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Although the Space Telescope Wide-Field/Planetary Camera is not pr imar i ly an 
astrometric instrument, i t i s expected to have some astrometric capab i l i t y . More
over, one of i t s possible astrometric appl icat ions is of unusually high s c i e n t i f i c 
importance, namely, an attempt to detect the presence of planets around nearby 
s tars . Let me therefore adopt that appl icat ion as an example for discussing the 
ant ic ipated astrometric performance of the camera system. I t w i l l be expeditious 
to make use of some diagrams that I have presented previously elsewhere, so part 
of the story may sound f am i l i a r (Baum 1979a, 1979b, 1980a, 1980b; Baum, Thomsen, 
and Kreidl 1981). 

Several methods for the detection of ext ra-solar planets have been discussed in 
the l i t e r a t u r e . Direct image detect ion may u l t imate ly be possible from space. For 
the Space Telescope, however, image detection puts formidable demands on opt ica l and 
detector performance, and i t requires a f o r t u i t ous l y s i tuated planet. Ind i rect 
methods aimed at detect ing the re f lex motion of a star due to the presence of planets 
seem to hold more promise i f the search is to be systematic. These methods include 
spectroscopy, in ter ferometry, and astrometry. Of these, astrometry appears the most 
l i k e l y to benef i t from the Space Telescope. 

Figure 1 shows the opt ica l conf igurat ion of the Wide-Field/Planetary Camera. 
The unique element is the pyramid m i r ro r , which l i es at the f /24 focal plane of the 
Space Telescope. I t has four s l i g h t l y curved faces (only two of which are i l l u s 
t ra ted in th is sketch) s p l i t t i n g the image in to four equal quadrants and re f l ec t i ng 
them simultaneously in to four ident ica l channels wi th relay opt ics and CCD image 
detectors. For w ide - f i e ld imaging, the relays reduce the beams to f / 12 .9 , resu l t ing 
in a to ta l f i e l d coverage ( a l l four CCDs) of 2.7 x 2.7 arcminutes. 

Whenever desi red, the pyramid can be turned 45° about the input opt ic axis so 
as to throw the four beams in to four other channels wi th relay opt ics producing f / 3 0 , 
resu l t ing in a to ta l f i e l d coverage of 1.1 x 1.1 arcminutes. This port ion of the 
system, known as the "Planetary Camera," u t i l i z e s the f u l l expected resolut ion of the 
Space Telescope. In other words, the complete camera system includes eight relays 
and eight CCDs, four fo r f /12.9 w ide - f i e ld imaging and four fo r f /30 high-resolut ion 
imaging. The so-cal led Planetary Camera at f /30 is not at a l l l im i ted to br ight 
objects. I t can be used fo r long exposures on f a i n t objects j u s t as the f /12.9 Wide-
Field Camera can. Thus, fo r any astronomical purpose such as the planetary detection 
problem, one can f ree ly consider the t radeof f between f i e l d coverage and resolut ion 
when deciding which focal r a t i o to choose. 

Figure 2 i l l u s t r a t e s how the to ta l 24 x 24-mm f i e l d is covered by four thinned 
Texas Instruments CCDs, each having 800 x 800 pixels 15 |om square. By providing a 
s l i gh t overlap of CCD coverage at the junc t ions , there w i l l be no gaps, and i t w i l l 
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be possible to t i e the four sub-fields together geometrically by suitable calibra
t ion. However, this joining of the four sub-fields cannot be expected to have mi l l i 
arcsecond s tab i l i t y , so astrometry should be l imited to data from a single CCD. The 
image scales are 102 milliarcsecond per pixel at f/12.9 and 44 milliarcsecond per 
pixel at f/30. 
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Ftgure 1. Optical configuration (not to 
scale) of the Space Telescope Wide-Field/ 
Planetary Camera. This sketch shows two 
of the eight CCDs, four of which are for 
the recording of images relayed at f/12.9 
and four for images relayed at f/30. 

Figure 2. Image field covered by four 
Texas Instruments CCDs fed by the optical 
system sketched in Figure 1. Each CCD 
has 800 x 800 pixels 15 LUH square, so the 
total field area is 24 x 24 mm. 

CCDs have very high quantum efficiency over a broad spectral range. For the 
planetary detection problem, the consequence of this high quantum efficiency is that 
milliarcsecond astrometry is theoretically possible for very faint stars (beyond 20th 
magnitude), ensuring the existence of at least a few usable reference stars within 
the field of view in most cases. An important virtue of faint reference stars is 
that their intrinsic positional variations are typically small so that they provide a 
reference frame definable at the milliarcsecond level. In this respect, the Wide-
Field/Planetary Camera System has an advantage over the Fine-Guidance system; it is 
less vulnerable to "cosmic errors." 
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Figure 3. Photometric linearity of a typical 50-pixel sample near 
the center of a TI 800 x 800-pixel CCD. Except for the lowest two 
points (with indicated error bars), the standard errors are smaller 
than the radii of the plotted points. No departure from linearity 
can be seen over three orders of magnitude. 

As shown in Figure 3, another important property of CCDs is their photometric 
linearity. For astrometry this means that the centroid of a star image is not depen
dent on stellar magnitude, despite optical aberrations and guiding errors; i.e., 
there is no "magnitude equation." Each star image produces a mound of charge car
riers a few pixels wide on the CCD. Therefore, the centroiding of a star image will 
be precise if there are enough charge carriers in the image for the relative statis
tical uncertainty (n"%) to be small, if there are enough pixels within the star image 
to sample its profile adequately, and if we are able to calibrate relative pixel 
sensitivities accurately. 

For astrometry, there is an optimum relationship between the size of a star 
image and the size of a pixel. If the effective focal length is too short so that 
the optical image is excessively compressed, the point-spread function (i.e., the 
star image profile) will occupy too few pixels to determine its centroid precisely. 
On the other hand, if the effective focal length is too long so that the optical 
image is excessively magnified, the point-spread function will occupy more pixels 
than necessary to determine its centroid precisely, while the CCD will cover too 
small a field in the sky to provide enough reference stars for astrometry. The opti
mum relationship, of course, lies somewhere between these two situations; and it 
turns out that the f/30 and f/12.9 systems fall in the desirable range of point-
spread functions and field sizes. 
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Figure 4. Precision wi th which the centroids of star images should 
be determined from 1000-second exposures wi th the Space Telescope 
CCD camera system. Bars at the le f t -hand ends of these curves 
indicate approximate saturat ion magnitudes. 

Using a very simple "worst-case 
metric error shown in Figure 4 as a 
eras and fo r exposures of 1000 secon 
1 mil l iarcsecond should in p r inc ip le 
planetary camera, whereas the f /12.9 
at that magnitude. However, the f / 1 
sky area, so more reference stars wo 
the curves here indicate approximate 
For shorter exposures, these curves 
l e f t . 

" model, I have calculated the expected ast ro-
funct ion of s tar magnitude fo r the two CCD cam-
ds. This p lo t indicates that an accuracy of about 

be achieved down to 22nd magnitude wi th the f/30 
w ide - f i e ld camera has a 2-mil l iarcsecond error 

2.9 camera covers a f i e l d f i ve times larger in 
uld be ava i lab le . Bars at the le f t -hand ends of 
saturat ion magnitudes for 1000-second exposures, 

(and the saturat ion exposures) s h i f t toward the 

Many of the nearby stars that are ast rometr ica l ly desirable to tes t fo r the 
presence of planetary systems are too b r i gh t . They would saturate the CCD wi th in any 
reasonable exposure time that provides enough reference s ta rs . Some of the planetary 
system candidates therefore have to be separately attenuated without introducing var
iable astrometric e r ro rs . We are current ly making an e f f o r t to produce a suitable 
attenuation factor (^6 mags) at the f /24 focal plane by providing a t i ny bare spot 
(non-aluminized) on one face of the pyramid mirror and put t ing an an t i re f l ec t i on 
coating on i t . I f successful , th is spot w i l l enable us to observe planetary system 
candidates as br ight as 13th magnitude whi le being able to make good astrometric use 
of reference stars down to 22nd magnitude. Candidates as br ight as ^10th magnitude 
should be included in our select ion exercise, however, because there are for tu i tous 
cases possessing enough reference stars without including those so f a i n t as 22nd 
magnitude; i . e . , exposures much shorter than 1000 seconds can be used fo r such cases. 

My remarks thus far have assumed that r e l a t i ve pixel sens i t i v i t i e s can be c a l i 
brated wi th as much accuracy as needed to avoid centroiding e r ro rs . Probably they 
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can, but i t is not yet f u l l y ce r ta i n . Figure 5 i l l u s t r a t e s the problem fo r the par
t i c u l a r type of CCD to be i ns ta l l ed in the Space Telescope camera. I t shows a CRT 
display (which accounts fo r the barrel d i s to r t i on ) of a 128 x 128-pixel sample of an 
exposure to f a i n t uniform i l l u m i n a t i o n ; i . e . , i t shows about one-sixth of the width 
of the CCD frame, and i t is a low-charge-level " f l a t f i e l d . " One sees several co l 
umns of pixels that are less sensi t ive (darker) than the res t . They are known as 
'deferred charge" columns, and they possess a non-l inear toe at very low charge 
leve ls . This departure from s t r i c t l i n e a r i t y in those par t i cu la r columns compli
cates the ca l ib ra t ion process, and we are not yet sure of i t s s t a b i l i t y . For 
astrometry, of course, the problem could largely be circumvented by avoiding the 
placing of s tar images on deferred-charge columns. 

Figure 5. CRT display of a 128 x 128-pixel area from the center 
of a TI 800 x 800-pixel CCD exposed to uniform i l luminat ion at a 
low signal l e v e l . Some of the columns that appear darker than 
others suf fer from a low-level non- l inear i t y discussed in the 
t ex t . 

Except fo r those columns, local var iat ions of s e n s i t i v i t y on the CCD are not par
t i c u l a r l y greater than those on a photographic p la te . One should not be misled by 
blotchy looking reproductions ( tha t CCD c r i t i c s are fond of showing) in which the 
contrast has been great ly s t retched. There i s , however, a large-scale tapering o f f 
of s e n s i t i v i t y toward the corners. In any case, a l l non-uniformit ies except 
deferred-charge columns can be ca l ibrated wi th precision and without special 
procedures. 

Since CCDs are th in membranes, they are not per fec t ly f l a t surfaces, and they 
may f l ex s l i g h t l y in the environment to which they are subjected on ground-based 
telescopes. At fas t focal r a t i o s , such behavior could be ast rometr ica l ly troublesome. 

https://doi.org/10.1017/S0252921100010113 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100010113


BAUM / W I D E - F I E L D / P L A N E T A R Y CAMERA ASTROMETRY 251 

Aboard Space Telescope, however, the environment is somewhat more benign and the 
focal ra t ios are not f a s t , so we doubt that non-flatness and f l ex ing w i l l be serious 
problems. 

2080 

Figure 6. Posit ional wobble of the Sun due to the major planets 
of the Solar System. Displacement of the Sun in astronomical 
units (ordinate) is p lot ted against time for a 100-year in terva l 
s ta r t i ng in 1980. 

now consider how much posi t ional wobble of a candidate star we are look-
therefore how many candidates are in reach of Space Telescope instruments 

plots the actual wobble of the Sun due to the planets of our own Solar System, 
lot a simple sine wave wi th a twelve-year period due to Jup i te r . As Figure 6 

Let us 
ing fo r and 
I f one 
i t is no 
shows, i t is a surpr is ing ly complex curve in which a l l of the major planets play 
s ign i f i can t ro les . The time in terva l p lo t ted in Figure 6 is 100 years and the peak-
to-peak amplitude is about 0.018 a .u . Based on solar wobble, the existence of a 
planetary system around our Sun might be detected by d is tant a l ien observers in a 
few years, but the spec i f ic contents of our Solar System would evidently take them 
many decades to f igure out . 

Nevertheless, the cont r ibut ion of Jupi ter is a good yardst ick for the typ ical 
amplitude of var ia t ion w i th in any decade-long i n t e r v a l . So as a c r i t e r i o n fo r the 
astrometric de tec tab i l i t y of other planetary systems, I have imagined each nearby 
star to possess a hypothetical "Jup i ter " (a planet of Jup i te r ' s mass and o rb i ta l 
semi-major axis) and have calculated the resu l t ing amplitude of posi t ional o s c i l l a 
t i on of the star that would be expected. Since the overwhelming major i ty of nearby 
stars are main-sequence dwarfs, I have used a simple l inear mass-luminosity re la t ion 
to t ranslate absolute magnitudes in to approximate masses. The inappropriateness of 
th is re la t ion for giants and subgiants (which comprise most of the remaining 6% of 
nearby stars catalogued) can be shown to have rather l i t t l e bearing on the inferred 
number of good astrometric candidates fo r planetary system detect ion. 
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Figure 7. Absolute magnitude distribution of nearby stars in 
W. Gliese's 1969 catalog as a function of parallax. Sloping 
lines represent instrument performance parameters defined in the 
text. Based on those, the best candidates for planetary system 
detection with the ST camera lie just below the middle of the 
diagram. 

Figure 7 is a plot of absolute visual magnitude Mv against parallax for the 
stars in Gliese's catalog, updated with some Naval Observatory data. My "Jupiter" 
condition is represented by the family of upward sloping lines. Specifically, they 
represent half-amplitudes of wobble of 1, 2, and 3 milliarcseconds, and one may 
think of them as approximate upper limits for stars whose "Jupiters" could realis
tically be detected by instruments having astrometric thresholds of 1, 2, or 3 
milliarcseconds. The downward sloping lines represent the loci of stars having 
the indicated values of apparent V magnitude. 

Planetary system candidates accessible to the Space Telescope Wide-Field/ 
Planetary Camera should be selected from among the approximately 70 stars to the 
right of the 0.003-arcsecond line and to the left of the V = 10 line. Our best 
candidates may be among those near that intersection, so that we avoid the stars 
of lowest mass (those near the bottom of the diagram), whose planets may have incon
veniently long orbital periods. Final selection of the prime candidates must, as 
mentioned earlier, take account of the number and distribution of suitable reference 
stars. 
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DISCUSSION 

HARRINGTON: Are you aware of plans of the WF/PC team to do anything 
with respect to binaries? 

BAUM: The team has a shopping list, but it is very long, and it includes 
all kinds of science that can be done with the camera. No attempt has been 
made up to this point to sort out that list and work it down to size. It will 
have to be cut from its present size by a factor of ten, and whether or not 
there will be binary stars on it when it comes to that is a decision that has 
not been made and won't be made for quite some time. 

MONET: The vast majority of the astrometric suitability of ST depends 
on the spot which dims the bright stars. Would you comment? 

BAUM: The type of anti-reflection coating which is being used has to be 
a wide-field coating, because we have to be able to use a reasonable exposure 
time. The quality of coatings available is good, so we are hopeful, but we 
are going to have to produce a spot and see how good it is. This problem is 
not the only reason we want a spot. Every bright galaxy will saturate the 
nucleus, so we want to be able, for galaxies that are not very far away, to 
put the nucleus on the spot, so we can detect and see structure in the rest 
of the body. 

CURRIE: A comment on the accuracy requirement. At about one-third of 
a micron is the point where a number of systematic errors start becoming 
serious, and that translates into one millisecond. 

McALISTER: What sort of pointing stability will be provided by the 
fine-guidance system? 

FREDRICK: The design was for O'.'OOl, but the budget comes out a little 
over 0'.'002. 

BECKERS: Past space experiments have exceeded their specified angular 
resolution. Is there a chance that this may happen for ST? If so, is there 
a danger of undersampling the images, thus reducing your accuracy? 

BAUM: The point-spread functions shown in the announcement of oppor
tunity are probably a bit on the optimistic side, because they don't take 
microstructure of the surface into account. I would be a little surprised 
if they were exceeded, and if you use these as a base, the f/30 system at 
least is not undersampling. 
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