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ABSTRACT

A 10-cm aperture, off-axis aplanatic gregorian telescope is investigatlld as

a candidate instrument for imaging from Starprobe in the 115n^n-900nm wavelength
range. Focal lengths of 3pQcm (f/30) and 150cm (f/15) are compared in terms

of optical performance, compatibility with the Starprobe spacecraft and

response to the-thermal environment in a 20-hour time interval, centered on

perihelion.' The general conclusion from this work is that UV/visible imaging

from Starprobe should be technically feasible. A 10-cm aperture telescope

with focal length close to 300cm is recommended for further study. This

instrument should be capable of a detector -limited angular resolution: of

about 2 arc sec. The estimated overall dimensions should not exceed

105cm x 40cm x 25cm and its mass be less than 28kg. The recommended concept

assumes solid-blank ULE mirrors, a graphite-epoxy optical bench and an

aluminum thermal enclosure, covered with multi -layer insulation. These

materials must be carefully selected to minimize the risk of UV ph6topoly-

merization of contaminants at the mirror surfaces during observations.
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This report is a draft of the Final Report of the Design Study of Imaging

Techniques for the Starprobe Mission, performed by the Ball Aerospace Systems

Division (BASD), for the Jet Propulsion Laboratory (JPL). The technical
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	 monitor at JPL was Dr. J.H. Underwood, Space Physics Section. At BASD, the

study was done in the Space Systems Organization, under the cognizance of

D.A. Roalstad, Manager of Advanced Programs for Science Instruments. The

study participants and their responsibilities were:

i	 Dr. M. Bottema, study leader

M.E. Poyer

Dr. D.E. Regenbrecht

R.P. Woolley, ;.o,, I.1. tant
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SUMMARY

A concept for a visible-li ght/UV telescope (VUT) is developed in the Following

three stages:

=1J 1. Selection of candidate configurations for the VUT and an associated

X y ray telescope (XRT).^.

2. Parametric analysis of an optical concept for an off-axis aplanatic

gregorian telescope.

j 3. Development of a thermal control concept for the VUT.

Each of these stages is summarized below.

4

Candidate configurations. The scientific goals of the Starprobe mission

require that the VUT and the XRT view the same region of theysuni . e. their

:.,	 axes must be coaligned. Since the aperture of the XRT is an annulus, it is

attractive to deflect the central part of the XRT beam to the VUT. This

concept was developed in an earlier study ( Ref. 1), but requires the XRT

annulus to be larger than the VUT aperture anO also makes it necessary to

extract the VUT beam by one or more folding mirrors. Here an alternate

confiquration is presented, in which the VUT and XRT beams are completely

separated. The thermally sensitive folding mirrors are then eliminated,

as well as the constraints on the aperture diameters. This is a distinct

advantage, since a parallel study of the XRT by American Science and

Engineering (AS&E), Arlington, MA (Ref. 2) suggests that an annulus of the

same diameter as the VUT aperture (1Ocm) would suffice to meet the Starprobe

scientific requirements. With a reduced XRT aperture, the heatload•from

direct insolation into the two instruments need not necessarily be higher

than with concentric beams. However, if a common heatshield baffle tube is

maintained ( Figure 1 1 . 1), its diameter must be larger.

Off-axis, aplanatic gregorian telescope. In a gregorian telescope, out-of-

field radiation can effectively be eliminated by a heat-rejection mirror at

the prime-focus fieldstop. In addition, excess radiation at the entrance
F.z	 '
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pupil can effectively be intercepted by a stop at the exit pupil. An off-axis

entrance pupil offers an unobscured beam and does not degrade the image quality

in an aplanatic telescope. This study assumes an aperture of 10cm diameter

and a 12mm x 12mm CCD as the detector. Two focal lengths are compared, i.e.

E` f = 300cm and f = 150cm. The angles, subtended by one detector pixel (15um)

are l arc sec and 2 arc sec, respectively. The corresponding fields of view

F` are 0 . 230 x 0 . 230 and 0 . 46 0 x 0 . 460 . The latter is comparable in area to the

sun as seen from the earth. The performance characteristics of the telescope

tls

	

	 depend primarily on the value, selected for the ratio of the telescope focal

length to the primary mirror focal length. This ratio is equal to the

secondary magnification m. A low value offers small residual aberrations and

low susceptibility to thermally induced focus and alignment errors, but requires

a large instrument. The reverse is true for a high value of m. In large

earth-based telescopes, the entrance pupil is commonly placed at the primary

^^.

	

	 mirror, in order to minimize its size. In the VUT it is advantageous to

place the pupil either at the primary heatshield, in order to minimize the

insolation, or at the aperture in the instrument enclosure, to minimize the

t`t

	

	 heatloads from heat=shield radiation. Various parameter combinations are

derived and compared. The instrument concept is shown in Figure 1-2.
t.^

Thermal control concept. The heatloaks on the VUT stem from direct insolation

within the VUT field of view, reradiation from the baffle tube and/or the

heatshields and some parasitical heatleaks through the multi-layer insulation

around the instrument.. The VUT is cooled by radiation to space. The equilibrium

temperature and thermal gradients within the instrument as a function of time

from perihelion are calculated by computer modeling. The model is based on 40

nodes, which include a 3.7-m long primary heatshield'and up to four secondary

heatshields. The analysis assumes the VUT and XRT to be enclosed by a common

thermal shroud.. The instrument temperature is stabilized by means of thermostatic

F`

	

	 louvers, which are partially open at a distance of 10 solar radii and fully open

at 4 solar radii. The temperature of the primary mirror can thus be kept constant

t.	 at about 300K (27°C).

On the basis of the above analyses, a preliminary strawman VUT concept is

identified. In general, the heatloads are smaller in the telescope with the

vi
F	
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smaller angular field, i.e, the larger focal length (f=300cm), This focal

length also assures a detector-limited resolution of 2 arc seconds, based on

the criterion that each resolution element should contain at least 2 detector

' •^	 pixels. Whereas alignment stability calls for a low secondary magnification,;t

size and weight restrictions dictate a lower limit of m = 5.5. An off-axis,

}	 aplanatic gregorian telescope with this magnification is recommended for

further study.
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INTRODUCTION

The Starprobe mission is planned as part of NASA ' s long -term program for

close-range observations of the sun, The scientific experiments, considered

for this mission include (Ref. 1)

o	 Measurement of the solar quadrupole moment (J2),
t

o	 Investigation of various field arid particle phenomena near the sun,

%^	
a

 o	 Imaging of the solar surface in the X-ray region and the visible-

light/ul,traviolet region.

The purpose of the present report is to evaluate the technical feasibility of

instruments for the l atter, category, i,.e. imaging in a wavelength range from

approximately 1115nm to 900nm. This range is of particular interest for the

study of the dynamics of the photosphere and the e , olution of solar magnetic

fields. An instrument of very modest aperture (e.g. 10cm) suffices to reach

a spatial resolution, better than that of the largest instruments, planned

for earth orbit.

At the present time, the launch of Starprobe is planned for September, 1988,

After a post- launch velocity change, the spacecraft swings by earth again in

November, 1990; and them proceeds towards Jupiter. It will arrive there in

March, 1992, and subsequently slow down to fall towards the sun. This is the

so-called velocity change, Earth/Jupiter gravity-assist trajectory (AV-EJGA).

Perihelion is expected to be reached in July, 1994. The planned perihelion

distance is 4 solar radii from the sun's center. The spacecraft velocity is

then over 300 km/sec. The trajectory passes over the solar poles. Polar

transits occur at about X6.7 hours from perihelion ( Ref. 3).

s

The time interval of principal interest to imaging ranges from -10 hours to

+10 hours from perihelion, with emphasis on the central 2 hours. The

radiation environment is then extremely severe. At perihelion, the irradiance

0-1

t	 .
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at the spacecraft from solar thermal
gut
	 Expressed in the irradiance at earth

"suns". At :00 hours the spacecraft

irradiance drops to 64 Wcm-2 (461 "'s

radiation alone is about 400 Wcm"2.

(0.139 Wcm`x ) this amounts to 2888

distance is about 10 solar radii and the

ins").

To cope with the thermal environment, effective shielding of the payload is

necessary. In the present spacecraft concept, the primary heatshield is a

T.	 tungsten-sheet cone with a base diameter of 4m and a height of 3.7m (Figure

1-1). This is followed by two or more secondary heatshields 	 The imaging

r	 instruments (X-ray telescope, XRT, and visible-light/UV telescope, VUT) are

placed side by side and view a small portion of the sun through a central

baffle tube: The tube is slanted at an angle of 3 0 with the spacecraft axis.

In combination with a pointing offset of 7 0 , any point on the sun within a

10° radius from the sub-satellite point is accessible. At perihelion, the

apparent sun diameter is about 290.

The heatload on the imaging instruments consists mainly of direct insolation

and heat radiation from the baffle tube and/or the heatshields. If the field

of view is kept smaller than 0.5 0 , the direct insolation is less than in

equivalent instruments in earth orbit. The specific problem in Starprobe is,

therefore, the heatload from the heatshield radiation.

In view of the above, this report is structured as follows, After a recapitu,

lation of the study goals and the study approach (Section l), we compare

various possible XRT/VUT configurations with regard to scientific merit and

engineering complexity, and select a few for further study (Section 2). In

Section 3 we identify an off-axis, aplanatic gregorian telescope as a

suitable basis for the VUT and discuss its optical performance and thermal

sensitivity as a function of its design parameters. This is followed by-the

' 	 development of a thermal control concept and a prediction of the instrument

operational temperatures (Section 4). On the basis of this analysis, we

select a "strawman" VUT concept and discuss some of its engineering aspects,

such as structure, materials and contarrination control (Section 5). Finally,

we summarize the general conclusions from the present work and offer some
f	

recommendations for further study (Section 6),

0-2
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Section 1

STUDY OBJECTIVES

The g%:neral objective, as defined in the Statemenz of Work (SOW), was to

perform a feasibility and conceptual instrument design study of imaging

techniques that can be used for the Starprobe mission. The specific study

tasks, identified in the SOW, included:

A. Thorough familiarization with the scientific objectives of the

imaging instruments, their interaction with the spacecraft and

earlier design concepts ,and technical problems associated with

these concepts.

B. Evaluation of alternate instrument design concepts, compatible

with the Starprobe environment and spacecraft restrictions.

In accordance with the above directives, we established the following study

approacn:

1. Compare various candidate instrument configurations for the three

imaging experiments, specified in the SOW, i.e. a magnetograph/

doppler velocity detector, an X-ray telescope and an XUV telescope.

2. Compare various candidate instrument concepts for each of the

above three experiments in terms of their compatibility with

Starprobe.

A contractually required "Informal Studyplan", detailing this approach, was

submitt;,,ed on May 1, 1981 (Appendix A). Since then, a separate study of

X-ray imaging techniques was undertaken by AS&E. Consequently, we discon-

tinued our design efforts of the XRT, and concentrated on imaging-instrument

configurations (Section 2), optical design of the VUT (Section 3), and thermal

control concepts for imaging-instrument package (Section 4). With regard to

the latter, we initially assumed a spacecraft with a 7-m high primary heat-

shield, the baseline concept when the study was started (Ref. 1), but included

also a 3.7m high primary heatshield, when the necessity of a reduction of

height became apparent (Re ỳ . 4).

1-1
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Section 2

IMAGING^INSTRUMENT CONFIGURATIONS

2.1	 CANDIDATE CONFIGURATIONS

A wide variety of conceivable arrangements for the XRT and the VUT is shown
in Figure 2.1. Not included is a possible additional extreme-ultraviolet

(XUV) telescope. A third . instrument was not considered in this study.

The configurations in Figure 2.1 are arranged as follows; In configurations

A through F the VUT and XRT are coaligiied and have the same field of view.

Among these, simultaneous observations are possible in A through D. but

timesharing is necessary in E and F. In configuration G, the XRT and VUT.

share a small aperture In the primary heatshield (HS1) but have different

fields. Finally, H and J represent the situation in which mission constraints

would allow only one of the two instruments to be on board.

In configurations A, B, and C, the VUT beam is nested within the XRT beam.

If a minimum VUT aperture diameter of 10cm is assumed, the inner diameter of

the XRT annular aperture cannot be much smaller than 12cm, io order to allow
for beam divergences and baffling.

Configuration A is the arrangement;, assumed in earlier studies (Ref. 1). Two

diagonal mirrors are needed to extract the VUT beam. These mirrors may be

exposed to temperatures as high as 650 K, Thermal deformations directly

affect the image quality in the VUT. To minimize these deformations,

uncoated sapphire flats have been proposed (Ref. 5). These introduce strong

polarization, which may interfere with high-precision magnetograph experiments.

Conceivably, the second mirror could be turned 90° to compensate the polariza

'tion from the first mirror. However, the VUT would then be closer to the

secondary heatshields and also closer to the radio-isotope thermoelectric

power generators (RTG), which may make shielding more difficult.

2-1
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In configuration B the second folding mirror is removed to eliminate its contri-

butions to wavefront deformation, This is of little avail, however, since this
contribution is expected to be small compared to that of the first folding

mirror. In addition, the VUT location is subject to the same objections as

above.

In configuration C, the folding mirrors are replaced by prisms. The wavefront

deviations, caused by geometrical deformations are smaller, but deviations,

caused by thermal changes in the refractive index are added. Since the two

prisms may not come to the same equilibrium temperature, even first-order

compensation may not be certain,

In configuration D the relay optics are eliminated and the XRT and VUT paths

are completely separated. This has the distinct advantage teat the XRT

aperture can be chosen independently of the VUT aperture. In the four-mirror

XRT concept, developed for Starprobe by ASK, the outer and inner diameters of

the aperture are 8.4cm and 9.6cm, respectively (Ref. 2). This, indeed, rules

out a co-axial VUT light path. A disadvantage of configuration D is that two

apertures are needed in the primary heatshield (HS1), with a corresponding

increase in the heatload of the central baffle tube, However, as will be shown

below, the heat input into the instruments need not at all be larger.

i
In configuration E a beam-steering mechanism is needed to direct the beam to

the VUT. However, the reduction of the aperture diameter in HSl does not

warrant the additional mechanical complexity. Furthermore, the moveable

folding mirror is subjected to a variable thermal environment, which may

induce even larger deformations than in the static case. Timesharing might

be acceptable for scientific observations, provided the instrument exchange is

fast compared to changes in solar phenomena.

The mechanical complexity is even larger in configuration F, which requires

rotation of a platform, carrying both instruments. However, no folding optics

are needed.
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Configuration G offers a small HS1 aperture and requires neither folding

optics nor an exchange mechanism. However, the lack of coalignment between

the XRT and the VUT is scientifically highly undesirable, if not totally

unacceptable.

Obviously, none of the above problems are encountered if the VUT is the only

,imaging instrument (configuration H).

As shown symbolically in Figure 2-. 1, a shutter ( S) might be placed near the VUT

entrance. This may aid thermal control at perihelion and help equalize

thermal conditions during the 20-hour interval of encounter. The shutter is

not intended for precise exposure control, only as a thermal-control device

	

wj	 (Section 4).

	€.	 After consultation with JPL, it was decided to consider only configurations

A, B, and H (with and without shutter) for further study. These are compared

in detail below.

2.2	 CWPARISON OF SELECTED CONFIGURATIONS

The main difference between configurations A and D is the absence of VUT

folding mirrors in the latter. Another difference lies in the size and number

of the apertures, needed ai the top of the primary heatshield (HS1), 'to

admit sunlight to the instruments. An overview is presented in Figure 2.2.

A single aperture (henceforth called HS1 aperture ) suffices in configurations

A and H, but two are needed in configuration D. Also indicated are the

approximate sizes of the baffle tube that connects the HS1 aperture to the

instruments.

Qualitatively, the main differences that can be inferred from Figure 2.2 are:

Heatloads on XRT and VUT. If the BERT and VUT have the same angular field of

view, as is scientif'ical'ly desirabTe, the HS1 aperture diameter in configura-

tion A is d?^ined exclusively by the XRT. Also, this aperture must be

2-4.
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i unobscured to accomodate the VUT beam. 	 The heatloads on the imaging

instruments, caused by solar radiation, entering the HSI aperture (henceforth

called "solar heatloads") are directly proportional to the area of thist
.^ aperture.	 In configurations D and H, the HSI aperture sizes can be adjusted

to closely match the individual beam diameters.	 As a result, the HSI

aperture for the VUT (and, consequently, the solar heatload) is always

smaller than in configuration A. 	 However, in the latter case, the heatload

is intercepted primarily by the folding mirrors and only a small portion

reaches the actual instrument. 	 With regard to the XRT, the heatload is

•: either the same or smaller than in configuration A, depending on whether a

central baffle in the HSI aperture is indeed technically feasible. 	 This

question will	 not be addressed in detail here.

Baffle Tube.	 Clearly, a larger diameter is required in configuration D than

' in configuration A.	 A narrower tube suffices if the VUT is the only instru-

ment.	 In order to prevent solar radiation from reaching the instruments by

internal reflections, the.tube must be wider than the instrument beam and

properly spaced internal baffle rings must be installed. 	 In configuration D,

these also serve to isolate the XRT and VUT beams from each other. 	 Alterna-

tively, separate tubes could be used for the two instruments. 	 The choice

involves the design of the entire heat-shield system , and is not addressed in

_••• detail in this report.	 However, a single tube would seem more amenable to

the accomodation of a third imaging instrument (e.g. XUV telescope), if

considered for later addition:	 Undoubtedly,	 the solar heatload on the tube

from the two apertures in configuration D is larger than in configuration A.

However, this heatload appears to be negligibly small compared to the

radiation, received from the primary heatshield and is, therefore, of little

concern.	 Furthermore, the solar heatload could be readily reduced by a

`• factor of 4 or 5 if an external baffle were placed in front of the HSI,

aperture, as shown in figure 2.3.	 Most of the radiation, intercepted by

' this baffle, is diverted outside the primary heatshield. 	 Whether such a

`	 baffle can indeed be accomodated and made resistant to the local thermal

environment is primarily a matter of spacecraft design and is here not

investigated further.
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2.3	 HSI APERTURES SIZES AND VUT SOLAR HEATLOAAS

To substantiate the above comparisons, the HSI apertures si,.es for the XRT

and VUT are derived 9 uantitatively. In the case of the VUT pan estimate is

made also of the associated solar heatloads.

2,3.1	 HSI Apertures for XRT

Examples of the HSI apertures, needed for the XRT, are given in Table 2.1.

Following the AS&E study report (Ref. 2), we assume a focal length of 3 m and

i

	

	 a detector area of 12mm x 12mm. Although the actual field is square, we

assume here a circular field, in order to simplify the calculations. The

diameter of,` this field is equal to the diagonal of the detector. The

corresponding angular diameter is 5.66 mrad = 0.324°. Three different

aperture sizes are listed, i.e. O.D.	 20cm (derived from Ref. 1), O.D. 	 12cm

(minimum acceptable for configuration A), and O.D. m 8.4cm (derived from

Ref. 2). In each case we assume the width of the annulus to be 1/8 of the

outer diameter. We list two heatshield lengths, (7.0 m and 3,7 m) and

assume the corresponding distances of the XRT primary mirror to the HSI
r:

aperture to be 8.3 m and 5.0 m, respectively. The latter distance is estimated

k	 from Figure I.I. To allow for thermal deformation of the spacecraft and the
t.Cl

XRT mounting structure, the HSI aperture diameter is arbitrarily made 1 cm

larger than required for the XRT beam.

Obviously, the HSI aperture must be larger for the higher heatshield and the

larger XRT aperture. With a 3.7 m heatshield, the unobscured HSI aperture,

needed in configuration A for the smallest acceptable XRT diameter (12 cm)

has an area of 197 cm', for instance. The area of the corresponding obscured

area in configuration D is 162 cm'. By comparison, the XRT, recommended, in

the AS&E study, requires an unobscured area of 142 cm'. In this case, the

reduction gained from a central baffle is only 16 cm 2 . This may not warrant

the technical complications involved.
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TABLE 2.1

HSI APERTURES FOR XRT

o	 foca l l ength 3 m
o	 field diameter 0.3240

,. Primary
heatshield Annulus HS1 aperture

height 0. D. 1. D. Distance	 O.D. I. D. Area cm

(
m cm cm (m)	 Lcmj Scm Obsc. Unobsc.

•f 7 20 17.5 8.3	 25.7 11.8 409.1 518.6
12 10.5 8.3	 17.7 4.8 227.8 245.9
9.6 8.4 8.3	 15.3 2.7 178.0 183.7

3.7 20 17.6 5.0	 23.8 13.7 299.1 445.9t 2
10.5 5.0	 15.8 6.7 161.8 196.€1

9.6 8.4 5.0	 13.4 4.6 125.2 141.6

2.3.2	 HS1 Apertures for VUT

^.

	

	 Examples of HS1 aperture sizes, needed for a 10-cm diameter VUT, are listed in

Table 2.2. We consider two focal lengths, i.e. f = 300 cm and f = 150 cm. In

each case we assume circular fields, with diameters 0.324 0 and 0.6480,

respectively.

As will be shown in Section 3, the VUT entrance pupil can be placed at almost

any distance from the primary mirror, without affecting the image quality. We

list HS1 aperture diameters for three pupil locations, i.e. the primary mirror,

the front aperture of the instrument enclosure and the HS1 aperture. The dis-

tances involved are derived from preliminary instrument concepts, similar to

that in Figure 1.2, but with the instrument front aperture at 1.0 m from the

primary mirror for f = 150cm and at 1.2 m for f 300cm. Obviously, the HS1

aperture diameter increases with pupil distance and • field argle, but is inde-

pendent of these parameters if the entrance pupil is placed in the HS1 aperture.

2.3.3	 VUT Solar Heatloads

The solar heatloads, associated with the HS1 aperture areas in Table 2.2, are

listed in Table 2.3.. The total flux, entering the instrument is calculated

from the relation

2-9
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^i = w'Bri 2ra2/ui 2 ,	 (1)

'	 where B is the solar radiance at the center of the disk (B	 2490 Wcm`2sr`2 ,	 .

Ref. 6), r is the radius of the aperture in the instrument enclosure,•r thei 	 a
radius of the HS1 aperture and u i the distance between these apertures. In

case the entrance pupil lies at the primary mirror or the HS1 aperture, r i is

taken to be 1 Ran larger than the local beam radius.

TABLE 2.2

HS1 APERTURES FOR VUT

_._ o	 Entrance pupil diameter 10cm'
o	 Linear field diameter 17.Omm

Primary Entrance HS1 Aperture

heatshield Focal pupil
^ height length location Distance Diameter Area

F m (m) (m) cm cm2

7 3 Primary 9.8 16.5 215.0
Instr. front ` 8.6 15.9 197.7
HSl aperture 0 11.0 95.0

1.5 Primary 9.8 22.1 383.2
Instr. front 8 . 8 21.0 344.9
HS1 aperture 0 11.0 95.0

3.7 3 Primary 6.5 14.7 169.2
Instr. front 5.3 14.0 153.9
HSI aperture 0 11.0 95.0

3.7 1.5 Primary 6.5 18.4 264.6
Instr. front 5.5 17.2 233.0
HS1 af3^4;, Lure 0 11.0 95.0

Table 2.3 shows clearly that the flux into the instrument is smaller for the

larger heat-shield height and the larger focal length (i.e. smaller angular

field). For each combination, the flux is smallest when the entrance pupil is

placed at the instrument Front aperture, but orly slightly smaller than when

the pupil lies at the HS1 aperture. If neither the HSl aperture or the instru-

ment aperture were made oversize, the fluxes for pupil locations at the instrument

2-10
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entrance and the HS1 aperture would be the same, but still smaller than with
j (
	 the pupil at the primary mirror. For f = 3 m and heatshield height 3.7 m,

-these fluxes would be 87.3 W and 106.0 W, respectively,

TABLE 2.3

fx	 VUT SOLAR HEATLOAOS
b

..	 o HS1 aperture areas from Table 2.2

	

Primary	 Entrance	 Heatloads
heatshield	 Focal	 pupil

	

height	 length	 location	 Instrument	 Primary mirror
total flux Total fl ux Irradiance Im

	m	 (m)	 (Pi W	 O W	 (WC -D Suns

	

7	 3	 Primary	 91.4	 43,8	 0.56	 4.0
' Instr. front	 67.3	 0.51	 3 .7 '

HS1 aperture	 71.5	 48.0	 0.25	 1.8

	

7	 1.5	 Primary	 124.2	 78.0	 0.99	 7.2
Inst, front	 •87,1	 0.89	 6.4
HS1 aperture	 97.5	 87.7	 0.25	 1.8

	

3.7	 3	 Primary	 139.4	 78.3	 1.00	 7.2_
tInst. front	 111.5	 0.91	 6.5

HS1 aperture	 115.2•	 84.7	 0.56	 4.0

	

3.7	 1.5	 Primary	 219.6	 122.5	 1.56	 11.2
Inst. front	 150.6	 1.37	 9.9

==	 HS1 aperture	 165.7	 135.5	 0.56	 4.0

The value of B used in Table 2.3 applies to the center of the sun. Because

of limb darkening, a smaller value applies for other pointing directions.

The mean solar radiance is 2040 Wcm -2sr-2 (Ref. 6). Other than that, 01 is

independent of the distance of the Starprobe from the sun, as long a's the

angle, subtended by the sun is smaller than the field of view. For f a 3 m

(4 mrad field) and f - 1.5 m (8 mrad field) these distances are 4.6AU and

2.3AU, respectively.

The"incident flux 4 ,m at the primary mirror is calculated similarly, i.e.

j 4) 7r 	 (2)
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where rm io, the radius of the exposed area of the mirror and u m the distance

to the HSI aperture. When the entrance pupil lies at the HSI aperture or at

the instrument entrance, we assume rm to be lmm oversize, Without margins

for alignment, the fluxes would be same with the pupil at the primary mirror

and the HSI aperture, but larger with the pupil at the instrument entrance.

The values for f v 3 mand heatshield height 3.7 m would be 68,0 14 and 87.3 W,

respectively.

Also listed in Table 2.3 is the irradiance I m at the center of the primary

mirror. To compare this with instruments in earth orbit, I m is expressed in

"suns", i.e. the irradiance at earth (1 sun a 0.1388 Wcm-2 , Ref, 6). Im is

defined exclusively by the diameter of the HSI as.&ture and its distance to

the mirror, i.e.

Im = 'Tr ( ra/um ) 2 B.
	 (2)

As will be shown in Section 3.2,2,2, the thermal deformation is, in first-order

approximation, proportional to Im. !'.vidently, this is smallest when the pupil

lies at the HSI aperture.

We note that all fluxes listed in Table 2 . 3 are only a very small fraction of

the insolation at the HSI aperture. At perihelion, the solar irradiance is

about 400 Wcm-2 . Even for the smallest HSI aperture ( llcm diameter), the

total incident flux is then 38kW.

2.3.4	 Shutter

A shutter, placed at the instrument entrance, would block both the solar input

and the heat radiation from the baffle tube and/or the secondary heatshields.

However, the shutter itself may come to an equilibrium temperature, not much

different from that of the baffle tube. Its effect would then be limited to

the reduction of the solar heatload alone. Note that a duty cycleof 10%,

for instance, would decrease the irradiation at the primary mirror to well below

1 sun in most cases. The thermal effects of a shutter are addressed in detail

in Section 4.4.
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2.1	 CONCLUSIONS

a. An imaging-instrument configuration with separate light paths for the XF

and the VUT has three distinct advantages;

o No image-degrading relay optics are needed to extract the VUT beam

from the XRT beam.

o Any combination of YRT and VUT aperture diameters can be accomodated,

in particular an 8.4-cm XRT, recommended by a separate AS&E study, and

,a 10-cm VUT.

o The solar heatloads into each instrument are smaller.

Two disadvantages are:

o No attenuation of the solar heatload on the VUT by relay optics is

available. However, the average heatload may be reduced by means of a

shutter.

o A wider baffle tube is needed and the solar heat input into this tube

is larger. However, this-input is negligibly small compared to that

from reradiation of the heatshields.

b. The solar heatload on the VUT is smaller if the heat-shield height and the

VUT focal length are larger.. The total flux into the instrument is smallest

if the entrance pupil is pla-fd at the instrument front entrance but only

little larger if the pupil lies at the HS1 aperture. The irradiance at

the primary mirror is definitely smallest in the latter case.



Section 3

OPTICAL DESIGN CONCEPTS FOR VISIBLE-LIGHT/UV TELESCOPE
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3.1
	

SCIENTIFIC OBJECTIVES AND PERFORMANCE GOALS

The main areas of scientific interest for imaging i-n visible and ultraviolet

Q	 light from Starprobe are (Ref. 1):

r, o

	

	 Small-scale horizontal structures and velocity distri:butions in the
photosphere,

o	 Vertical structure of photosphere, derived from stereoscopic views.

o	 Temporal changes in photosphere and globar solar oscillations. •

o	 Small-scale'and global magnetic-field structures.

The ,.structural details that can be resolved with earth-based telescope are

usually not much smaller than about 200 km (0.3 arc sec) (Ref. 7). Only in

moments of exceptionally good seeing might details of the order'of 100 km be

dett!:ted.

The proximity of Starprobe to the sun offers the opportunity to observe much
finer details, even with a telescope of very small diameter. As pointed out

by Zirin, the lower limit of structural sizes on the sun are not known (Ref.
8). Theoretical models of the photosphere suggest a pressure scale height of

about 100 km and a photon mean free path of'the same magnitude, but models of

the transition region require sharp temperature differences over much smaller

distances (Ref. 7). Zirin suggests a telescope of about 10cm aperture diameter,

This would offer an angular resolution limit of about 1.5 arc sec, corresponding

to 14 km at the subsatellite point at perihelion (Ref, 8). This diameter was

accepted as a baseline in earlier Starprobe telescope concepts (Ref., 1).

The SOW for this study specifies an angular.resolution of 2 arc sec. To derive

the basic telescope parameters from this requirement, we assumed that the

3-1
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detectO to be used would be an 800 x 800 element CCD with a pixel size

of 15pm x l5um (area 12mm x l2wi). In order that this pixel size corresponds

to an angt, in object space o re 10urad (about 2 arc sec) a focal length

f * 1 ► 5m is required, However, to assure an angular resolution of 1wrad on

the tAsis of the conventional criterion that each resolution element should

have a width of at least 2 detector pixels, a focal length f k 3m is needed,

To gain some ins3;ght of the effect of the fecal length on various performance

characteris► tics (e,g, size, image quality, themal sensitivity) we decided to

carry both values through most of the stud.•	 y

The telescope field of view (FOV) is completely defined by the detector size,

i.e,

f m	 FOV

1,5	 0,4580 x 0,458 0 (0,648 0 , diagonal)

3.0	 0.2290 x 0,229 0 (0,324 0 , diagonal)

With regard to optical p erform =e we set as a design goal for this study that

r. the telescope image quality shall be diffraction-limited at a wavelength ad

'	 of about 600 nm, This means that the actual telescope modulation transfer

function NTF) shall not fall below that of a perfect telescope at Xd.

The achievable resolution in the recorded image depends not only on the tele-

scope resolution but also on that of the detector, The combined resolution

can readily ae found by multiplication of the telescope MTF and the detector

MTF. These can be derived as follows for small field angles, the MTF of a

k	 perfect, unobscured telescope, as a function of the spatial frequency v in the

image plane, can be represented by

Rt(\) - (2!r)(^-sin#os^),	 (l)

where Rt is the ratio of the modulation in the image to that in a sinusoidal

pattern in the object. , In Eq. ('1)

Cos+ a \)/Vo,
	

(2)

t

"
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where vo is the frequency at the resolution limit. This frequency is a

function only of wavelength and f number, i.e,

vo - 1/(XF#).	 (3)

The MTF of a BCD detector with pixel size s can be represented by the function

Rd (.v) = sinc(rvs).
	

(4)

The MTF of the telescope, combined with the detector, is simply the product,of
tqs. (1) and (4).

By way of example, Figure 3.1 shows the MTF for an f/30 and ati f/15 telescope

at a wavelength of 666.7nm. This value was selected as an example to give
round-number values for the limiting frequencies, i.e. v o - 50 cycles/mm (f/30)

and vo u 100 cycles/mm (f/15). Also shown are the detector MTF for s = 1514m

and the product functions, R(v) = Rt(v)Rd(v).

For low contrast objects, such as the photosphere structures, it is important

to keep the modulation transfer ratio R(v) reasonably high at the spatial

frequencies of scientific interest. By way of example, the frequencies, for

which R(v) s 0.5 and R(v) = 0.25 are listed in Table 3.1. Clearly, these are

much smaller than the limiting frequency, which is defined either by the

telescope (f/30) or by the detector (f/15). The spatial frequencies at the

solar surface, corresponding to R(v) = 0.5 and R(v) = 0.25 depend on the

ratio of the object distance and the focal length, Table 3.1 lists data for the

sUbsatellite point at perihelion (distance 3 solar radii) and two focal lengths,

i.e. f - 3 m and f = 1.5 m. Details, imaged with a contrast loss of a factor

of four, are of the order of 25 km across for an f/30 telescope with f = 3 m

and about 35 km across for an f/15 telescope with f = 1.5 m. In both cases the

telescope aperture diameter is 10cm, which agrees with the value, recommended

by Zirin. This aperture diameter is, therefore, accepted as a baseline for this

study,

3-3
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TABLE 3.1

SPATIAL FREQUENCIES FOR MODULATION RATIOS 0.5 AND 0.25

o	 X = 666.7 nm
o	 subsatellite point at 3 solar

radii from surface

Focal Diameter F Spatial frequency

length number
Image plane (mm 1 ) Solar surface (km"')

(m) cm R v =0.5	 R(v)=0.25 R v =0.5 R(v)=0.25 

3 20 f/15 26.6	 40.4 0.038 0.058

3 10 f/30 17.5	 27.6 0.025 0.040

1.5 10 f/15 26,6	 40.4 0.019 0.029

1.5 5 f/30 17.5	 27.6 0.013 0.020
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For a focal length of 3 m, the spatial frequency, corresponding to an angular

resolution of IWrad, is 33.3 cycles/mm. The modulation ratio in the f/30

	^'fe	telescope is then R(v) v 0.14. For f w 1.5 m, the corresponding frequency is

66.7 cyclesimm and, obviously, R(v) „ O.

The VUT wavel ength range is assumed to be 115nm to 900nm. The lower limit is

set by the reflectivity of Al/MgF2 coated telescope mirrors, the upper limit

by the spectral response of the CCD.
.

Whereas the image quality at long wavelength is primarily limited by diffraction,

environmentally induced mirror deformations and alignment errors define the

image quality at short wavelengths. If the ms wa; ,efront aberrations do not

exceeded/15, the MTF is roughly independent of wavelength, i.e, the resolutions,

listed in Table 3.1 apply also to the UV. This criterion should be set as a

design goal for the VUT. The same approach was taken,'for instance, in the

design of the Space Telescope.

3.2	 OFF-AXIS, APLANATIC GREGORIAN TELESCOPE-

3.2.1	 Telescope Concept

For solar observations, a gregorian tel-escope has two distinct advantages over

a cassegrainian telescope:

a. The prime focus is accessible as a place fora fieldstop. This rejects

all out-of-field radiation and minimizes the irradiation of the

secondary mirror.

b. The exit pupil is also accessible as a place for a stop. In case the

entrance pupil lies at the primary mirror, this stop merely acts as a.

straylight-rejecting stop. However, it acts as the actual aperture

stop if the entrance pupil is placed at the HS1 aperture or the

instrument front aperture.

It. is possible to aspherize the telescope mirrors in such a manner-that third-

t	 order spherical aberration and coma are eliminated,. This is called an aplanatic

3-6
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telescope. In a gregorian telescope, this requires both mirrors to be ellip-

soids. The only remaining third-order aberrations are;then field curvature,

astigmatism and distortion.

In a conventional, centered telescope, the obscuration by the secondary mirror

and its support spiders causes uneven heating of the primary mirror. degrades
the image quality and becomes a source of straylight. Ail this is eliminated
in an unobscured, off-axis telescope. This can be created by simply decentering

the entrance aperture in an otherwise centered system. An example is shown

in Figure 3.2.

In an aplanatic telescope, the only third-order aberration, affected by

decentering is distortion. Third-order astigmatism and curvature remain the

same. These are also independent of the axial position of the entrance pupil.

To be sure, higher-order aberrations become more prominent if the aperture is

decentered, but in the. VUT these remain negligibly small, since both the field ..

and the aperture ratio are relatively small.

Given the focal length f, the optical parameters are defined mainly by the

focal length of the primary mirror, f l . The ratio m - --fl/f is called the

secondary magnification. It is equal to the ratio of the secondary image

distance, q, and the secondary object distance, p (Figure 3.2). -To a lesser

extent, the parameters are influenced by the location of the telescope image

plane,.relative to the primary-mirror vertex. This location can be defined

by the ratio s = -q/d, where d is the separation of the two mirrors.

Telescope parameters for various values of m are given in Table 3.2 for f = -3 m

and in Table 3.3 for f = -1.5 m. Following conventional sign rules, we count f,

fl, m, d and p negative in a gregorian telescope but q and the secondary focal

length, fz, positive. In each case, parameters are listed for two values of s,

i.e. s = 0.8 and s = 1.2. The former offers the smallest overall telescope length,

but allows accomodation of small scientific instruments only. With large, inter-

changeable instruments it is necessary to choose s s 1. Some of the telescope

performance characteristics are discussed below.

:r
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Table 3.2

TELESCOPE PARAMETERS

-: f = -3m, r -, 50mm, ao 0.16250

6
". m -4	 -5 -6

s 0.8 1.2	 0.8	 1.2 0.8 1.2 0.8 1.2

-f l (mm) 750 750	 600	 600 500 500 375 375

-d (ism) 937.5 1071.4	 714.3	 789.5 576.9 625 416.7 441.2

f2 (mm) 150 257.1	 95.2	 157.9 65.9 107.1 37.0 58.8

q (mm) 750 1285.7	 571.4	 947.4 461.5 750 333.3 529.4

a (mm) -187.5 214.3	 -142.9	 157.9 -115.4 125 -83.3 88.2
i

Eery
A3 2.313 1.375	 2.938	 1.792 3.563 2.208 4.8125 3.042

^

-A4 9.688 6.458	 15.313	 10.208 22.188 14.792 39.688 26.458

2Ay(ao )(um) 0.2 0.4	 1.4	 1.2 3.2 2.4 8.2 5.7

'. 2Ax(ao) (pm ) 3.9 2.6	 6.1	 4.1 8.9 5.9 15.9 10.6

Table 3.3
:tw

TELESCOPE PARAMETERS

t .; f = -1.5m, r = 50mm, ao = 0.325 0 .

s

	-f l	 (mm)

	

-d	 (mm)

	f2	 (mm)

q	 (mm)

	

e	 (mm)

A3

-A4
2oy(ao)(um)

2Ax(ao)(Um)

0.8 1.2

750 750

1250 1875

333.3 750

1000 2250

-250 375

1.06 0.542
2.19 1.458

3.3 1.1

3.5 2.3

0.8 1.2

500 500

681.8 833.3

136.4 250

545.5 1000

-136.4 166.7

1.688 0.958

5.313 3.542

2.3 0.5

8.5 5.7

-4

0.3	 1.2

375	 375

468.8	 535.7

75	 128.6

375	 642.9

-93.8	 107.1

2.313	 1.375

9.688	 6.458

n.7	 1.5

15.5	 10.3

0.8

300

357.1

47.6

285.7

-71.4

2.938

15.313

. 5.7

24.5

- 5

1.2.

300

394.7

78.9

473.7

79.0

1.792

10.208

4.9

16.3

m
	

-2
	

-3

.
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3.2.2	 Performance Characteristics

In preparation of the selection of the parameters m and s, most suitable for

the VUT (Section 3,3), we present here a parametric analysis of the following

characteristics:

o	 Geometrical aberrations

o	 Focus and alignment sensitivities

o	 Entrance-pupil location and decentering

o	 Heatloads, on secondary mirror

As will be shown below, small aberrations and low focus /alignment sensitivity

will require small absolute values of m. Quantative expressions in terms of m

and s are derived,; Some examples of the calculated image blur dimensions are

given in Tables 3.2 and 3.3.

The heatload into the instrument depends on the axial location of the entrance

pupil. This, in turn, drives the aperture-stop and exit-pupil locations, as

well as the minimum decentering, required to assure an unvignetted field. Par-

axial relations between these quantities are derived.

3.2.2.1	 Geometrical Aberrations

In an astigmatic image, the rays come to a tangential line image in one curved

plane (tangential image plane) and to a radial line image in a different plane

(sagittal image plane). The radii.of curvature of these planes are given by

r  = yf/(2As+A4)
	

(tangential image plane)
	

(5)

and

(sagittal image plane)
	

(F)rs - hf/Aa.

I^
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The aberration constants A 3 and A4 are functions of m and s only. I.1 ar,
aplanatic telescope (Ref. g)

A• _ -(2(m+s)-l)/(4s)
	

(7)

and

A4 s - ( 2m2-1)/(4s).
	

(8)

The linear aberrations in the gaussian image pane are given by

Ay  = (2A3+A4)ra2 ,
	

(radial direction)
	

(9)

Ax = A4ra2 ,
	

(tangential 'direction)
	

(10)

where r is the aperture radius and.a,the field angle. In general, Ax is larger

than Ay in a gregorian telescope. In a flat image plane, the aberrations at

the edge of the field (field angle ad can be balanced against those in the
center by placing the image plane at a distance (A4/2)fa ol from the gaussian

focus, as 'Indicated in Figure 3. 3 . The residual aberrations are then

Ay = 2A 3 ra2 + A4r(a2-a02/2),
	

(11)

AX =	 A4r(a2-a02/2).
	

(best-matched flat image plane)	 (12)

The associated image blur diameters at full field are listed in Tables 3.2 and
3.3. The blur diameter on axis is equal to 2Ox(ao ). The upper limit of (ml
has been selected to keep 2Ax smaller than about i pixel (15pm). In all of the

above, distortion is considered to be of little consequence and is ignored.

3.2.2.2 . Focus and Alignment Sensitivity

Of prime concern are uniform changes in temperature and axial thermal gradients

in the mirrors. Their principal effect is a change in focus. Transverse

gradients cause lateral image displacement and bending of the telescope. Each

of these effects is discussed below.
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Isothermal focus changes. We assume that the two mirrors have the same

coefficient of thermal expansion am and that all structural elements have the

same coefficient as , The displacement Af of the telescope image, relative to	 .
the detector, caused by a temperature change in each of the components, is

then:

'	 Primary mirror:	 . a

t.:	 Afprim a -m2fIamAtprim " mfamAtprim	
(13)

Mirror separation (assume primary mirror fixed):

Afd = 
(m2+1)dasAtd = - {(m2+^1 (MS ))faSAtd 	 (14)

Secondary mirror:

Afsec a (m-l)2f2amtsec 
s -{s(m-1)/(m+s))famAt

sec
	(15)

n

Back-focal distance, e a q + d;

Afe M -easAte = -{(s-1)/(m+s))fasAte
	

(l6)

As can be readily verified, the sum of focus changes is zero if am = as and

At is the same for all four parameters.

If ULE is chosen as the mirror material, it would seem possible to make Afprim

and Afsec negligibly small. The coefficient of thermal expansion (CTE) varies

with temperature and crosses zero at a temperature that depends on the composi-

tion of the material. As will be shown in Section 4.4, primary mirror tempera-

tures near 300K ( 27°C) and secondary mirror temperatures near 313K (40°C) may be

expected during observations.- ULE is defined as a material with a CTE between

i3 x 10 `8 K-1 at 20°C and 4 . 5 x 10-8 t 3 x 10-8 K-1 at 60°C. It would certainly

seem possible to obtain for each mirror material with a CTE within ±3 x10-8 K-1

at the operating temperature.

For the structure we assume a graphite -epoxy (GE) tubular truss. An optical

bench for the High-Resolution Spectrograph for the Space Telescope (under

construction at BASD) was recently completed by Hercules, Inc., Wilmington,

Delaware. Its coefficient of expansion is zero within i2 x 10 -7 K- 2 at 294 K

3-13
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(21 00. This is fairly close to the temperature of the VUT structure, predicted

in Section 4. Hence, it would certainly seem feasible, to keep a s within
i5 x 10-7 K-1.

Numerical examples, based on the above data, are given in Table 3.4 for f = -3 m

and representative values of m and s. We assume an uncertainty in the predicted

structure and mirror temperatures of ±20 K. If the VUT temperature is thermo-

statically controlled, as described in Section 4, this seems a generous margin.

The table shows the combination of am - 10
-7
 K- ' with as = 5 x 10-7 K as well as

as a -5 x 10-7 K- 1 . The first offers partial compensation of the mirror and

structure contributions. The focus changes for a s = 0 would be intermediate.

The associated image swells are roughly proportional to m, but do not vary

significantly with s. With f = -1.5 m, the focus changes would be half as large,

but the geometrical image swell would be the same. These results indicate that

the image swell can certainly be held to less than a pixel diameter, but low

magnifications and partial compensation by proper selection of the CTE ranges

are highly desirable.

Deformation of primary mirror. The response of the primary mirror to radiative

heating of the front surface can be understood by the following elementary

reasoning: The heatload 0 a , absorbed at the front surface, causes a temperature

difference across the blank, equal to

AT = tea/ (7rprm2 ) ,	 (17)

where t is the blank thickness, rm the radius and p the thermal conductivity.

This temperature difference causes bending.of the blank. In first approxinra-

tion, the contribution to the curvature of the front surface is

Ac = aAT/t = aOa/(7rprm2 )•	 (18)

The associated primary focus change is

Afi	 2f i 'hc = -2a(fi /rm)2'Y(wP)-	 (19)

(
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The corresponding telescope focus change is
iv

4f a Wm20a 1- 2(%(f/rm)2^a /( rp).

3.16

,

To estimate the contribution from solar heating, we assume that 0. is about

101A of the Incident flux: om (Table 2.3). With a 3.7 m heatshield % is then
about 8W. For ULE, p a 0.013 Wcm-1 K-1 . If we assume a a 3 x 18'"" K"', we find

the following changes and image swells:

Entrance- "m Af(pm) Image swe11 (um) 
pupil

 ` location Jcm`	 f -3 m	 f	 -1.5 m f a -3 m	 f -1.5 m

Primary 5 . 0 423	 106 14.1 7.1

HSl aperture 6.85 225	 56 7.5 37

e".	 X Conceivably, the focus could be set before flight to compensate for the
s

expected focus change. This would allow a wider margin for uncertainties in

the environmental conditions.

The above results Show that it should be feasible to achieve adequate focus

n	 stability., without recourse to an active focus -control system. However, the
mirror material must be very carefully selected ( or perhaps specifically

prepared) to assure sufficient low expansion at the operating temperature.

Also, detailed modeling by computer of the mirror defomiations will be
necessary, taking into account the variation of the CT5 with temperature.

Such a model was constructed for a study of possible astronomical applications

;q
of the Shuttle Optical Telescope (SOT) (Ref. 10). It confirmed the approximate

validity of Eqs. (17) and (19) and also showed that the figure errors,,associated

with bending of the blank, remain negligibly small if the focus change is

controlled well.

Telescope bending. The first-order effect is a lateral displacement of the

image. This will be negligibly small compared to spacecraft motion. If active

image-motion compensation ( IMC) is applied, it is fully eliminated.
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Telescope bending also introduces third-order coma by tilt and decentering of

the secondary mirror relative to the primary mirror. The aberration is the

same in all field points.	 If no IMC is applied, the sagitta-1 blur sizes

associated with 4 tilt angle a (center of rotation at pecondary vertex) and

a decenter distance A, are, respectively,

4yt - -(3/4){s(m2-1)/(m+s))(r1/f)e (21)

p
it,
'; pyd - -(3/4)(m'*s)(r/f)2A. (no IMC,)	

(22)

With active IMC, decentering is compensated by tilt and qyd reduces to

Ayd a -( 3/8){(m+l)2(m- 1) + m + s)(r/f) 2o.
	

(IMC)	 (23)

Some examples of the blur sizes are given below. We assume c - 1 mrad,

...	 4-a0.lmm and s=l.

Blur Size	 f = -3 m	 f - -1.5 m

NO	 m = -3 m = -5 m ^-3  m = -5	 -

Ayt 	-2.50	 -3.75	 -5.00	 -%50

4Yd (no' IMC)	 0.60	 2.63	 2.30	 10.5

oyd (IMC)	 0 .15	 0.96	 0.58	 . 3.83

Since coma is highly detrimental to image qualit+, the tolerance for by should

not be set higher than about 1.,5um. However, when low-expansion materials are

used for both the mirrors and the structure, the actual deformations will

undoubtedly be much smaller than the above values for a and A. ' Active align-

ment control will, therefore, certainly not be needed.

3.2.2.3	 Entrance Pupil Locat i on and Decentering

As pointed out in Section 2,, 4he VUT entrance pupil may be placed at other

locations than the primary mirror, in order to minimize heat inputs into the

instrument. If the distance to the primary-mirror vertex is u, we can

characterize the entrance-pupil location by`the parameter



3	 'l
I'.

W

u _ -u/f.

The primary mirror forms-an image of the entrance pupil at a distance

ul - of/(t+mu).

The distance of this intermediate image from the secondary vertex is

U2 - (1-1js)f/{(m+s)(1 +mu) ).

The final image, formed by the secondary mirror, is the exit pupil.

distance from the secondary vertex is

U3 _ -s(1-us)fMm+s)(m+s-l+1',Is)).

A

	

	
If u is very large (as is the case when the entrance pupil lies at the HS1

aperture), the intermediate image lies close to the prime focus and becomes

a suitable place for an-aperture stop, as shown in Figure 3.4.. The telescope

output beam must clear this stop. This places a lower limit on the entrance

stop decentering distance, b o . By straight-forward geometry it can be shown

that this limit, as a function of ro ao and a is given by

bo - [1 - 2(m+s)/{(m+l)(1-us) )]r

+ [ 1 - Us	 Z(m+s) /(m+1)](af/s).
	

(ps>l)	 (28)

As u decreases, the intermediate image approaches the secondary mirror and bo

increases. As can be seen from Eq. (26), the intermediate image coincides

with the secondary mirror if u - 1/s. Eq. (28) is no longer applicable (indeed

the coefficient of r would become infinite) and must be replaced by the condi-

tion that the prime-focus fieldstop be cleared, i.e.

i;	 bo - r^ 2fa(m+s)/{s(m+l )).
	

(us-l)	 (29)

E

If u < -.f/s, the intermediate image is not accessible and the aperture stop must

pbe laced at the exit p ru p il. Under the condition that the exit pupil lies

3-18
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between the secondary mirror and the prime focus, the minimum required distance

is

bo = [-1 +2(m+5)/{(m+l)(1-us)}3r

bo - {(m+2s-l)/(m+l))(r - of/s). (s<l. U-0)	 (31)

+ [1 • us - 2(m+s)/(m+1)f(af/s)•
	

(us<l)	 (30)

In case the entrance pupil lies at the primary mirror, Eq. (30) reduces to

Tbis equation applies only if s < 1. If the exit pupil lies between the prime
focus and the primary mirror ( s>l), the decenter distance is defined Ly the
condition that the beam, reflected by the secondary mirror, clears the prime-

focus fieldstop (Figure 3.4). This requires

bo = r - of/s.	 (s>i, a=0)	 (3L)

Examples of the minimum required distances are given in Tables 3.5 and 3.6.

These are definitely smallest when the pupil lies at the primary mirror. If

the pupil is moved towards the instrument front, u3 decreases and bo becomes

larger. This can be inferred from the data, obtained in case the entrance

pupil would lie in the plane of the secondary mirror. -Even more decentering

is needed when the pupil lies at the HS1 aperture (the exception is pupil at

instrument front and low magnification with f = -1.5 m). However, none of the

distances listed seem impractically large, even though the actual decentering

must be considerably larger than b o in order to allow for the physical structure

of the stops.

We note that the exit pupil lies in inifinity when

P = -(m-1 +s) /s.	 (telecentric telescope) (33)

The beam divergence is then fully symmetrical in all field points. 'This may

be of interest with regard to polarizers, etalons and filters in the scientific

instruments.

k1
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Table 3.5

	

1	 MINIMUM ENTRANCE-PUPIL DECENTERING DISTANCE

f = -3m, r = 50mm, a = 0.1625°

	

R	 Decenter distance, b0 (mm)

m	 s	 Entrance	 Entrance	 Entrance pupil at
pupil at	 pupil i-n	 HSI aperture

	

primary	 plane of
mirror	 secondary	 u = 9.8m	 u = 6.5m

mirror	 (7-m HSI)	 (3.7-m HSI)_	 u = 0	 u	 lJ (m+s) u = 3.27	 u = 2.17

-4	 0.8	 68.7	 122.9	 155.9	 225.9

	

•	 -4	 1.2	 57.1	 130.6	 115.9	 132.9

-5	 0.8	 66.7	 110.6	 154.5	 223.3

-5	 1.2	 57.1	 107.2	 116.7	 184.2

-6	 0.8	 65.5	 104.1	 153.7	 221.7

-6	 1.2	 57.1	 96.9	 117.2	 134.9

-8	 0.8	 64.1	 97.0	 152.8	 219.9

-8	 1.2	 57.1	 87.6	 117.7	 135.8

(
Table 3.6

	

^`•..	 MINIMUM ENTRANCE-PUPIL DECENTERING DISTANCE

t.; f = -1.5m, r	 50mm,'a = 0.325°

Decenter distance, b
0 (mm)

m	 s	 Entrance	 Entrance	 Entrance pupil at
pupil at	 pupil in	 HSI aperture

	

is	 primary	 plane of
mirror	 secondary	 u = 9.8m	 u = 6.5m

mirror	 (7-m HSI)	 (3.7-m HSI)

	

u = 0	 u-1/m+s)	 3.27	 u=2.1'7

-2	 0.8	 84.9	 332.0	 167.0	 246.9

-2	 1.2	 57.1	 224.9	 123.1	 116.5

-3	 0.8	 72.8	 139.5	 158.7	 231.2
3	 '

-3	 1.2	 57.1	 230.4	 121.1	 124.2

-4	 0.8	 68.7	 106.9	 155.9	 225.9

	

}	 -4	 1.2	 57.1	 122.5	 120.4	 126.8

-5	 0.8	 66.7	 . 93.4	 154.5.	 223.3

-5	 1.2	 57.1	 97.5	 120.1	 128.0
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3.2.2.4	 Solar Heatloads

1Fi'

The heatloads a;, the instrument entrance and the primary mirror for different

entrance-pupil locations are summarized in Section 2.3.3. Here we calculate

the corresponding heatioads at the prime-focus fieldstop and the secondary mirror.

Prime-focus Fields_ top. If R is the primary-mirror reflectivity, the total flux

incident on the step is

Of = ROm 	(34)

The fraction, transmitted by the stop depends somewhat on the aperture stop

location. If the latter lies at the primary mirror, the transmitted flux is

Ot =nRr 2QB,
	

(aperture stop at primary)	 (35)

where r is the aperture stop radius and Q the solid angle, subtended by the

field. For a round stop, Q = 7ra 2 o , For the inscribed square, matching the CCD

detector, S2 = 2a 2 o. In case the entrance pupil lies at the HS1 aperture or the
VUT front entrance, Ot is larger. The upper limits are

Ot = TrRra 2aB,	 (entrance pupil at HS1) 	 (36)

Ot = 7rRr i 20.	 (entrance pupil at instrument front) 	 (37)

t ..,	 Numerical data are listed in Table 3.7. The incident flux depends on the

distance of the HS1 aperture, but the transmitted flux does not.

Secondary Mirror. If the entrance pupil lies at the primary mirror, the

incident flux is

_.t = 7rRr2n6. 	 (entrance pupil at primary or HSl) 	 (38)

If the pupil is placed at the HS1 aperture, the secondary mirror is preceeded

..	 by the aperture stop. The incident flux is then the,saime.

A
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Table 3,7

SOLAR HEATLOAD AT PRIME-FOCUS FIELDSTOP

Heatshield height 7 m 3.7 m

Focal length 3 m 1.5 m 3 m 1.5 m

Incident flux, 
^f

(W)

Pupil at primary 39.4 70.2 70.5 110.3

Pupil at HS1 apert. 43.2 78.9 76.2 122.0

Transmitted flux, ^t (W)

Pupil at primary 4.4 17.7 4.4 17.7	 r

Pupil at HS1 apert. 5.4 21.4 5.4 21.4

Table 3.8

IRRADIANCE AT CENTER OF SECONDARY MIRROR

m s Irradiance, 0s

=-3m	 - - .5m

Wcm 2	 Suns	 Wcm 2 Suns

-2 0.8 --	 --	 0.51 3.7

-2 1.2 -	 --	 0.10 0.7

-3 0.8 0.43	 3,1	 1.70 12.3

-3 1.2 0.13 0.91 0.51 3.7

-4 0.8 0.90 6.5 3.60 26.0

-4 1.2 0.31 2.2 1.23 8.8

-5 0.8 1.55 11.2 6.21 44.7

-5 1.2 0.56 4.1 2.26 16.3

-6 0.8 2.38 17.1 9.•52 68.6

's -6 1.2 0.90 6.5 3.60 26.0
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If the entrance pupil lies at the instrument front entrance, the aperture

stop follows the secondary mirror and the flux is somewhat larger. The upper .

limit  i s

	0s = TrRri	 10B.
	

(entrance pupil at instrument front)	 (39)

Only the central area of the secondary mir.'ror is illuminated evenly. In case

the aperture stop lies at the primary mirror, the radius of this area.is

	

rs,inner -	
-sr/(m+s) -.af/(m+s).
	

(40)

The illumination tapers off to an outer radius

	

rs,outer =	
-sr/(m+s) + of/(m+s).
	

(41)

The irradiance in the central area is

	

I s = R{(m+s) /s)1M. 	(421

Numerical examples are given in Table 3.8. Evidently, I s increases sharply

with the secondary magnification m. It is also significantly larger when

s < 1, because of the higher secondary-mirror power required.

In tables 3.7 and 3.8 we assume a mirror reflectivity R 0.9. This is a rep-

resentative value for MgF2 coated Al in the visible and relevant to thermal

radiation. The UV reflectivity decreases rapidly below 120nm and depends on the

thickness of the MgF2 coating. Reflectivities that can be achieved with a

thickness of 25nm are listed below

	

a nm	 R

	190	 0.82

	

170	 0.80

	

150	 0.79

	

130	 0.83

	

120	 0.82

	

110	 0.47

	

105	 0.17
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3.3	 VUT PARAMETER SELECTION

3.3.1	 Selection Criteria

The four parameters to be selected are the focal length, the secondary magni-

fication m, the image distance/mirror separation ratio s, the entrance pupil

location and its decenter distance b. The selection is based on the following

criteria

p	 Geometrical aberrations,

o	 Thermal focus sensitivity.,

o	 Neatloads on primary and secondary mirror,

o	 Instrument size.

Geometrical Aberrations. Astigmatism and defocusing both cause uniform

widening of the image and are, therefore, very similar in their effects on

image quality. The total-system MTf is not seriously degraded if the image

blur diameter is smaller than 1 pixel. Somewhat arbitrarily, we assign 1/3 of

this tolerance to astigmatism, in order to leave 2/3 to environmentally

induced defocusing.

The maximum-permitted values of m, corresponding to 20x = 5um are listed below,

together with the image distance q and the mirror separation d, which charac-

terize the instrument length for s > 1 and s < 1, respectively.

f (m) -3 -3 -1.5 -1.5

s 0.8 1.2 0.8 1.2

M -4.53 -5.53 -2.35 -2.74

q .(trm) 842 1170

d (mm) -804 -1045

An interesting result of this comparison is that the instrument length is

actually smaller for the larger focal length.
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Isothermal Focal Change. As follows from Table 3.4, small magnifications are

preferable, but no sharp selection criteria for m or s can be derived. The

limitations on m, established above, are quite acceptable.

Deformation of Primary Mirror. The focus change is independent of m and s,

x
but the geometrically calculated image swell is smaller for the shorter focal

length. However, if the focus change in Eq. (20) is compared to the diffraction

focal depth, of - ^(f/r) 2a, as would certainly be justified in the visible,

the lotger focal length offers the larger tolerance.

Heatload on Primary Mirror. As shown in Section 3.2.2.2, the solar irradiance

is definitely smaller if the entrance pupil is placed at the HS1 aperture.

However, the heatload from reradiation from the heatshields is smaller when

the entrancea it is laced at the instrument front aperture	 detailedp p	 p	 _ n r	 p	 A	 ailed
r,.

	

	
thermal stress analysis of the primary mirror and its environment would be

needed to decide which location offers the least susceptibility to deformation,

This is beyond the scope of the present study.

On the basis of the entrance-pupil decentering distances needed, the primary

mirror is strongl y^.

	

	 g y preferred as'the location for the entrance pupil (Tables

3.5 and 3,6). for f = 1.5 m, we recommend this location, although the heat-

Itv	

heat-I	

loads on the primary mirror are about 10% higher (Table 2.3). For f z -3 m,
t

we consider the difference in bo too small to warrant this increase and

recommend the instrument entrance as the pupil location.

Heatload on Secondary Mirror.	 The central solar irradiances for the secondary-

_ magnification limits, established abovo, are the following;

f (m) -3 m -3 m -1.5 m -1.5 m

m -4.53 -5:52 -2.34 -2.74

s 0.8 1.2 0.8 1.2

Irradiance (Wcm-1 ) 1.22 0.73 0.84 0.37

`	 t (suns) 8.8 5.3 6.1 2.7
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On the basis of these numbers, we definitely recommend a telescope arrangement

with s > 1. The irradiance is distinctly smaller if f w -1.5 m. However, it
does not exceed the solar irradiance at the primary mirror, even if f = -3 m.

 The solar irradiance in this case is about 6.5 suns if the entrance aperture lies

at the instrument entrance (Table 2.3).

Y

Instrument Size. The instrument length is smaller for f = -3 m than for

f = -1.5 m, if the geometrical aberrations in the ;field are the same. This

favors the choice of the larger focal length. The length is larger for s > 1,

but not by more than Sid to 10%. This disadvantage is completely overruled by
larger space, available for scientific instruments, especially if several
interchangeable instruments have to be accomodated.

rs•
cEii	

,

The instrument height is defined primarily by the decenter distance and the

primary-mirror diameter. In order to allow for the physical structure of the

field and aperture stops, the actual decenter distance b should be about 3"

larger than the minimum distance b o in Tables 3.5 and 3.6. In case f = -3 m,

this amounts to about 135mm if the pupil lies at the instrument entrance, as

compared to 90mm if the pupil lies at the primary mirror. This.difference

amounts to about 10% of the total estimated instrument height, and should be

considered insignificant.

zw
The instrument width is primarily defined by the primary mirror diameter and

is virtually independent of other telescope parameters.

3.3.2	 Preliminary VUT Parameters

..

In order to assure at least some modulation transfer at an angle of 2 arc sec,

a focal length of at least 3 m is necessary (SPction 3.1). Since no compelling

reason was found in the preceeding sections to reduce the focal length, we

accept this value for the preliminary VUT definition. 	 .

To keep the secondary-mirror irradiance low, we select 's = 1.2. A magnifica-

tion m = -,5.5 is then needed to keep the geometrical image blur within 1f3

pixel.

INN
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Round-number parameter values, based on the above selections are listed in

Table 3.9. These are used as a basis for the preliminary instrument definition

in Section S. The optical diagram is shown in Figure 3.2. The solar heatload

into the instrument front entrance is 94.4 Wt The heatloads on the mirrors and

the stops are given in Table 3.10. These are calculated by the methods, estab-

lished in Sections 2.3.3 and 3.2.2.4, under the assumption that the physical

diameters of the front aperture and the primary mirror are 10.2cm and 10.6cm,

respectively. The primary mirror is illuminated uniformly only over a central

area of 9.6cm diameter. At the edge, the irradiance drops to 74% of the central

value, listed in Table 3.10.

It is of interest to compare the solar heatloads in VUT with those in a ground-

based solar telescope, such as the California Institute of Technology photohelio-

graph at the Bear Lake Observatory. As is shown in Table 3.10, the incident

flux at the primary mirror is much smaller than in the photoheliograph, but the

irradiance is 6.4 times higher. We note that this number would_ be considerably

lower if a 7-m primary heatshield were used (Table 2.3).

At, the prime focus, the heat to be rejected is much smaller in the VUT than in

the photoheliograph. The reason is that most heat rejection in Starprobe is

done by the baffle system preceeding the primary mirror. Problems, encountered

in the ,photoheliograph with deterioration of the prime-focus heat-rejection

mirror are not likely to occur in the VUT.

The central irradiance at the secondary mirror in the VUT is higher by a

factor of 1.7. However, experience with the photoheliograph should still be

valuable to predict the environmental effects in the VUT.

*About 74% of this heatload is reflected back through the aperture by the

heat-rejection system, leaving a net entering solar heatload of only 25 W

(Table 4.4).

F,

s

ry
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Focal length
Aperture diameter

F number

Primary mirror

focal length
conic constant

f"
Mirror separation

Secondary mirror

focal length
conic constant

_.^ object distance

image distance

Entrance pupil

distance primary
decenter distance

Exit pupil

distance secondary

diameter

Field of view

Field diameter

prime focus

gregorian focus

Curvature/astigmatism

astigmatism constant

curvature constant

mean . radius curvature

Best-matched flat field
r

sagittal blur (ao }
I

9950-602

F81-08^^.

Table 3.9

hRELIMINARY VUT PARAMETERS

M —5.5

s = 11/9 = 1.22

u - 0.27

•	 is

f (mm)
2r (mm)

F#

-3003

100

30

f l (mm)
C1

d (mm)

- 546

-	 0.98531

- 702

f2 (mm)

C2

p (mm)

9 (mm)

132

-	 0.51044

- 156

858

(mm)
bo (mm)

U3 (mm)
2ru (mm)'

2a 

810.81
135

116.19
24.70

0.324°

-2f la0 (mm)

-2fa, (mm)

As

A4

Pm (mm)

2Ay (um)

2,&x (um)

3-29

3.09

16.97

1.95
- 12.171

146.98

1.74

4.86tangential blur (O,ao)



BASIC PARAMETERS

f	 (mm)	 -3003

u	 (mm)	 750

2r	 (mm)	 100

m	 -5.5

s	 11/9
a	 (mrad)	 2.826

PRIMARY MIRROR

f l	(mm)	 -546

Total incident flux (W)	 77.7

Absorbed	 (W)	 7.8

Irrad.	 (center)	 (Wcm- `)	 0.89

(Suns)	 6,4

PRIME-FOCUS FIELDSTOP

Total incident flux (W)	 69.9
Transmitted	 (W)	 4.6

Rejected	 (W)	 58.8

Absorbed	 (W)	 6.5

SECONDARY MIRROR

Total incident flux M	 4.6

Irrad.	 (center)	 (Wcm-2 )	 0.69

5

-32500

0

650

-13
13/11

0.465

-2500

461

0.14
1

387

13.5

336

37

13.5

0,41

i

r

^x

r

i
C

t.

	

(Sun:d)	 ,0	 3.0

APERTURE STOP
	Total incident flux (W)	 4.1

Transmitted	 (W)	 4.0

(

rr

3-30
.57

j	 F81,,08

Table 3.10

VUT COMPARED WITH BEAR LAKE PHOTOHELIOGRAPH

VUT
	

PHOTOHELIOGRAPH (Ref. 11)
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3.4	 CONCLUSIONS

o	 An off-axis aplanatic gregorian telescope is identified as,suitable,

for imaging from Starprobe in UV/visible light.

o	 The focal length is 3 m, the aperture 10cm. The angular resolution

limit, defined by 10% modulation transfer, is smaller than 2 arc sec.

0
	

The geometrical aberrations are smaller than Sum (1/3 pixel) in a

llmm diameter field.

0
	

The entrance aperture is placed at the instrument front aperture to

minimize heatloading by radiation from the heatshields.

0
	

kith a 3.7-m primary heatshield, the solar irradiance is 6.5 suns

at the primary mirror and 5.0 suns at the secondary mirror. These

numbers would be smaller with a 7-m primary heatshield.

0 An elementary estimate shows that adequate passive focus stability

should be achievable by use of graphite-epoxy for structure and ULE

for the mirrors. However, the composition of these materials must

be selected to make the thermal coefficient of expansion very close

to zero at the operating temperature.

0
	

Detailed computer modeling of the primary mirror and its environment

is necessary to verify the validity of the last conclusion.
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4,0	 THERMAL CONTROL OF IMAGING INSTRUMENTS

During the study, we examined the spacecraft-instrument system with its environ-

ment at 4 sun radii and 10 sun radii, developed a small 	 (8 nodes) thermal

analytical model	 (TAM) to serve as the interface for the instrument model,

;^- performed trade-offs and arrived at a baseline spacecraft configuration for the
NW

l	 ,: study, created a more detailed TAM (35 nodes) of the spacecraft/XRT/VUT, and

f performed trade-offs demonstrating that the thermal design concept is feasible.

The simple TAMS permit rrwiny trade-off analyses to be performed quickly with

minimum cost.

This section describes the baseline design concept, analyses, trade-offs,

conclusions and recommendations resulting from the study.

4.1	 OPERATIONAL REQUIREMENTS

The two imaging instruments are the Visible-light/Ultraviolet-light Telescope

(VUT) and the X-ray Telescope (XRT). 	 Fov a common view of the sun, it was

considered practical to coalign them with a common mount. 	 Therefore, for this

study the VUT and XRT are considered in the same thermal package on the space-.

craft.	 Each would have its own thermal control design, and the temperature

requirements are similar.

This study is directed primarily toward the VUT. 	 The spacecraft and XRT are

included in only the detail necessary to demonstrate the effects of a represen-

f

tative environment,

The VUT is required to remain operational during the time the spacecraft is

between 10 sun radii 'and 4 sun radii which corresponds to the period within

`.^ ±10 hr of perihelion.	 The instruments must tremain aligned and the electronics

remain, functional within specifications during this encounter portion of the

mission..	 In addition, the subsystems must survive all aspects of the long

flight prior to the encounter.

4-1
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4.2	 ENVIRONMENTAL INTERFACE ANALYSIS
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In order to obtain a thermal environment for the VUT, a simplified TAM of the

preliminary spacecraft heatshield system as shown in Reference 1 was con-

structed early in the study. This was updated to a shorter HSI cone, made

of tungsten,to represent the cr-ept as of July, 1981. The simplified interface

TAM did not contain all of the equipment aft of the last heatshiel ,d--only the

imaging instrument package, as shown in Figure 4-1.. The TAM.conta,ned 7, 8,

or 9 nodes depending on the inclusion of 3, 4 or 3 heatshields. Comparison of
the results of this analysis agreed well with the preliminary results from the

much more-detailed JPL model and is, therefore, adequate to support this study.

Table 4-T gives the thermal properties used in 'the Ball interface TAM. The

emissivities were kept constant at the values for elevated temperature. Taking

into account that the emissivity will,be lower for the shields that are cooler

,would result in a cooler environment for the instrument package. Therefore, the

analysis is "conservative" which is proper for this phase of the program develop
ment..

A 'trade-off was performed on the number of heatshields to include.. There is

room for a maximum of five. The results are shown in Table 4-2 and demonr..
strates that the more the better. Therefore, it was agreed with JPL that we

i	
should use the five shield configuration in our instrument model.

Table 4-3 gives a summary of other trade-off considerations examined with

the interface TAM.

4.3	 VUT INSTRUMENT ANALYSIS

The nodes 6 and 9 were removed from the .interface TAM and a more detailed

instrument package was included in their place. The instrument package nodes

are identified in Figure 44, This.TAr•1 .contains-35.nodes ,.. and , has sufficient-
detail to indicate temperature gradients in the VUT structure and the temperature

of the critical components. The aperture Rodel was reworked to more accurately

account fob, the gradient in the baffle tube; and the direct solar energy

absorbed by the mirrors, field stop and detector package was properly distributed,

4-2
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TABLE 4-1

THERMAL PROPERTIES

Tungsten (HS1)	 as = 0.4 e = 0.4

HS1 Open Base	 e* = 0.8

Tantalum (HS2, 3, 4, 5 	 e . 0.23
and MLI Cov+"r.)

MLI	 e* = 0.015
Radiators	 e = 0.9

VUT Interior Structure	 e - 1.

Mirrors

Optical Surfaces	 cis = 0.1

Radiating Surfaces	 e = 0.8
Baffle Tube	 e - 1.

.4

r

r

r

A

it

TABLE 4-2::

THERMAL EFFECTS OF THE NUMBER OF HEATSHIELDS

NODE NAME TEMPERATURE W

3 SHIELDS	 4 SHIELDS 5 SHIELDS

1 HS1 2305 2306 2306

2 HS2 1923 1932 1933

S HS3 1384 1464 1472

4 HS4 OUT 1053 1116

5 HS5 OUT OUT 803

6 INSTRUMENTS 467 447 435

7 SPACE 0 0 0

8 SUN 6033 6033 6033

9 MLI 660 504 388

4-4



9950-602
F8148

JABL'E.4t-3„

TRADE-OFF CONCLUSIONS OBTAINED FROM INTERFACE STUDY

EFFECT

Reduces heat load on
aperture and exterior
of instrument package.

COMMENT

The more the better.

CONCEPT

Increase number of
heat shields.

CONCLUSION

Use the
maximum
of 5.

Blacken the aft face Increase coupling 1-o May create an increase Not
z; of intermediate Beat space, but has minor in contamination. recommended.
° shields. effect on instrument

temperature.

Blacken last shield. Instrument is hotter. Last shield is cooler Not
but couples stronger recommended,
to instrument.

Lengthen HS1. Everything is cooler, Must be deployable to Not
fit envelope-complex. recommended.

Cover base of HS1 Heat shields and Increases aperture Not
with low c wall, instrument are hotter= heating= recommended.

Move instrument to Instrument is cooler. Reduces IR heat from Locate in-
rear. baffle into aperture struments as

and view of last far back as
shield, •feasible.

A very significant improvement in thermal control was achieved by adding moveable

louvers on'two side walls near the front of the VUT. The effect of these louvers

on the XRT was included in the model. The blockage on the XRT side of the VUT

"

	

	 was, therefore, taken into account. In addition, a louver is located on the aft

radiator to be closed during the time when the spacecraft is far from the sun and

the instrument is off. With all louvers closed and no solar heating, the VUT

instrument can be maintained above -40°C (233K) with only about 5W of heater

power.

Computer runs were made at 4 , solar radii and at 10 solar radii and with the

louvers "open" and "closed" in each case. Also, data were obtained with the

electrical power "on" and "off" at 10 solar radii, The VUT was assumed to

`

	

	 dissipate 5W in its electronics, and the XRT was assumed to dissipate 2.3W of
electrical power. The results of the computer runs are given-in fable 4-4 and

discussed below.

4-5
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4.4	 BASELINE THERMAL CONTROL DESIGN AND PERFORMANCE

The results of the computer runs of the TAM of the instrument package and

spacecraft are in Table 4-4. It can be seen that at 4 solar radii with the front

louvers :losed, the front of the VUT is considerably hotter than the rear.

This is because the heatshield radiation entering the aperture is absorbed

primarily by the instrument nodes near the front. These nodes are weakly

coupled to the aft surface which is the only area that radiates directly to

space. For this reason, louvers were added on two opposite sides near the front

as shown in Figure 4 .2. The louvers, when open, shade the radiation area from

the last heatshield and substitute a reflected view to space. This reduces the

gradient in the VUT structure and lowers the average temperature.

At 10 solar radii, a similar effect is observed. With the electronics "on",

the structure is warmer than desired with the louvers closed and colder than

desired when the louvers are open. An intermediate position will produce the

desired temperatures. Similarly, when the electronics is "off" the desired

temperatures will result with the louvers partially open; somewhat less open

than when the electronics are "on".

The conclusion is that each louver should be positioned by a proportional

controller that senses the strur"` , i temperature tinder it. In this way the

temperatures can be controlled to ilOK in level and gradient, well within the

margins, assumed in Section 3.2.2.

The magnetometer, detector and associated electronics are located in a common

packa2(3 that is mounted to the optical bench with conductively isolating

supports. -The package has a separate radiator to space out the aft wall of the

VUT. The package has 5W of electrical power and absorbs 4.4W of solar power.

The package can be maintained cooler than 20°C with the louvers open. The

detector temperature can be set by correctly choosing the relative area of the

aft radiator that is directly attached to the detector package,

The louver for the alit wall radiator gives added thermal control during

the observations and also reduces the heater power required to maintain -the	 -

41
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instrument above its minimum storage temperature prior to encounter with the
sun. A computer run with no sun and the aft louver closed calculated only
about 5W was required.	 R

We have also investigated the desirability of a moveable shutter over the VUT

aperture to block radiation from the baffle and direct sunlight. The shutter
could be in the form of a 45-degree specular mirror that reflects the incident
energy away to space. The relatively collimated sunlight will be reflected

r

	

	 ,
b

in a narrow cone. However, the diffuse radiation from the baffle will be
reflected in a diffuse pattern, and it will be difficult to keep it off of

other components behind the last heatshield. A mirror that is orientated
normal to the baffle axis will reflect the energy back into the baffle, and this
may be the better choice. In either case, the shutter will be elevated in
temperature close to that of the last heatshield and will reradiate into the

instrument. The closed shutter will reduce the aperture heat load by a factor

of 8 if the emissivity of both sides of the shutter e = 0.25. Likewise, the

heat loss from the instrument out the aperture when the spacecraft is far from

the sun will be reduced by a factor of 8 when the shutter is closed. This

reduces the heater power required to maintain the instrument above the minimum

storage temperature, but this is not significant since the power is only 5W.

It is certainly true that a shutter at the instrument is in a better thermal

environment than if it is "out front". However, it may still be too hot to

work reliably during the encounter by cycling between exposures. At 4 solar

_	 radii, the primary mirror and electronics change about 0.7K for each watt

applied to the instrument through the aperture. For a reduction of 70W, the

components will run about 50K cooler.

The operational sequence for the VUT thermal control is shown in Table 4-5.

If the louver thermostats are set to maintain forward-sidewall temperatures

4 of 300K (modes 22 and 24), the temperature of the primary mirror varies from

297K at 10 solar radii to 303K at 4 solar radii, as follows by interpolation

from Table 4. The corresponding secondary-mirror temperatures are 307K and

318K, respectively. This is the basis for the mirror temperatures, assumed

throughout this report.

4-10
r-



5 '^j	 x81 -08

'

	

	 Table 4-5

THERMAL CONTROL SEQUENCE

Phase

	

	 Louver	 Heater	 Electronics
Position

Launch/Earth Orbit	 Closed	 Off	 Off

Earth/Jupiter/Sun	 Closed	 On	 Off
Transits

Sun Approach

	

	 Gradually	 Off	 Off
Opening

10 Solar Radii

	

	 Partially	 Off	 On
Open

4 Solar Radii

	

	 Full	 Off	 On
Open

10 Solar Radii

	

	 Partly	 Off	 On
Open

Post encounter	 Closed	 On	 Off

CONCLUSIONS AND RECOMMENDATIONS 	 .

o

	

	 A feasible thermal control concept for the VUT is identified. It

controls the VUT temperatures within acceptable limits throughout the

mission. The use of low-expansion optical mirrors and graphite/epoxy

optical bench permits operation within i2OK which is wider than the

expected ilOK control expected by the thermal control concept.

o	 The use of thermostatic active louvers reduces the uncertainty in

temperature control that exists in a purely pass ;,,`e design.

o	 The thermal design is not final, since a greatly simplified spacecraft

interface was assumed. However, the concept has margin in radiator

size and louver configuration that will accomodate changes in instru-

ment configuration. The XRT would seem to require a similar thermal

design..

Lill 
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o	 The thermal analysis model (TAM) deW oped during the study, has enough

detail to be useful in tracking the evolutions in the Starprobe

project. Additional detail can be added, if needed, to examine

is
	

evolutions in the system during future studies.

o	 Five heatshields ( the primary and four secondary) are the maximum

that will fit the envelope and all should be used.

o	 Items that require further study include:

(a) Thermal distortion of primary and secondary mirror from -10 hrs

to +10 hrs from perihelion (Section 3.2.2.4).

(b) Additional detail of the mechanical design of the graphite epoxy

optical bench and support system that minimizes thermal distortion

from the mounts.

(c) More detailed definition of the number of metal foil layers and

aluminized Kapton layers required for the MLI blankets, along

with design of blanket support and spm cer system.

W Detailed analysis of louver configurations with respect to

heating of the inside of the radiators by direct radiation from

HS5,and radiation, reflected off the instrument MLI.

(e) Selection of control mechanisms for louver positioning.
r
	

(f) Better definition of the electronics power within the telescope,

compared to loca tion-of some in a remote box on the spacecraft

platform.	 ,

(g) Feasibility of shutter operation between exposures at 10 sun

radii when the motor may be near 200°C (473K), or when operation

is needed during storage.

i.	 {

1

F ^yyyy::..
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Section 5

IMPLEMENTATION

This section summarizes some preliminary ideas on implementations. All of

these should be subject to further feasibility studies.

T;	 5.1	 STRUCTURE AND MOUNTING

The optical components must be mounted on an athermal optical bench. Two

approaches suggest themselves:

0	 graphite-epoxy tubular truss,

0	 ULE or Cervit metering structure.

The optical bench must be enclosed in a protective housing. We assume here a

ribbed aluminum box, in which the optical bench is kinematically supported.

The housing is protected by multilayer insolation.(MLI) against direct radiative

heating, except where temperature-control louvers areino-talled.

To mount the VUT in the spacecraft, two mounting rings, separated by an A-frame

structure, as indicated in Figure 1-1, could possibly be provided. By mounting

the VUT and the XRT as a single unit, best coalignment between the two imaging

instruments is assured.

Graphite-epoxy optical bench.. An open truss has the advantage over a monocoque

structure that the instrument can come to rapid thermal equilibrium by radiative

coupling of the housing walls. Another advantage is that the truss can be built

up of separate, tubes, which can be individually tested for their thermal

F	 expansion properties.

One problem that might arise with the use of graphite-epoxy in the VUT would

be the release of contaminants during the long voyage to the sun. These might

form a deposit ,on the mirrors and subsequently be polymerized by UV•solar

5-1
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radiation.	 Although graphite-epoxies exist with an extremely low rate of
emanation, the question remains whether near-zero thermal expansion near 300K

can be realized at the same time.	 This would require further detailed study.

A second problem might be dimensional variation wiw; !ii isture content.	 In

NN principle, it would be possible to focus and align the VUT while the structure

1 . t	 d	 Subsequent absorption of	 ht introducewater vapor mightwas completely	 ry, 	 p	 g

i dimensional changes, but comple l"e restoration should occur when the moisture

is desorbed during flight.	 This, too, requires further study.

lULE or Cervi t metering structu re. 	 The simplest approach would be to support

the primary and secondary mirrors laterally from the housing and use ultra-low-

expansirn rods as spacers between the mirror cells.	 This would eliminate the

' largest contribution to the isothermal focus change (Table 3-4). 	 An alternate

solution would be to connect the mirror cells by an A-frame structure. 	 This	
3

1
provides lateral stability as well.	 If this approach is taken, suitable

materials for the mirror cells and the interfaces with the metering structure

ti also have to be identified.

5.2	 MASS AND SIZES

Mass and size estimates, based on the optical parameters of Table 3-9. are

summarized in Table 5-1.	 An overview of the structural concept is shown in

Figure 1-2.	 Unfortunately, the mass estimate exceeds the allowances, made in

Ref.	 1	 (13kg) for the visible-light/UV imaging instrument.	 For these estimates,

engineer principles, applicable to earth-orbit instruments, were assumed.

j` Perhaps some mass reduction is possible by more rigorous adherence to deep-space

probe engineering practice.

5.3	 MIRRORS AND COATINGS

Solid mirror blanks would seem to be least susceptible to thermal deformation,

if irradiated uniformly. 	 In first-ordir approximation, the deformation is

independent of thickness.	 It is, perhaps, possible to apply blanks with a

5-2
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Table 5-1

MASS, SIZE AND POWER ESTIMATES

MASS (kg)

Optical bench 4.5

Housing 11

Mounting structures 2

Louvers 2

Contingency 1.8

Thermal	 insulation 0.8

Mirrors and cells 1.1

Stops and baffles 0.7

Heat- rejection mirrors 0.6

Scientific instrument 1

Electronics/cables 2.5

Total 28.0

SIZE (cm)

Optical bench	 97 x 32 x 17

Housing (outside)	 105 x 40 x 25

ii

POWER (W)

Detector and internal -electronics 	 5
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higher d?aroe'ter/thickness ratio than 6 or 8, the standard ratio for larger

.	 telescope mirrors. Whether light-weight blanks would be acceptable might

also be investigated.

There is no a priori reasons why an Al/MgF2 mirror coating could not withstand

irradiation by 6.5 suns (as predicted for the primary mirror), if the substrate

can be Field to a temperature of 300K (27%). However, further study is

required. Experience with mirrors for high-power-laser optics would provide

f:	 valuable information. Alternate coatings might also be evaluated.

5.4	 NEAT-REJECTION SYSTEM AND SHUTTER

Both the heat-shield tube and the VUT housing must be provided with internal

baffles to suppress reflections from the inner surfaces. Whether these should

be absorptive or reflective has not been addressed in this study. i'he baffle,

irr-imediately in front of the primary mirror, should match the thermal properties

of the latter, and definitely be built as a heat-rejection mirror. A spherical

surface, with the center of curvature in the instrument aperture, would reflect

all incident radiation back through thi8 aperture.

Another heat-rejection mirror must be placed at the prime focus. A solid flat

metal mirror, with a perforation to act as the prime-focus fieldstop, would'

seem suitable. A second, concave mirror focuses the rejected radiation on the

center of the instrument aperture. Both mirrors must be heat-sunk to the

instrument housing. A diagram of the prime-focus area is shown in Figure 5-1.

It shows that the entrance-pupil decentering dis-tance, assumed in Section 3.3.2

(b = 135mm) indeed allows all structural elements in this area to be fitted

in, with sufficient margins to assure clearance of the optical beams.

As pointed out in Section 4, a shutter would help significantly in the reduction

of the heatoad of the instrument. However, if control by louvers only is found
to be adequate, the added complexity of a shutter would not seem warranted. In

principle, the shutter could be driven by a motor with gear train within the

instrument, to which it is connected by a highly insulating shaft (e.g. 	 ,.

5-4
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thin-walled stainless steel tube). The implementation is not further investi-

gated here. We note that opening and closing of the shutter would cause a

fluctuation in temperature. This does not occur with louvers.

515	 SCIENTIFIC INSTRUMENT ACCOMODATION

The preliminary VUT concept leaves ample room for scientific instruments. One

candidate instrument would be a magnetometer of the type, described by Title

(Ref. 12). According to information, received from Title, the diameter would

be about 5cm and the length about 10cm (Ref. 13). The mass would not exceed

l-kg. A report, describing this instrument in detail, is in preparation, but

was not available for this study.

Multiple scientific instruments might be considered if the Starprobe mass budget

permits. Dichroic mirrors might be used to separate visible-light from the UV.

Alternatively, the telescope beam could be ' directed consecutively to different

instruments ivy means of a mirror carousel. None of these options have been

addressed in this study.

5.6	 IMAGE-MOTION COMPENSATION

In order to prevent significant MTF losses, the image must be stabilized

during each exposure to about 0.2 of , a resolution element. Residual image

displacements with a rms amplitude a cause a reduction in MTF, equal to

R i (v) _ exp(-21r'v'a2 ).	 (1)

where v is the spatial frequency. If we require, for instance, R i (v) > 0.8

at v = 33.3 cycles /mm, we find a < 3.2pm. The angular resolution, corresponding

to this frequency is 10prad 2 arc sec. The telescope/detector MTF at v ='.33.3

cycles /mm is R N) = 0.14 ( Section 3 . 1). Residual image motion with a = 3.2um

r.r
1**:;

Ri(v)R(v) = 0.11.

then reduces the system MTF to

I

r	
`o

°z
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According to Title, a quadrant silicon photodetector could be used as a position

t `	 sensor (Ref. 13). Motion of the image of a granule near its center produces

differential signals in two orthogonal directions, that can be used for bi-axial

control of an element in the optical train. The sensing accuracy is limited by

photon statistics. This defines the minimum sampling time T that is required.
The spacecraft pointing rates should not be much larger than a/z, in order to

assure stable motion compensation. The sensor must be placed as close to the

image plane as possible. A small folding mirror outside the CCD area but within

the 17mn diameter r,;eld would be best.

In the VUT, the only optical element, available for articulation, is the secondary

mirror. Tilt of this mirror around its vertex will cause coma in all field

points (Section 3.2•.2). This can be eliminated by tilting the mirror around its
M	 so called "neutral point" (Ref. 14). In the VUT, this point lies at a distance

of '152mm from the secondary mirror, close to the prime focus. Articulation

around the neutral point complicates the actuator mechanisms. Whether articula-

tion around the vertex would be acceptable, depends on the magnitude of the

Spacecraft pointing errors. Obviously, the IMC system can only be developed in

close conjunction with the spacecraft pointing and stabilization system,. This
would certainly merit a separate feasibility study.

5.7	 CONCLUSIONS

o	 A preliminary estimate indicates larger mass and size than allotted

for in earlier Starprobe studies (Ref. 1).

o	 Additional study is needed in the following areas:

o Long-term stability, moisture control and outgassing of graphite-

epoxy, especially with regard to UV polymerization of condensation

products.

0	 •Implementation of alternate Cervit or ULE metering structures.

o	 Stability and reFlectance of Al/MgF2 coated mirrors in the Starprobe

environment.

5--7
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0	 A technical feasibility*study is recomw-;nded on implementation of

image-motion compensation in relation to spacecraft pointing accuracy

and pointing rates.

L41

v
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Section 

GENERAL CONCLUSIONS AND RECOMMENDATIONS

The principal purpose of this study was to evaluate whether 'imaging in visible

li ght/UV  from Star robe was feasible tp	 a f	 i 1 a all. At the end of the study, no

compelling reason was found why this should not be the case. This conclusion

is based on the following approach to the design of the imaging instruments:

a. The visible-light/UV telescope (VUT) and the X-ray telescope (XRT)

have separate light paths through the central baffle tube, rather

than a common path as in earlier concepts, This has two advantages:

o Relay optics to extract the VUT beam from the XRT beam are

eliminated.

o The VUT does not impose a lower limit on the XRT aperture diameter.

Indeed, the XRT concept, developed by American Science and Engineer-

ing in a separate study, would not be compatible with the VUT if'

a common light path was maintained.

In.

b. The VUT is conceived as an off-axis, aplanatic gregorian telescope.

This has the following advantages:

o Best image quality ,with minimum collecting area.

o Uniformly irradiated primary mirror with least susceptibility to

thermal deformation.

X. o Accessible field and aperture stops for effective heat rejection

and straylight suppression.

o Adequate focus and alignment stability, provided mirror and structure

*materials with sufficiently low expansion at the operating tempera-

tures can be found or developed.s.

,^	
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c. Thermal shielding by a total c+f five heatshields (primary and four

secondary heatshields), combined with a radiator and two additional
thermostatic louvers keeps the instrument temperature constant at

about 300K (27°C) from -10 hours to +10 hours from perihelion passage.

This offers highly stable conditions for continuous observations.

In the course of the study, the following problems were identified.
f

	

o	 The irradiation of the primary mirror is still high (6.4 suns, not

counting the reradiation from the heatshields).

i

	

o	 The effect of this irradiation on the mirror coatings remains unknown.

	

o	 The overall mass of the instrument (28kg) exceeds the allottment,

made in earlier studies (13kg).

On the basis of these findings, the following items are recommended for further
_ H	 study:

	

o	 Analysis of thermal deformations of the telescope mirrors and result-

.

	

	 ing effects on image quality in greater depth than was possible in

the present study.

	

o	 Experimental investigation of mirror deformations at 6.4 suns. This

could also include a comparative study of mirror coatings.

	

o	 Study of additional means for lowering the instrument temperature,

e.g. by a controllable shutter. Some means to close the instrument

during the voyage to the sun will probably be needed anyway.
<i

	

o	 Investigation of thermal properties and dimensional stability

(including sensitivity to moisture) of graphite epoxies in view of

the rapid technological development of these materials.

6-2
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o = Detailed study of contamination control techniques and screening of

I t	 candidate materials with respect to UV photopolymerisation.

1	 '

o	 Search for means to reduce the overall instrument mass by use of

'` t	 lighter structures, light-weight mirrors and/or more compact optical

a	 train.

Additional conclusions and recommendations are listed at the ends of Sections
a

2, 3, 4 and 5.

I	 ..1	 ,

i

i

i
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A DESIGN STUDY OF IMAGING TECHNIQUES
FOR THE STARPROBE MISSION

INFORMAL STUDYPLAN

The purpose of the study is to evaluate the technical feasibility

of imaging techniques that can be used for the Starprobe mission,

and to compare the applicability of various instrument concepts.

Accordingly, we plan the following study approach:

I. Compare various candidate instrument configurations for the

three imaging experiments, specified in the SOW, i.e. a

magneto raph/doppler velocity detector, an X-ray tel escope-.7

an^ an XUV telescope.

2. Compard various candidate instrument concepts for the above

three experiments in terins of their compatibil ;- ty with Star-

probe. Specific areas that will be addressed are discussed

in detail below:

1.	 Candidate configurations

A number of candidate configurations was compiled in prepara-

tion of this study plan. This overview is attached.as

appendix A, We plan to address primarily the following

options (lettered as in Figure 2.1):

a.l Configuration described in "Starprobe Science Options

Review," JPL 725-4 2, 6 January, 1981.

a.2 Modification of above with crossed folding mirrors for

polarization compensation ( not shown ' in+Figure 2.1).

e. Coaligned X-ray and visible-UV telescopes without fore

optics, sharing a large aperture in the heat shields.

J. Non-aligned X-ray and visible - UV telescopes without fore

optics, sharing small aperture in primary heatshield.

We plan to treat the remaining configurations with lower priority,

unless directed otherwise by JPL.

A-1
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The specific areas of study will include:

o Heat inputs to scientific instruments and deflection

optics.

G Thermal deformations of deflection optics and mounting

..	 structures and its effects on alignment.

o Improvement of thermal environment by additional hest
IN

'	 shields and/or enclosures.

o Effects of variation in thermal environment from -10

hours to +10 hokirs from encounter.

i	 o Control of insolation -by means of a shutter.

o Materials, c oatings and polarization properties of de-

i	 flection optics.

j	 o Contamination control.

2.	 Scientific instrument concepts

2.1 Visible-UV telescope

The prime candidate for the visible-UV telescope is either a

centered or an off-axis gregorian telescope. A preliminary
concept has been developed which shows good image quality in

the required field to detailed report is in preparation).

r	 This "strawman" concept will be used to evaluate the following:
._	

o Sensitivity to thermal deformations.

o Thermal control concepts and heat rejection from --10 hours
to +10 hours from encounter.

o Mirror materials and coatings.

o 5traylight suppression and radiation shielding.

o Thermal control of detectors, operating and non-operating.

o Packaging and mounting.
b4

Other telescope concepts will be studied if so directed by

JPL.

A-2
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2.2 X-ray telescope

We consider a single Wolter-II type telescope as the prime

candidate. A preliminary "strawman" design has been	
. ,

completed (a report is in preparation). The same engineering

aspect will be studied as listed in Section 2.1. Special
attention will be given to the highly critical tolerance

sensitivity and also to the relation between physical tele-

scope length and collecting area.

,

Other candidate concepts are:

o pinhole cameras,

o coded-aperture cameras (including zone plates),

o Kirkpatrick-Baez telescopes.

These concepts differ greatly in scientific applicability.

We plan to review the main engineering aspects of these

concepts in comparison to the 'Iolter-lI type telescope.

3. Analysis methods and information requiredired

In compliance with the SOW, we present here a brief overview

of the analytical methods that will be used and the information

-that will be required from JPL.

3.1 Optical design

Concepts are developed "by hand" to the third-order level and

subsequently refined by means of the ACCOS-V exact raytracing

program.. This will allow evaluation of image quality in terms
of geometrical aberrations, as well as diffraction point-spread

functions and MTF's. The program also permits tolerance

analysis and the modeling of deformed mirror surfaces.

3.2 Thermal and structural analysis

A variety of programs are available at BASD.' These will amply.

suffice to perform the tasks needed for this study,.

p	 A-3
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3.3	 Information	 required from APL

Most valuable will	 be recurrent updates on the	 thermal	 leads

of the deflection optics and the external	 loads of the

scientific	 instruments.	 Specific data will	 be requested	 as

the study proceeds.

3.4 Material	 properties	 of imaging-system components

The main source of information will	 be vendor catalogs aid
t

contacts.	 Previous analysis,	 performed at BASD on	 s"everal

^ solar	 instruments,	 will	 also	 be	 available.

t

,I
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