
Housekeeping |
(Digital) 1 8 1 8
TOTAL 7763

Command summary. (bits)
24

Pointing Requirements

Accuracy * 1 arc minute

Stability + 1 arc sec/s

ec or equivalent
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2. Flat Crystal Spectrometers

There will be two similar experiments which will be
mounted in a common housing and use idential collimation

systems. The basic items of each system are:

a. Collimator
b. Rotating Crystal
c. Stepping Motor

d. Shaft Encoder
e. Proportionél Counter

£. Electronics

The collimator will be 15 inches lone énd is composed
of 1/8" hex cells. The effective angular collimation is
1° full width. The cell network itself will be supported in
a stiff structural framework and mounted to the optical bench
to preserve its linearity and alignment. The frontal area of

2

each collimator will be 500 cm® in the form of a truncated

triangle about 18" high with a 9.5" base.

The crystal arrays will be mounted on a'rigid plate
having integral bearing posts which have been machined such
that their.center of rotation is in line with the first surface
of the crystal and is at its center of_;neftial balance. This
may be accomplished by balance weights,:since the crystal
assembly will be asymmetric along its longlaxis to match the
geometry of the collimator. The crystal assembly will in all
probability be composed of several small pieces of crystal

which may or may not be of uniform thickness. 1In this case,
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coplanarity of the crystal face may be accomplished by
casting a suitable thickness of low expansidn RTV (.005"-
.010") between the crystai elements and the back plate while
the crystal is being held against an thicélly_flat surface
by a vacuum. In this way the different thicknesses will be

accommodated.

The two types of crystal elements which will:be used are:
Quartz (sioz) which will be oriented at 34°.to the horizontal
plane of the optical bench, and lithium fluoride (LiFl) which

will be oriented at 25.5° to the same plane.

The crystal assembly will be mounted to a mechanical
drive system which will rotate it through a 10° arc by means
of a magnetic detent gear head stepping motor. A 1l4-bit shaft
encoder with an integral speed increaser will monitor its
angular displacement with a resolution of 10 arc sec.

The proportional counter detectors for each crystal will
again be very similar in construction but will vary only
because of the decreased width necessary for>the counter asso-
ciated with the S,0, crystal. In this casé, the counter will
have a 2" wide active area. For the LiF éryStal, the counter
will have a 5" wide active area. The main éounting wires will
run the long dimension and be confined bi‘a system or anti-
coincidence wifes.- The counter will havé'a sealed window
of 2 mil ber?llium. The gas will be a mixture of 90% Argon

and 10% CO, at 1 atmosphere of pressure.

2
The block diagram of the proportional counter and its

electronics is illustrated in Figure 34..
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Each,of.the four anodes is served by a“pre-amplifier
and a threshold discriminator. The four pre-gmplifiers input
to a common summing amplifier which inputs to'a delay circuit
and.a pulse shape discriminator. The pulse shape discriminator
distinguishes between pulsés caused by X-rays, gamma-rays, and
charged particles. The pulse shape discriminator output is
used to permit passage of the delayed X-ray pulse through the
linear gate. An anti-coincidence counter is used to inhibit
the passage of the data pulse through the 1ihear gate. Both
the anti-coincidence pulses and the pulse éhape discriminator

reject pulses are counted and stored for telemetry sampling.

The aéceptable X-ray events are pu;se.height analyzed by,
an 8-level syStem. The event discription, which consists of
3 amplitude and 4 anode identification bits, is then stored
in a buffer until‘it is sampled by thefdaté processing system.
The extra anode identification could beleiiminated,’but the
standard telemetry interface system planped for this experi-

ment has extra bits available in this case.



TABLE 6 — ENGINEERING SUMMARY FLAT CRYSTAL SPECTROMETER

Weight
Detector Assembly 55
Electronics 26
TOTAL 81 (per unit)
Power (per unit) Watts
Element Average Peak
Electronics 5.0 5.0 5.0
L. V. Power Supply Losses 1.5 _1.5 1.5
H. N. Power Supplies 2.0 2.0 2.0
Scanning Servo 6 - 6
8.5 14.5
No. of Bits/ Sample/
TM Requirements , Channels Sample Sec Total
Anticoinc. 1 8 1
PSD Rejects 1 L
PHA 1 1 64
Shaft Position 1 12 1 12
Housekeeping 2 8 1 16
TOTAL 108
Unit
command bits required 21

Pointing Requirements

4+

Accuracy -1 arc minute

Stability

i+

1/4 arc minute/sec



Section II

A New High-Resolution, High Sensitivity

Flat Crystal Spectrometer



Although curved crystal spectroscopy can be very useful
in the lab, a number of difficulties appear when applying
‘this concept, to space applications. These problems, such as
the low efficiency factor, the limited choiée of bendable
cfystals in the wavelength range of interest; the need for
a high spatial resolution multi-channel two~-dimensional
detector, the high pointing and aspect accufacy needed, and
the effects of the telescope image distribution and double
reflection efficiency, as well as the general mechanical and
electrical.complexity of the system, led us to search for a
simpler, more efficient device designed around the explicit
needs of X-ray spectroscopy and compafible_With present space-
craft systems and capabilities. The new device consists of a
simple one-dimensional Baez concentratbf, a flat crystal, and
a proportional counter with several anodes. ‘A diagram of

the geometry of this device is shown in Figures 35 and 36.

The crystal is placed in front of the concentrator focus
so that the Bragg reflected X-rays focus to a line at the
spectrometer focus, although for the highestyéensitivity it
can be positioned at the focus. Because the plane of dis-
persion is normal to the plane of concehﬁration, a ray with
alverticai divergence ¢n differs from thé.Bragg angle setting

OB by an amount A, where

Y 2 '
A= ¢ /2 tan 0Og
\
\\ .
Since ¢n is small, almost the entire crystal contributes to

reflecting a single resolution element df-fadiation.
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In order to compute the sensitivity of this instrument,
we have chosen a modest 30 x 30 cm'concentratdr with a 400 cm
focal length and a total effective géometricél area of 430 cm2.
It was assumed that the plates were Kanigen coated, and the
grazing incidence efficiency of nickel was used. We define
the spectrometer efficiency factor F as the'ratio of the
‘number of Bragg-reflected to incident X-rays assuming a peak
crystal reflectivity of 100%. F is calculated from the expres-
sion fof A and the ratio of the line and chstal resolutions

r. and r. respectively. This efficiency and the total effective

L
area of this device with an EDDT crystal are given in Figure 37.
Two calculations are shown, one with aha the other without the
grazing incidencé efficiency of the nickel coating. Evén

for the case of a highly resolving crygtal and a narrow line
(rCL =r,= 3000) the effective area of the‘spectroﬁeter is
l3O'cm2, as opposed to 100 cm2 for a curVed'cfystal spectro-

meter with a 1 m diameter high resolution telescope (see

Figure 11).

In order to obtain the lowest minimum detectéble signal
the detector will be placed near the focusfulBecause the
.crystal reflects only a small range of Bragé anglés, the
detector need only have a few channels. _The‘symmetry of the
concentration permits corresponding proporﬁional counter wires
on either side of the central axis £o be cohnected in parallel.
Thus a six-wire proportional counter with:tﬁree independent
data channels will provide an equivalent détéctor resolution

of about 7000, which is sufficient even when very highly
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' resol§ing crystals are used. For the highest sensitivity,
and for lower resolving crystals, the propqrtional counter
.can be moved to the focus, where only a single' anode is
needéd, with a corresponding detector resolution'of'about :
3500, If we ‘assume a wire sepafation of l.mm,'these detector
configurations correspond to effective detector areas of 3 cm

2, and minimum sensitivities equal to or better than

and 18 cm
those of the curved crystal spectrometer. Furthermore, this
device still retains some sensitivity in the Fe Ko region,
and because of the one-dimensional cqncentration, it has a

sensitivity at Fe Ko comperable with the flat crystal iron

line detector discussed in Section I, part 3.
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4.0 Further Theoretical and Experimental Studies of Curved

Crystal Spectrbmeters

This section'describeé work carried out during the
lasﬁ phase of the study under fhe diréction:of'Professor
- Clark. The scientific personnel engaged in_theée |
lstudies were: | |

Dr. G.,Clérk. o Proféssor

Dr. C. Canizarés' Staff Scieﬁtist

Mr. D. Bardas - Research ASSistant: -



- 4.1.9

4.1.10
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List of Figures

Coordinates for ray tracing studies: of spectrometer.,

. optics

Distribution of rays on the crystai_face
Distribution of rays at the crystal focus

Distribution of rays on a plane located 5. 4 cm
from the focus toward the crystal '

Distribution of rays on a:zplane’. located 13.6 cm
from the focus toward the crystal '

Variation of the OB_with the vertlcal position
on the crystal face '

Variation of Og with the horizontal position~at.
the spectrometer focus

Varlatlon of 0, with the vertical position on &’
plane 8.16 cm ?rom the crystal toward the focus

Variation of Oy with the horizontal position and
plane 8.16 cm ?rom the crystal toward the focus

Distribution of rays at the crystal focus for 1mages_'
located + 0. 18, 0.0 and 0.18 cm from the nominal
position in the telescope focal plane

Variation of O with vertical p051tlon at the
spectrometer focus for images located 0.18, 0.0
and -0.18 cm from the nominal pos1t10n in the
telescope focal plane :

Optlcal simulation showing the 1mages for off-
axis point sources :

Rowland circle radlus/crystal resolutlon and
detector resolution versus Og

Overall view of breadboard curved crystal spectrometer-
mounted in the 24" vacuum chamber -

Various views of breadboard curved crystal spectrometer__‘
Lead stearate multilayer preparation facility
Reflected intensity versus grazing. angle of

incidence for carbon K X-rays reflected from a
100-layer lead stearate crystal dep051ted on a-

‘flat glass substrate‘



[+ .
Reflection of 44 A from an uncoated flat glass-
substrate ' :

" Reflected intensity versus grazing'angle of inci-

dence for the central ray of Copper L X-rays on:

a spherically bent mica crystal

Channeltron pulse height spectrum
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4.1 Spectrometer Geometrical Optics

. A Monte Carlo ray trac1ng program has been developed y;\
to study the spectrometer geometry. ‘In order to obtaln
realistic results and to allow further sophistication for
comprehensive resolution studies, the_true LOXT hlgh resolutiOnif
.telescope parameters,were incorporated into'the program.; |
Thus the image in the focal plane was taken ‘to have a nominal"
blur 01rc1e radius of »001° and to diverge 1n five concentrlc
cones w1th half angles of 4.25, 3.97, 3,70; 3.50 and ‘3. 277,

Rays were randomly tossed within this envelope, reflected

' from the "crystal" surface and intercepted at several potential
| detector locations. The coordinate system is shown in

Figure 4.l;l. o

The results of a typical run'for a spherical crystal
are displayed in Figures 4.1.2-12. The parameters for this’
run are listed in Table 4.1.1. The Figures are scatter plots
which indicate the location of each of the 10;000 tossed.

rays. All linear dimensions are in cm.

Figure 4.1.2 shows the distribution of rays around a
ring on the crystal face. The distribution of rays at the
spectrometer focus is shown in Figure 4.1.3. lhe focussing
_properties'are clearly illustrated by'the narrowness of the
envelope in the y direction, that is, in‘the'Rowland circle
plane. It is also apparent that the spherical crystal'reduces

the divergence perpendicular to the plane, allowing the use



S

" of a smaller detector are‘a"(O.OGvcm2

in the‘example'shown).
Figures 4.1.4 and 4.1.5 display the images at detectors
separated frem thevcrystal by 0.8 and:OQS.timea the nominal-
cryStai-focus distance. jThe-annuIar cross eeCtiQn of the |
ray bundle is again-eVident as is the considerably41argerr
detector area required. | B

The second-order variation of Bragg angle aeross the
crystal face is shown in Figure 4.1.6. Here'We have_plotted;
_the location of the ray at‘the‘erystalbprojected’ontorthe
axis perpendicular tQ the spectrometer plane‘(XXTAL) vS.
the Bragg angle which would be met by the ray. For this
example the full width of the Bragg’angle distribution is
0.1°, which, if no attempt were made to further subdivide
- the angular 1nterva1, would yield a resolutlon of'
p = %A % 1500. Figures 4.1.7 and 4.1.8 show that.while'
vthe'entire. interval is focussed in the spectrometer.plane,f
it is posSibie to subdivide the data by using a one-dimen-
sional position—sensitive detector to determine the per-
pendicular (#) coordinate. This is due to the fact that . -
the annular dlstrlbutlon of rays at the crystal face serves
to couple x and y and, since y « a, the angular dlvergence
in the spectrometer plane, and @ is related to the deviation
from nominal Bragg angle (see Section 2,.Part III and
Equation 4.2.1), then x is related to the Bragg,angle 0g-
In_this’example, l mm detector resolution would yleld |

A® ¥ .05° or a maximum p %2000



.

Figures 4;1,9 and‘4.l.10‘showbsimilar plots for‘tﬁev
case with the detector moved to within 8.2 Cﬁ"Of the crystéi{._'
The narrower Y Qs. © creseent clearly indicates the further
increase in résdlution.ébtainable by making pOSiﬁiQn:déter?-'>
‘minations forward of the Rowland circle focus. |

The pointing requiremént»fdr LOXT ié .i_l_arcﬁminute_
with ultimate l'arc secohd'resolution obtainéd by subéequént*
énalysis of the aspect system.  Thus the'image of a point |
sdurce at the telescope focal plane will'wandervbyﬂapprokig
mately *.18 cn. Motion of the image perpehdicular.to the
_Rowland'cirélé élane ddeé>not affect the,focuSsing‘propertieé.‘
of the spherical optics, but deviations in the.speétrometér .
plane contributé-directiy to deviations in Bragg Angle.. As
_mentioned in Section 2, page 17, thié could complicate the
spectrometer operation. We noW feei, however, that.the |

image jitter can be used to advantage.

bRather than attempt to follow the imagé‘motibn in real .
time, this jitter can be used in an‘éffebtivé spectrum-
scanning ﬁechnique; Figure 4.1.11 showé fhe'fay’envelopes
at the spectrometer focus for source deviétibﬁs'of -.18,

0.; and +.18 cm from the spedtrometer-plane,b The variation

of Bragg angle with source position is evident in Figure 4;1,12,
which shows the relation between OB and thélvertical position
at the focus. 1In this case the range of Bragg angles is 0.8

degrees which gives a spectrum scan of width AL = A /150.

For point sources, the ex post facto'aspect determination
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would allow one to dlstlngulsh between Bragg angle reglons

whlle the X coordinate determlnatlon of a one—dlmen51ona1

. detector would further subd;v1de the €5 1nterval as dlscussed:_;"

~above. : : ’

The mapping'of'diffﬁse sourees could be aécoﬁplishedf '
by using the two dlmen51onal detectlon capabllltles of the .
mult1w1re counter or the Chevron channel electron multl-
pller array. The detector would s1multaneously ‘record X-raysv
of different.wavelengths_from dlfferent port;ons,qf the
eoﬁrCe,.with'each count received 1ebelled by 95 and one
-spatial coordinate in the source. 'The,use’of»anfaperturehin
the shape of a vertical slit, a: horlzontal slit or a. small
diameter circle would increase respectlvely the angularv

resolutlon, the p051t10n sen51t1v1ty, or both.

The effect of large—scale motions of the source‘ln the
telescope focal: plane have been studied optlcally. Flgure S
4.1.13 shows the images at the Rowland c1r¢le focus fotha4
range of source deviations from the»centrel‘axis.anhis
photograph'wes made using a poiht light sqﬁtEe and a |

spherical mirror.



Table - 4.1.1

Parameter for Ray Tracing Program

Come half angles S 4Q25;'3;97, 3}7d,f3;50,f3;27,aeg£ees
o Cryétal Radius . .' _30‘m | [ | o )

Blurr circle . : - O.Oblo

Bragg Angle - 65°

Detector to crystai,distandes'  27.2, 21.75,'13.59,,8;16 cm

Jitter ~ +0.18om (1.0 arc min)
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=2.4C TO =2.24 o . o .
~2.24 T0 -2.78 : C o o - 00eBe50506e24846
-2.08 70O -1.92 . , 06030406060800eTeTeBs%e4
“1.92 TO =-1.76 ' - 5¢802,948J0I575171711.8101C.9 T A
“1.76 TO ~1.60 - ' o e22509.510.410e4 9.4.115.312,610.8 9
-1.60 TO ’1.‘9‘0 . ’ . 01030“100510-0 . . 03.3-61110.8.3
_ —l.44 TO -1.28 . : 4.T10.7.912 : e21112.6.4 3
L -1.28 T0 -1012 . ' . -05010708-0 : 0168.90511
Tt -1e12 TO =0.96 : o 6I1.412.6 v - +514.912 5
S o1 -C.96 TO -0.80 , o «9.6I1111 1 o o eT11.4.3
Tl .=0.80 TD =0.64 : : B T e912e541 s S e2.9.914
T -0.64 10 -D.48 S 204,219 1 ' ' ' , 214,512 9
O | -N.48 TO -0.32 : - R e6.212.4 _ i 413,4.9
1 =0.32 T0O -0.16. o 4,312 9 7 o . . 913 9.7
P o016 TO -0.90 A C . ,64015.5 : SR C T 42104740
=1 -0.0C TO 0.16 T T o771 9 B ' 03164942
Ny n,16 TO  9.32 «2.57TL 8 S : ©9I211.4
0.32 TO  C.48 _ ‘ ' a e4e311e1 " E _ T W20243.7
Cs48 TO 0.64 . . ‘e0e3e9.6 o X - . l303-2-3
Ce64 TO  0.80 L ' . T1012.4.3 . : . .C.5.8.8 8
0,80 TO GC.96 ' C L ahetl2,6 _ ’ +519.4.4
. 0,96 IO 1,12 : Y 54,910 T o , o ‘.3,5.5.6.8
. 1.28 TO  le44 . _ . ¢2e6451443 6 , u.s 9.6.3.1
1.44 TO - '1.60 IR . {010.9.4.4.1 4 - © 3.3.3,9.3.710
- 1.60 TG 1276 . - . - C T e8w245114614.0e34045440113, 715.5. 710
1.76 TN 1.92 e T1.6eTe6041942e1 6.11113.9,4.T10
1.92 TO 2,08 ) T 0343490Te94742.4.61010,610 6
2,08 TO  2.24 o ' o D 1068e5.9+8.8.5.7.8.5 :
2.24 10 2,40 i - ' he246 T
2.40 TD  2.56
2.56 TO  2.72
2,72 TO  2.88
2.88 70 3.54
"3,04 TO  3.:2C
3,20 TO 3,36 _
3.36 TO . 3.52 .
3.52 TO  3.68 ’
3,68 TO. 3,84
3.84 TO  4.00 -
— I 1 ' T L - _ . _ : I D I
-4,00 : T =2440 ) -0.80 . . 0.80 . L2460 . 4,00

XMEAN = 0.0l YMEAN =  0.03 SCALE FACTOR = 2



45

Ly Bl

XTLRAD=30 CM, ORIGIN= 0., O.s ~THETA=65. BLUR=.001

D1 Y(VERTICAL) VS. D1 X(HORIZONTAL)

-2.50 -1.,50 BN =0450 - . 050 1.50 . 2.5C
I ’ I i R | - o 1 . 1 1
-N.50 TO -0.48
-0.48 T0O -0.46
~Ci46 1O =J.44
~Le44 TO -0.42
-0442 TOH =-Co4d
~C.4C TO ~0.38
-0.38 TO -0.36
=036 TG -C.34
~C.34 Tn -C.32
-0.32 TO -Ge.30
-C.30 T0 -0.28
-0.28 T0 -0.26
-0.26 TO -0.24
-Ce24.T0 -Ce22
-0,22 10 -0.20
-N.,20 T0 -0,:8
-0.18 T0 -0.16
. =Cel6 TO -0.l4
-0.14 TO -C.12
-0,12 T0O -0.10
-0.10 TO -0.98
=0.08 TO -0.Z6
-0.06 TO -0.34 » o o ‘
-0.04 TO -0.02 N : c o471 o 274
=-0.02 TO -0.00 { : . - 418Q8T212.602.1.0.3.613T10Q819. 4
C0.02 TO  0.04 : -
0,04 1O 0,76
0.06 T0  0.08 _
0.08 10 C.10
n.10 TO D.12
0.12 TO - J.14
0.14 TO 0.l6
N«16 TO 0.18
0.18 TO 020
0.20 TO. Cl.22
N.22.T0 .0.24
N.24 TO 0.26
0.26 10 G.28
0.28 TO' D.30
0.30 1O 0.32
0.32 TO 0.34
0.34 TO  0.36
0.36 TO 0.38
.38 TO 0+4G
N4 TO  D.42
0442 TO  0.44
‘Oe44 TO .46
0.46 TO - 0.43 :
0e48 TO. 0,50 - - AR : - —_— e : S
I ) A O . . KR o | ' . EEE CER o o I
-2.50 -1.5 S -0450 S

0.50 - . - .50 . 2.50

XMEAN =  C.00 YMEAN = -0.21 SCALE FACTOR = 22




© XTLRAD=30 CM, ORIGIH= ©.y Ley  THETA=65. BLUR=,001

D2_Y(VERTICAL) VS. D2 ‘X(HORIZONTAL)

-2.5¢0 -lesa ~0.56 o oes0 . T 1eso 2.50

o 1 : : 1 : -1 ‘ o1 P SR . '
-2.50 TO. =2.49 - ' : - : '
=2+40 TU -2.30 -
~2.30 TO -2.20 o , . Lo ,
-2.20 TO -2.19 . ' . - S } . -
-2.10 TO =-2.30 : . : :
=2.00 TO =-1.90
-1.90 TC -1.80.

- =1.80 T0 =1.70
-1.70 T0 -1.%0
-1.60 T0 -1.50
-1.50 TO =1.40
-~1.40 TO ~-1.30
-1.30 70 ~1,20
__-_1_.20 T0 -1.10
=1.10 TO =1,30
~1.00 TO -0.99 -

-C.90 TO -0.80
-0.80 TO -C.70
'0(70 T0 ~0.60
o =0e60 7O =0,50
S7d -0a50 TO =0.40 . S : ‘ U o o
M. -0.40 T0O -0.30 ‘ 7.514T0TTT9Q8Q0T9Q2T31611 7
©.7 =0.30 T0 -0.20° o © +2T4Q0T6T0.5 7 6 1.1 6 9.515T8Q4TT.4
Gy o =0.20 TO -0.1G : R T «9Q2Q214 3 ' S 212Q2Q7.7
4 =010 T0 - -C.90 , S GaTBT3 . _' : © TOT3Q5
=0,00 TO 0.10 Lo » T5Q017 - co o . T2T7Q2
0.10 TO  0.23 ‘ . - 9T49319 3~ .. 316Q275.0
0.20 TO  0.30 o T 716Q2T310 9 5 . 5.112T6Q015 7
0.30.T0  0.46 PR - S S 71315Q2T5T8T373T75Q1T9T210 8 -
0.40 TO  0.50 S ' . .  9.0.0.9 7.0 R
0.50 TO - 0.60 - : « o :
0.6C JO 0,70
‘070 - T0  0.8O
0.80 TO  ©.20
3.90 TO -~ 1.00
1.00 TO  1.1C
1.10 TO 120
1.20 TO  1.30
1.30 T0  1.40
1,40 TO  1.50
1.50 TO  1.69
1.60 TO  1.70
1.70 TO 1,80
1).50 TO 1.90
1,90 TO 2,00
200 TO  2.16
2.10 70 2.20
2,20 10 2,30
230 TO 2.4V
2.40 TO  2.50 B P .
' R ‘ S A . 1. < Lk e R - t
S =2.56 - co=le50 0 0 T =0.50 0650 S T FeS0 . 2450

XMEAN = 0.0l YMEAN = =-0.J0 SCALE FACTOR = &



45
B

XTLRAD=3C CM,

ORIGIN=

.C"

O+.» THETA=65. bLUR=,001

03 Y(VERTICAL) VS, D3 X(HORIZONTAL}

=~2.50
-2440
=2.30

‘2-26

-2.10
-2.0C
-1.90
-1.80
-1.70
‘1060
fl.SO
~1,40
‘1030
..'1-20
rl.lC
-1.00
-0.90
-0.80
“0070
=0.60

- =0.,50

" =0,40
-0.30

-0.20

-N.10

C.10
0.20
‘030
0.40
0.50

i -0.00

Cs60.

0.70
0,80

" 0.90

1400
1.10

1.20.

1.30
© 1440
1 1.50
1.60
1.70

1,80

1.90
2.00
2,10
2420
2430

2.40 .

XMEAN =

T2.50

-2.49
-2.30
~2e2¢
~2.1lv
=230
-1.90
-1080
-1 070
-1.60
-1.50 "
-1.40
*1e30
-1.26
-1.10
-1.60
-0.90
0«80
=0.70
-0.50
~0.59
“~Qe&
-6030
-0.20
-0.12
~0.30
.10
0. 2()
0.30
0e40
0.50
0.60
0.70
0.80
0.99
1.00
1,10
1.26 .
1.30
1.40
1.50
1.60
1.70
1.80-
1.30
2.00C
2.16
2.20
2.30
2440
© 2450

- 0,01 YMEAN

I

-1.50 L -0.50 .- 0.50 150

7.0.11019T2141811,611 6
. +5+715.81514.8T314121915.718.719
e010.81912121416e7 Be341TOI21449181112,1

1216141117131 +1.613161815,7
1013111210 S 6101914.816°
CILI1.TI61L 1 © 2.9T1.811.8

3101418i4 1 112161914 1

*9.9.,917.0 o : 0 .9T2121411
I145Q67 . - ' ’ . L 25164514
IG;STZIO " - . . '08[71404—
141517,0 . R . : C - «5T617.8
e7e81946 : I S ) «4T0.914
«4161014 5 - L . TTlebeTel
"5.9111613 . : o " . «3T1IL1IO0 4
11.8¢616.5 : o eT712.84913
IOIlIblb 8 1.91310I111

"2161213.7.8.0° . 01.915.616.9 4
1.61310.9121643.G.2 8. 4 1:2.515121111,911 3
. e714.415.4161910.0 6.9.971.8161011.2
23.519.7.11017T010.31016.4.7 ’
-7 2i0.1+4 9.010 1

1 [ T - N U

CelesT. L =0.5C - T 0.50 - - 1.5¢

SCALE FACTOR = ° . -z~

»2;50

I
250



XTLRAD=30 CM, ORIGIN= Gu.s Oes .THETA=65. BLUR=.001

XXTL(VERTICAL) VS. THET(HORIZONTAL)

64.50 . 64470 ' 64490 - 65.10 65430 . . 65.50

. : I | S o 1 : o R | I o S
-4.00 TO -3.84 : : ' - '
-3.84 10 -3,68
-3,68 10 =-3,52

© =3.52 T0 -3.36
-3.36 TO -3.20
. =3.20 1O -3.04
~3,064 T0 -2.88
-ZQBBTO '2.72
‘2.72 TO “2.56
-2+56 TO -2,40
—2.40 TO =2.26¢
-2.24 TN =-2,78 L . . : v .
-2.08 T0 -1.92 . ‘ . S N elab
~1.76 T0 -1.60 : o ] : 1605.2
C=1.60 TO =~l.44 : . : .5Q012 1
-1.44 TO -1.28 . 31615 5
-1,28 10 -1,12 , _ ‘ : : 915.1
-1.12 TO -0.96 SRR ' o 4,8.6 2
-0,80 TO =-0.64 , S : ' 1.0.8 8
_-0064 TO ’0.‘08 » : ’ o ) . 906.0
-0.48 TO -0.32 . 608.0 1
’0.,32 TO -0.1_6 505.3 l
-C.16 TO -0.%20 3.7.3°1
-0.00_T0 Uelb %542 1
9.16 T Q2,32 4.8 91
0,32 T0 0,48 6.8.1 1
0.64 TO 0.80° . o o _ "«010 6
0,80 TO  0.96 o ) : . _ l.6.7 &
0.96 Y0 1,12 o ) : ‘ . X -~ 51G.6 2
1,12 10 t.28 ' , s o «3[3.2
1.28 TC  l.44 o : R ' - 21515 5
1.44 TO . 1.60. L S co o _ «6Q211. 1
T 1a60 TO 1.76. o - o R . 1203.3
1.76 70  1.92 PRSP ' S e o . eT175.3
1.92 .TO .2.08 P o o PR N
2.08 TO  2.24 - o BRI : : o
2+:24 10 2440
2.40 TO 2,56
2.56 TO  2.72
2.72 TO  2.88
2+88._T70. 3,04
3,94 T0O 3.2)
3.20 T0  3.36
3.36 TO 3,52
3,52 TO . 3.68
3.68 TO  3.84
3.84 TO  4.00. - , ‘ v : _ .
. ’ 1 Lo ok L I o T S : I
' ‘ . 64450 S L 6%0T0 T 64490 ... T eS5.10 . _ 65,30 T 65450

XMEAN = 65.00 YMEAN =  0.01 SCALE FACTOR = 8




XTLRAD=3C CM, ORIGIN= G.p C.s THETA=65. BLUR=.001

Dl Y{(VERTICAL) VS. THET{(HOUFIZONTAL)

64.50 _ 64.70 - 64490 S 65.10 ° . 65.30 . . 65.50

1 1 | ' 1 ’ 1 ‘ i
-0.,50 TO =-0.48 Co ' : : .
-0,48 TO <-0.46
~%.46 TO =0.44
-0e44 TO =-0.42
-Ce42 TO =0.40
-N,4C TO -0.38

© =Ce38 TOD -C.36
T =N,36 TO =-G.34 .
-0.36¢ TO -0.32"
-0.32 TO =~0.30
-0.30 TO -0.28
-0.28 TO -0.26
=0e26 TU "-0.24
~Ce24 TO =-0.22
-0.22 TO -0.20
-0.,20 T0 -0.i6
-0.18 TO  -0.16
-C.16 TO =0.14
-N.14 TO =-C.12
~0,12 TO. -0,19
0,10 T -0.08
-0.08 T0 =C.06
-0.06 TO =G.C4 : : : ' v
-0.04 TG =0.02 : \ _ . ‘ .92 S
-0.,02 T0O -0,90 , ’ : 13Q9T873.5 1
=0.00 TO . 0.02 : L : ' . 2e1.3 4
C.06 TO (.06
0.06 TO .08
0.08 T0O 0.10
0.10 TO 0,12
0s12 TO . 0Oalé
Co.le TO  0.16
C.16:TD  0.18
"C.18 TU  G:20
" 0,20 TO  C.22
Ce22 -TO Ge26
.. 024 TD  CL26°
0,26 T0  0.28
C.28 TO  0.30
0,36 T0O 0,32
0.32 TO  0.34
0.34 TO - 0.36
0.36 TO. Q.38
C.38 TO 0.4
0.40 TO  0.42 ‘
0.42 TO Q.44 o
0.44 TO  0.46 g
. D.46 TO  G.48 R
0448 TO . 0.50C o : . L T _ _
) 1 IR 1 - . A AR S T |
64,50 . - T 647G S 64,90 . .- - . 65.10 S 65430 65450

XMEAN = 65.0C.YMEAN = -0.CL .SCALE FACTOR = 48



XTLRAD=30 CM, ORIGIN= 0., O.y THETA=65. BLUR=.0CI

D1 X(VERTICAL) VS« THET(RORJZONTAL)

 64.50 64,70 . 64.90 - 65.10- U 85.3C - 65.50

. I I : I » | S - ) SR H
-2.50 TO =2.49 . : ' T
‘2-4.0 Rt -2.30 -
-2.30 T0O -2.20C
-2.20 TO -2.10

S =2.10 TO =2.09
-2.00 TO -1.90
-1.90 710 -1.8GC
=1.80 TOo_ -1.70"

-1.70. 70 -1.60 .

-=1460 TO0 =1.50
-1,50 70 -1.40
~1.40 TO -1.30
'1030 TO '1.20
~1.20 TO_. -=1.19
-1,10 TO -1.00
.=1.00 TO -0.90
.-0.90 TO -0080. . .

-0.80 TO -~0.70¢ : o o , : 78
-N,70 T -0.60 - i ' L C 1078 &

‘~L.6D TO. -0.50 ; - _ 10Q713 1
-0.50 TO -0.40 ' - s T ' . 1.870.0
-0.40 TO -0.30 o : o : : 41G6.9 3
-0,30 TO -0.20 : S S o - 1.210 8
-0.,20 TO -0.10 T - » - . Be9.3 1
-0.1C TO -0.00° o - o © 41046 1
-0.00 TO. 0.1y : _ ' _ 7 4.9.3 1

.10 TO ~ 0.20 ’ : : S ' - 812.3 1

0.20 710 0.30 ‘ S o o 2312 7

0.30 TO  0.40 . : S o . - 512.9 4

0.40 TO  0.50 v : S . L1018.0

0,50 TO  0.60 ) _ S «9Q714 2.

C.60 TO 0.70 ) : " 10Q1 6

0,70 TG . 0.80 o . : 78

0.90 7O 1.00

1.00 7O 1.10

1:10 TO 1,20

.1.20 TO . 1.30

1.30 TO  1.40
" 1,40 TO 1.5

21,50 TO0 1.6V

1.60 ' TO  1.70

1.70 TO  1.8)

1.80 T0O 1.90

21,90 TO  2.00

"2.00.T0 2,10

2410 TO - 2.20

2420 TO . 2.30-

230 TO  2.40

2.40 TO  2.50 i o o , :
- - - o B o 1 S 1 - AT S o 1

. 64.50 o 64,70 o 6490 .0 - . 65.10 : 65.30 " o 65.50

CXMEAN = -65.00  YMEAN =  0.00 SCALE FACTOR = 12



© _ XTLRAD=3C CM, ORIGIN= 0., O.y» THETA=65, BLUR=,001

D4 X(VERTICAL) VS. THET(HORIZUNTAL)

64450 . 64.70 T 64.90 65.10 . 65.30 ' 65.50

' _ 1 o 1 : r R ‘ o I S : I
-2.50 TO =2.40 . : ' ‘ L - .
N =2.,40 T0 =2,3y
-2.30 T0 =-2.2¢
-2420 TC =2,10
-2.10 TO -2,G0
- =2.00 TO -1.9¢
-1.90 T0 ~-1,8¢
=1.80 T0O -1.7C . _ - )
-1.70 T0 ~-1.60 _ ; o o243
-1.60 TO -1,50 : R : . 0515 2
\ ~1.50 TO -1.40 ‘ o , T ‘ «8T7 6
-1.40 TO -1.30 - o : -15Q05.3
-1.36 ¢ -1,20 : : ) . "e80211 1
=1.20 T0 =~1.10 : L 77314 2
-1.18 TC -1.02 ' : 1.971 8
-1.00 TO =0.99 _ _ S . 913.3
~C.90 TO -0.30 : : . 4.9.6 3
-0.80 T0 -0.7C . » : , . ' 3.7.7 3
-0,70 TO =~-0,6C o : T 2.3.9 6
=060 TO =-0.5¢ T 1.049 7
-C.50 0 ~0.40 19.6,0
-0040 TO '0.30 6.7-0 l
-0.30 T0 -0.20 6.8.4 1
-0.20 TO -0,.10 5.7.4
=N.1C TO ~C.20 2.7.2. 2
-0.00 TO 0©.lcC 4.6.3 1
0e10° 7O 0,20 4.8.1 1
Ce20 TO Q.30 5.8 8 1
2440 TO  0.50 e : , _ . «012,.0
0.50 10 0.60 . ' : : o 010 7
" N.60 TO 0,70 : o : S 1.211 5.
0.70 10O  0.80 . . . . o 1.9.7 4
0.8¢ TO  C.99 - o ' _ - 610.6 2
G.96 0 1,20 R o T e313,3
1,00 10 1.10 e . o T 11015 8
" 1,10 TO  1.29 o B : Co Do : 5T215 4
1.20 TO  1.30 : Do . L : -9Q710°1.
1.30 10 1.40 g - IR _ «8Q2.5
1.40 10 1.50 , . ’ R o «918 6
1.50 T0 1.60 - - o - : «819 1
1.70 1O 1.80 ' ' - : ‘ .
1.80. 70 1.99
- 1,90 O  2.00
12400 TO 2,19
212 TO0 2,20
2.20 TO '~ 2.35
2430 TO 2,40 .
2.40 TO  2.50 - _ B : - o L ' .
1 : ' 1 S | R 1 oo S T ]
64,52 : 64,70 o 64496 : 65410 - S0 65.30 T T 65,50

XMEAN = 65.00 YMEAN = 0.0l SCALE FACTOR = 6



XTLRAD=3G CM, ORIGIN= 0., 0., THETA=65. BLUR=.001

D4 Y(VERTICAL)Y VS. THET(HORIZOMTAL)

64.50 64,70 64,90 . T 65,10 - .65.30 - © 65,50
-2.50 TO =2.40 :
2,40 TO =2.33
-2.30. 70 =2.20
~2.2C TO =2.1Q
=2.1C TO -2.23
-2.0C TO ~1.9G
~1.90 10 -1.30
. -1.80T0 ‘10'70
-1.70 10O -1.60
-1.60 T0 ~-1.5C
-1.5C TO =~1.4C
-1.40 TO ~-1.30 ' o D 4.7 3
-1.30 TO -1.28 . ' , o - C . e9e8
~1.10 T =1.00 ' = . : S o 1618 1
~1.00 O =C.99 S . . : . 473 9 -
~0.90 TO -0.50 o . : o el142
- =Ne80 TO -Ce 710G . ’ ‘, oTet
"=0.70 T =C.60 ; i : o I 211 8
-0,60 10 -0.50 o _ : T 412 4
=0.50 TO -0.40 : o e : 6.9 2
v =0.4C TG =0.30 o S . 0.7
.1 =0,30 TO -0.20 L . ‘ o S e2e4
| -0.26 TO -0.10 , o : : B L 22,2
"“ =-n.,10 10 -0.00 ) o . . . . . S _— 03-1-
1 -c.00 TO Q.10 : N Co L «5.0
" 0.10 TD  0.20 o , o T G246
| £.20 TO 0.30 S ' S %2
. 0.30 TU © 0.40 o o o 7.5 1
i P40 TO  0.50 _ ' _ o . ’ 5.9 3
0.5C TO  C.68 . o 3.8 & .
C.60 TO 0,70 1.9 8
0,76 TO  0.80 . . K ' e6a3
C.B0 TO  0.90 ' T _ S _ 712 1
0.90 TO  1.0¢ L » : . 316 6
©’1400. TO  laiC - e . e S , - 11649
1.10 TO  1.2G L T I . a7Q0 3 -
120 TN 1,30 o , . . o 4l9ed
1.3C T0  1.40 ' ' S ' - ©. s6l0
1.40 70 1.50 S . o T . 3.6 3
1,50 10 1,60 , SRR :
1.60 TO  1.70
1.70 T0 1,80
":1.80 T0 190
1.90 TO 2.00
2.0C TO  2.1G
12410 TO - 2.20
2,20 10 2,30
2.30.TO0 . 2.40
2.40 TO  2.50 y .
' ' I . | : 1 : o . o R S . 1
64.50 - , Co64,7C L 64,90 . . 65.10 o 65.30. . _ 65.50 .

XMEAN = 65,60 YMEAN = . 0.02 SCALE FACTOR = = . 1¢



Bld

r

19

XTLRAD=30 CM, "~ THETA=65. BLUR=.001

‘Ol Y(VERTICAL) VS, D1 X(HOXIZONTAL)

-2.50 ) - =1.%0 .- =0.5%0 . . 0.50 ) o 1.50 C 2.50
. i : ' B - ) I . ) N
=Ce50 TO ~C.48 : r IR . .
=C.48 TO =0.46
=0.,46 TD =-0.44
T-N 44 TO <0.42
-0.42 TO =-0,62
~0.40 1O =-0.33
-0,38 TO -C.36
'0;36 TO '0034
"~=0.364 T0 =0.32
-0.32 70 -0,30
- ~0430 TO -0.28
-0.28 TO -0.26 o o ) T :
=026 TO =0.24 : _
-0.24 TU ‘0022 : )
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4.2 Detector Resolution Requirements
The finite size of the.high—resolutiondtelescope
_1mage has the effect of smearing somewhat the range of
Bragg angles accepted This contrlbutlon to the degradatlon ;"
~of the spectrometer resolution can be minimized by us1ng
-larger Rowland circle radll - that 1s, by reduc1ng the angle
subtended by the image as seen from the crystal. On the

ther hand, larger Rowland c1rcle rad11 requlre larger
crystals and larger detectors, if the detector is to be
moved forward of the spectrometer focus. For crystals
with poor 1nherent resolutlon such as lead stearate. multl—
: layers, the optlmum Rowland circle radlus can be chosen con- . .
51derably smaller than for, say, KAP. It is for this reason
that the LOXT breadboard spectrometer described in Section 4.3
was designed.to give the.flexibility of adjustable'Rowland' h
circle radius. ‘ o

A reasonable limit on the radius can be found by

requiring'that.thevimage angular.size, |

= A0y,

-li=

_ be smaller'than the inherent crystal'resolution,

Here h is the image size, R the crystal radius, p the
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' crystal resolution and GB the nominal Bragg angle. This -
gives | |

R/p >.£ai6 X 10—2 inches,

for 10 arc sec telescope resolution. The ratid R/p is
-plétted in Fiéure.4.2.la;

The Bragg angle interval can be subdivided by a positionf
- sensitive detector using the relation for secondﬁordér'deviation.'
of Bragg angle across the crystal face. Féf spherical o

optics,

0 - o] o L 2 o ' o 9y

le, 05l x 3 of cot og | | 42
where_@ﬁ is the Bragg angle at the center of the crystal“A
and.a is the angular divergence in the spectrometer plane.
For a detector near the crystal face, the réquirement that

the spatial resolution effects be smaller than the inherent

crystal resolution gives
Ay < 3 51noo taneo(

'wﬁére y is the detector resolution in mm.A.This relation.is shown
in Figure 4.2.1b. THese results, which are being éhecked
vcérefully by the Monte Carlo program deséribed in Section 4.1,
show that the spatial reéolution required for a position-
sensitive detector is modest and well Qithinbthe capabilities

of the instruments discussed in Section 4.3.
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4.3 | ABreadboard System Design and Construction

4.3.1 3 Curved-Crystal Spectrdmetef

One of the central objectives of Phase A was the con-
struétion of a’breadboard, curved-crystal spectrometer
.capable of fully exploring all aspeéts of the proposed
system. - The primary éonsideratiohs Were_(i) to allow com-
plete flexibility of operating modés and (ii) to apprximaté
as many of the final design charaéteristiés:as possible.
‘These were met within the Phase A budgeﬁcconStraints ahd
the limitations of the 24" vacuum chamber which houses the
unit. |

The flexibility of the éystem was achieved by main-
: tainihg independent motions for each of thé‘spectrometer
- elements. Four stepping motorsAare used to control the
crystél position, crystal angle, detector position And
deteétor angle, respectively. The step sizes ére 8.1 arc
sec for the angular positidns, 0.0002" for the crystal and
0.00014“ fo; the detector linear positions. Angula;'fiducials
~are accurate to 30_arc sec. In Figuresv4.3;l—.4;’the spectro-
meter is shown mounted vertically in the vaéuum chamber.
A single wire proportional éounter and asséciated preampli-

fier are mounted on the‘detector arm.

In order to operate the spectrometer throught a wide
‘range of Rowland circle radii despite the spatial limitations
of the»vacuum chamber, two X—rayszurces have been included

in the system. One is fixed in position as an appendage
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outside the vacuum chambervwéll, and the éecond ié mduhted

on a stepping-motor-controlled slide inside théfghamber.

The fixed source can be used for source-crystal distances

of from 8" to 24", and thus serves to study érYStals with
radii of curvature from about 14" to 24", Thé movable

source can be placed from 0" to 14" from the crystal to
explofe the same crystals at small Bragg angles or to inveéti—
gate crystals with radii of curvature of 3" to 14". This
complete‘flexibility in Row1and circle diameter allows one

to choose the optimum radius for each reflector'dependihg

on its resolution (see Section 4.2).

Both X-ray guns are essenfially similar in design. The
external source consists of an X-ray tube with interchange- .
able targets and an electron gun. The entire assembly is.
mounted on one of the feedthrough ports bethe vacuum system.
The travelling source is small (2 %" x 1 %" x 2") and is con-
structed from stainless steel with a Keleffmshroud~for>£he
anode. O0il cooling is used for both sources.to allow
‘operation at worg}ng intensities. Both are windowless,
although the external gun can be differentially pumped to
inéure a clean spectral line. Both fixed and variable focus
electron guns can be used and the resultant'x—fay beam |
diverges in a 5% half-angle cone similar in size to that of
~ the high resolution telescope. The two gﬁné are indicated

in Figure 4.3.3.



Figure 4.3.1

 Overall view.of breadboard curued crystal'spectrometer

.mounted in the 24" vacuum chamber. The external X—raY'gun>‘
is at the top of the vertlcal plpe in the foreground. The:

right*hand relay rack contalns the vacuum controls and ion N
vgauge supply. The proportlonal counter measurement chaln is
mounted in the left-hand rack. The pannel at the top of the_
~rack houses the X—ray tube power supply controls and

1nterlocks;

4






| Figure 4.3.2

The breadboard curved crystal spectrometer._ The left-
hand track, seen from behlnd controls the ‘moveable X-ray
gun seen on the lower rlght hand side of the picture. 'Ita.
stepping motor is mounted vertically at the far end of the
track. The detector arm and the crystal move along the other
track attached to the vacuum chamber floor. dIn the crystal
mount is a sphericallyvbent mica crystal;A The deteotor arm
crawls along the large gear and the - detector itself moves |
along the arm. The narrow proportlonal counter body is here
seenbedgefon with the preampllfler mounted_behlnd 1t.- The
- tubing at the rear of the chamber_supplies gas to.ﬁhe.pro—
portional counter. The tubeS‘in.the foreground clrculate
~cooling oil through theix-ray gun to a heatfexchanger
outside the chamber. The multipin'feedfhrough.supplies power

and pulses to the stepping motors.

q¢






Figure 4.3.3

Breadboard curved crystal spectrometer. The ekternal
X-ray source is on the left-hand side of the'bicfure; The
moveable X-ray gun with its Keleff high voltage insulating
shroud isAshown attached to its track. The stepping motor
attached to the large gear controls the crystai angle which
can be read on the partically obécﬁrea Vernier.scales. A
bubble lefel accurate to less than 30 arc sec is also mounted
on the crystal drive. Another pair of levels (only one.of.
,Which is visible here) are attached near the top of,the'
detector arm. These serve as fiducialsvfor absolute cali-

bration of the stepping motor pulse counting -system.

- TE
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Figure 4.3.4

Breadboard'curved crystal.spectrometer. 'This view shows
the X-ray ghn in the foreéround, thevcurved mica crystal
and the slit window proportlonal counter. The gas feed-
throughs and the preampllfler are attached to the back of the'
counter. This configuration shows the detector moved' |

forward to scan the crystal face.

e
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4.3.2 Spectrometer Vacuum System

The breadboard spectrometer is housed in a vacuum
system acquired at low cost. Several months of recondi-

tioning were required to make the station operational.

The chamber is of stainiess steel constfuction with‘é
24" diaméter, 30“ high bell jar.. Twenty feedthrough ports
allow easy access to components inside the chamber. A six-
'inch diffusion pump, large roughing pump, smail fére pump,
and liquid nitrogen cold trap can achieve pressures ofjdown,'

to about 5 x 10_—7 Torr.

The chamber, with the bell jar raised to expose the

breadboard spectrometer, is shown_in Figure 4.3.1 .

4.3.3 Control and Data Acquisition System

Both control of the breadboard spectrémeter motions
and data aqquisition from the position-sensitive detectors
will be accomplished by means of a Data Genéfal Nova 1220.
computer with 8K memory. The unitvhas arfiﬁed‘and software

~and hardware systems are being developed.

The spectrometer control will be achigVed by counting
pulées as they are sent to each of the five stepping motors
iocated within the wvacuum chamber, "This method has the
advantages of obviating the need fof accﬁrate, absolute-

position encoders and of allowing preproﬁrammed 0-20
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motion of the crystal and detector, crystal sCanning; etc.
The 1nterfac1ng required for such a system is straightforward
-and is already underway. (Prev1ously pulses ‘were counted

by several electronic—electromechanlcal scalers.)

The Nova will simultaneously be used as a complete data’
acqguisition system capable of performing one and two—dimen-
sional analysis of the multiw1re proportional counter,

- spiraltron array and chevron channel plate-detectors. Both
analog (charge division)vand digital‘modes will beyaccommodated,
.the former by means of external analog/digital converters.
This_A/D facility will also be used to detetmine pulse.‘

height spectra for the proportional counter allowing a

" high non-spectral line background rejection.

4.3.4 Proportional Counter

The breadboard spectrometer is now being operated w1th
a single wire proportional counter Wthh 1ncorporates
several design features to be used in the multi-w1re
detector. Figure 4.3.2 showsythis counter mounted in

position on the spectrometer.

The counter body is 2" x 6" and 1" thick and is con-
structed from magnesium. Both front and rear faces are
demountable allowing easy access to the anode. The 3" x 3/32"
_slit window is covered by a thin, stretched proly propelene
film supported by a 70 lines/inch nickel wite mesh. This

window, which is commonly used for soft X-ray detection,
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has a thickness of 100 ug/cm’. An additional 50 yug/cm’
coat of graphite was applied to the inside of the w1ndow
to prOVide electrical contact with the counter body and'

thus prevent static charge accumulation.

‘The anode is a 0.0008" gold—plated molybdenum wire.
It is strung on a G-10 bondedrfiberglassrframe which is
screwed to the rear face plate of the counter. 'This frame'
construction has been w1dely used in large multi—w1re charged
_particle detectors. It allows the convenience of w1nd1ng a'
multi—wire grid and of servicing readily the entire unit -
even after initial assembly. The frame subéOrts the_wire'
about 2.5 mm below the window. o | |
High voltage is brought into the cdunter uia a small
Stupekoff seal. The signal is decoupled'from_the anode by
a large blocking capacitor mounted insidevthe’counter body.
This method was used to test the feasibility;of such a
system, which would remove the risk of us1ng a large number'
of high-voltage feedthroughs on a mult1—w1re counter.
Other methods, such as insulating an entire wall of_the

counter, are also under consideration.

Because of gas diffusion through the:thin window, the
counter is operated in a continuous flow mode. ~Using 90%
argon,le%’methane gas, a 25% pulse height resolution has
been obtained for the "6 keV Fe55 line. A-miniature five-

tran51stor preamplifier of local design is mounted on the

back of the counter to drive the long 51gnal cable. Standard
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amplification techniques have been used.

‘A large multiwire counter is now under construction.

4.4 Lead Stearate Crystal Preparation Facility

‘For the longer wavelength end of'our'region of interest
(44 R - a 100 gl, one of the crystals-which should'prove
most-effective is the Lead Stearate Multila9er’crYstal.
Such crystals are formed through building up the crystal.>
.layer by dep051tion on a clean glass substrate. Follow1ng.
the method of B. Henke of the University- of Hawaii, we have
developed a fac1lity to produce these lead stearate multi-.‘
‘layers. Since the deposition method is essentially identical
for a variety of multilayered crystals including Lead,
Barium, or'Calcium—Stearate,'we now have thevcapability to.
produce any of these. Because of its slightly better
reflection coefficient, we are concentrating on producing

Lead Stearate multilayers at the present time.

Figure'2.4.l shows the apparatus. fhe'Lead Stearate
is produced as a monolayer. This is accomplished by depoSiting
a few drops of Stearic acid dissolved in n- hexane on the-
surface of a bath solution containing- free lead ions. The
nlhexane evaporates quickly and the lead ions cOmbine with-
the stearic acid to form the lead stearate chain molecule.
These molecules float vertically and form a fllm which
spreads out and covers the surface of the liquid. A cal-

‘culation involving the concentrations of our solutions and
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the area to be cpvered sets the number of drdps>at abéu# 6
for our.purpbse. The abparatus shown in Figure 2.4.1
consists of a shallow tank (%".déép) with a 4ﬁ:deep'tr6uqh'
at one end to allow the glass substrate to be completely
immersed. The tank is 7" wide and 36" long and its top

- edge is %" wide. This edgé was machined flat. All surfaces
touched by the liquid are coated With Teflén for cleanli-
ness and the top edges treated with parafiﬁ to make then
'hydrbphbbic. The tank is levelled by meané of four adjustable
'iegs and filled with the bath'solutioﬁ'contaiﬁing the lead
ions. Because of the hydrophobic'pﬁopérty éf‘the edges,-
the top of‘the liquid can be médé to rise as much as 3/16"
above the top of theAtank; AThis effect can_ciearly be seen
.in figure 2.4.1 at the top 1eft—hand side'of the tank.

At the right of the tank, one can see the pH electrode
whiéh monitors the pH at all times. The élass.substrafe

can be seen in the out position on the left side of the tank
and'is lowered and raised intb and out of théAliquid,with

a cyclé time of 1 minute, 56 seconds. Atvéacﬁ end of the
motion,.hicro switches are activated whichméutomatically
feverse the direction. The substrate.is attéched to a rod,
long enough so that the anglé of entry infé'the‘surface of
the liquid is approximately 90° throﬁghdut each dip. As
‘the dipping proceeds and the film is uséduup, the monolayer
is kept'pressed‘against the glass sqbstfate.by a delicate,

Teflon-covered (% mil Teflon), balsawood float which is
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pulled from underneath the tank w1th a force suff1c1ent
to- exert about 30 dynes/cm pressure on the fllm. Thus,
although the film cannot be seen, the number of layers
deposited can be counted by monitoring the movement of

the float. Because the float sits 3/16" above the edge of

- the tank, it is essentlally frictionless. Approx1mately

10 layers are dep051ted from each monolayer film, at whlch
point the surface is swept clean, the pH adjusted, and a
fresh. monolayer applled Contlnulng for many . hours in
this fashion, multllayer crystals of 100 reflectlng layers
or more can be easily produced. »The glass,plate can be
cut into section after completing the dippingvprocess and

tested in our spectrometer.

Curved crystals are produced by mounting a spherically'
curved substrate in the flat glass plate and dipping in
the same manner. A substrate polished to 1/40 has been
procured from Perkin & Elmer,ysince surfaceismoothness has

been found to be essential to proper multilayer production.

A flat crystal has been compared with a similar multi-
layer produced by Professor Henke at his laboratory The
peak reflectivity of our crystal was %20% greater than the
comparison standard and within 20% of that.of the best |
multilayers he has produced. More acCurate efficiency
measurements are underway. Section 4.5 dlsCusses tests of

another flat crystal using the breadboardbspectrometer.

Beacuse of this success, we now feel that production
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of X-ray diffractors for the long Wavelength“region'pOSes
no serious problems and that these diffractors can be méde_ 
to.take advantage of the benefits 6fispherical Rowland'

geometfy.



Figure 4.4.1

Lead stearate multilayer apparatus. Thie shoWs the
teflon—coated dip tank with the water level standing above the
tank'edge. The arm pivots about its support on the right-
hand 51de of the tank, travelling between the two micro
sw1tches located on the left. Each dip dep051ts a monolayer
on the glass sheet with the balsa float maintaining the
ptoper pressure. The pH meter.probe on therright monitorst

the solution.

@ b
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4.5 Measurement of Bragg Reflection of 44 A Carbon
, Ka; X—Rays by Lead Sﬁéarate.Multiiayer with thé
Breadboard Spectfométer' .

A 100-layer lead stearate crystal on a flat gléési
substrate.prepared with the apparatus descfibéd in Section
4.4, was mounted in the crystal holder_of the breadboard
spéctrometer;' A carbon targét was placed in theitravellinéi
. X-ray tube. A proportional counter with a n 100u stretched
poiypropylene window was mounted on the detecﬁor arm. .The'v
system wés closed and evacuated. The X-ray tube was then
_ﬁurned on énd operated under steady conditioné during a
series of measurements with the crystal and‘detector in the
0-20 position, i.e., with equal angles of ihcidenéé and

reflection for rays striking the center of the,crYStal.~

Figuré 4.5.1 is a plot of the results Which shows the
specular refiection of the 44 Z carbon Ka X—rays from the
lead stearate coated glass failing off rapidly, as expected,
at‘angles beyond the critical angle for total external
reflection, with a strong péak around 26° which is the
Bragg angle for reflection of 44 Z X-rays_frbm a crystal
‘with the 24 - 100 A spacing of leadfstearaﬁe. Figure
4.5.2 shows the results of similar méasureménts perfdrmed'
"with'plane glass plate with no lead‘stearate~deposition.

A similar specular reflection is obsérved; butiwithout the

peak at 26°.
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4.6' Test of Bragg'Reflection‘from a'Spherically

Curved Mica Crystal

A preiiminary testxwas made of the feasibility.of»
bending mica to achieve a useful approximation-to the
spherical configuration described on_page'll of Section 3.

A spherically bent mica crystal was purchased. 1t consieted
of a thin mica sheet pressed and glueddte eenfbrm to'a

spherical mold with a radius of curvature of 14".

- The performance of the spherically_bent mica crYStal
as a diffractor in the Rowland geometry Qas tested with
the breadboard spectrometer nsing Copper L radiation of
"wavelength A ~ 13.9 ;, The source, crYstai-and detector
‘were positioned to conforﬁ to the,RoWland'condition‘when
~ the central ray was 1nc1dent on the crystal -at the Bragg
angle. The: crystal mount was then rotated about an axis
perpendlcular to the scattering plane and thencountlng'rate
was measured as a function of the angle ofdrotation. ‘The
result shown in Figure 4.6.1 illustrates that the range of
rotation angle within which the Bragg condition is satisfied
somewhere on the crystal is very narrow as eXpected. The
<results indicate that this first crude Sphericai diffractor
would provide a spectral resolution of approximately A/AX g 500
if used as is. Efforts will be made during'Phase B to produce
improved spherical mica diffractors. In.addition, the fabri—'.
cation of.similar spherical diffractors will be attempted

with clinochlore, a mica-like crystal with 2d'= 28 g.
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Since mica and certain other'crystals éan be cylin-
drically bent with good precision, an aitérﬁatiVe scheme“
for achieving the benefits of the spherical ‘configuration
appears to be worth a careful evaluation. This scheme
will employ narrow cylindricaliy bent facets giued to indi-
vidual metal éupports that are mounted with adjusting scréws
on a supporting back. Once the facets.arezfiitéd and aligned
to conform approximately to the ideal spherical sﬁrface, 

their supports will be epoxied in place. -

4.7 4.7 Tests of Windowless Photoelectric Detectors

Since X-rays with ﬁavelengths above the Carbon K
edge are not efficiently detected by the pfdportional
counter, windowiess detectqrs such as the‘chevron channel
electron multiplier are being studied. Sevefél measure-—
ments of channeltron efficiencies in_thg soft X-ray region
have been madé.l We have performed preliminary tests of.a'
. Bendix Chéﬁneltron using thé pérallel beam; soft X-ray

facility of the Center for Space Research.

X-rays produced by fluorescence using a Copper
primary target. The X-ray gun high-voltage supply is

4 KV. The primary target is located in a clean vac-ion

1D. G. Smith, K. A. Pounds, IEEE Trans. on Nuc. Sci.
NS15 541 (1968); W. Parkes, R. Gott, K. A. Pounds,
IEEE Trans. on Nuc. Sci NS17, 360 (1970).
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bumped.system while the rest of the statlon is’ dlffu31on—"

- pumped. The secondary targets include Boron (0. 183 kev) ,
Carbon (0 277 kev), Magnesium-(l 25 keV), Aluminum (1.48 ker,
Vanadlum (0 51 kev), Chromlum (0. 57 keV) and Iron (0.70 keV).
.The fluoresced X-rays pass down a 25 ft. evacuated plpe to |

the experimental bell jar.

_The Channeltron and a standard proportional counterv
were mounted side.by side in the beam. The proportional
counter was fitted,with a stretched polyprobyiene windowd
100 ug/cm tthk backed by a 70 llnes/lnch nickel mesh
support. The w1ndow was coated w1th 50 ug/cm2 carbon to
- provide electrical contact. P10 (90% argon - lO%imethane)
gas was flowed through the counfer. Standardrpulse counting

electronics were used.

The Channeltron was moﬁnted in a mini-box and operated
with a collecting cap in the.éulse counting mode. The.pre-
amplifier was as described in Bendix Techoical Applications
Note 9803. Most tests were run with 2800 .VDC applied to
the Channeltron, although tests were also made at 2600 VDC.‘
A pulse height spectrum for the Channeltron in this con-

figuration is shown in Figure 4.7.1;

In order to compensate for the proportional counter
window, most data were collected with an additional window
placed in front of both counters or in front of the

Channeltron alone. Several runs were made using various
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targets. The results are summarized below. All measure-

ments were made with the beam near normal incidence.

Only the results for Aluminum (8.4 A) and Magnesium
(9.9 A) are quoted here since for these two -elements we

were able to produce a clean monochromatlc line.

-WaVelength : Quantum Efficiency
8.4 A - 1.09% * .12%
9.9 A ' 1.12% + .12%

These were calculated after subtracting background counts
frombthe raw data. Background for Channelthn at 2800 V
was 58 counts in 100 secs. At 2600 V background was 27
counts in 100 secs, and at this voltage the Chenneltron
was 95% and 91% as eff1c1ent as at 2800 Volts for 8.4 A

and 9.9 A respectively.

We have acquired a Bendix chevron channel electron
multiplier array and are currently constructing a ohef
dimensional multiwire readout. SuchAa detector system is
already undef study by American Science and Engineering for
use as the LOXT, high-resolution imaging detector. Theys
performed preliminary position deteotion.measurements with
this detector in the parallel-beam, soft X-ray facility
discussed above. The experiment was performed using a slit
iﬁ front of the chevron to define a narrow width X-ray beam-l
The one-dimensional imaging was performed With-an array of

wires to collect the electron burst from the rear of the
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chevron. A capacitor charge dividing network similar to
that devised by Gott, Parks and Poiindsl gave'resolutions

" better than the wire spacing.

I Gott, W. Parkes, K. A. Pounds, IEEE Trans. on Nuc.
Sci. NS17, 376 (1970), and Nuclear Instr. Meth. 81, 152
(1970). ' - -



Figure 4.7.1

A pulse height spectrum for'thevChanneltron electrdn
multiplier. This was obtained using a voltage of 2500 VDC
and aluminum K X-rays. Since the Channeltron is being used
in the gquantum counting mode, lower level discrimination is

used on this signal.








