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ABSTRACT

We have carried out a search to identify stars that might be occulted by Pluto or Charon during the
period 1990-1995 and part of 1996. This search was made with an unfiltered CCD camera operated in
the strip scanning mode, and it reaches an R magnitude of approximately 17.5—about 1.5 mag fainter
than previous searches. Circumstances for each of the 162 potential occultations are given, including an
approximate R magnitude of the star, which allows estimation of the signal-to-noise ratio (S/N) for
observation of each occultation, The faintest stars in our list would yield an S/N of about 20 fora | s
integration when observed with a CCD detector on an 8 m telescope under & dark sky. Our astrometric
precision ( 4 0.2 arcsec, with larger systematic errors possible for individual cases) is insufficient to
serve a$ a final prediction for these potential occultations, but is sufficient to identify stars deserving of
further, more accurate, astrometric observations. Statistically, we expect about 32 of these events to be
observable somewhere on Earth. The number of events actually observed will be substantially smaller
because of clouds and the sparse distribution of large telescopes. Finder charts for each of the 91 stars
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involved are presented.

L. INTRODUCTION

There has been an enormous increase in observational
data on, and theoretical interest in, the Pluto-Charon sys-
tem in recent years (see, for example, Binzel 1989 and other
articles in the same issue), This is partly due to the recent
series of mutual eclipses and occultations in the system (see,
for example, Binzel et a/. 1985; Tholen & Buie 1989), and
partly to the observation of the 1988 stellar occultation of P8
by Pluto (e.g., Elliot es a/. 1989). Stellar occultations pro-
vide by far the highest spatial resolution observations of the
system and the only means of directly probing Pluto’s atmo-
sphere. Outstanding questions that can be answered by
further occultation observations are: (i) how does the struc-
ture of Pluto's aimosphere change with season, and (ii) does
a haze layer exist in Pluto’s lower atmosphere? Also, further
stellar occultation data can contribute to the analysis of the
mutual event data by providing the radii of the visible disks
of Pluto and Charon, and constraints on the semimajor axis
of the system (if an occultation of the same star by both
Pluto and Charon can be observed). The issue of whether
Charon has an atmosphere remains an open question, Elliot
& Young (1991) recently reanalyzed the data from the 1980
stellar occultation by Charon (Walker 1980) and found tan-
talizing, but inconclusive, evidence that Charon has a very
tenuous atmosphere. Since the Pluto-Charon system has re.
cently passed perihelion, Pluto’s atmosphere witl be reacting
to the reduction in sunlight, and if Charon has a detectable
atmosphere, it will be most noticeable during the next dec-
ade or two.

A recent paper by Mink er a/. (1991, hereafter referred to
as MKB) has presented the results of a photographic search
for Pluto and Charon occultation candidaies that reached a
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¥ magnitude of approximately 16. However, even the fain-
test stars in their list would result in observations with an
S/N ratio of 30if observed with a 4 m telescope and a sensi-
tive detector, so many useful occultation candidates fainter
than their magnitude limil were missed. Therefore, we have
carried out a program to identify fainter stars which might
be occulted by either Pluto or Charon over the period from
1990 to 1995.

The method used here is CCD strip scanning—similar to
that described by Gehrels e al. (1986) and Benedict et al.
(1991). The columns of the CCD are oriented along the E-
W direction in the telescope’s focal plane, the telescope is left
stationary, and the rows of the CCD are clocked out at the
same rate that the star images drift across the CCD. The
resulting images, or strips, are as wide as the CCD in declina-
tion (Dec.), but are as long as desired in right ascension
(R.A.). Stellar images on the strips are then identified and
an astrometric solution is carried out to allow assignment of
¢celestial coardinates to each identified star. The ephemerides
of Pluto and Charon are then compared with the lists of
stars, and all stars within some threshold distance of the
ephemeris are identified. Thus, our procedure is essentially
the same s classical photographic astrometry with the ex-
ception that the images are obtained with a CCD. Neverthe-
less, there are enough differences that we shall discuss our
observed astrometric precision and accuracy in considerable
detail.

An additionai benefit of making the observations with a
CCD is that the CCD magnitudes are more reliable than
photographic magnitudes, as proved to be the case for P8
(Bosh e al. 1986). We did not attempt to make accurate
photometric calibrations when making the observations, but
during the analysis of our data we found that it was possible
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MARSDENGCTA or GREBNACTA (IPAN, DITNET or HARVARD .BDU)

NO OCCULTATION BY PLUTO ON 1992 MAY 2!

C. B, 8ybert and J. L. Elliot, Massachusctts lastitute of Technology;
uod L. H. Waaserman, Lowcll Observatory, sommunicate: “Recent setro-
meiric measuremants of Pluto and P17 (Miak ct «l. 1091, A.J. 101, 22856;
Duanhem cf al 1091, 4.J. 102, 1464) with the Lick astzograph {A. R. Kle-
mols), the Caslsbesg Automatie Mesidian Circle (L. Mozrison) and the
Wallsce Astrophysical Observatory CCD camara (C. B, Sybert) indicats
thet Pluto’s shadow will pass scveral thousand km north of the carth, 8o
that an occultation by Ploto will probably not be viibis.”

SUPERNOVA 1#02T I[N ANONYMOUS GALAXY

M. Bamay, Cerze Tololo lateramericsn Obscrvatory, tepotts further
preliminaty photometry (cf. JAUC 5490; errors ~ 0.08 miag), obtaincd b
Y.-C. Kim, Yale University, with the 0.9-m OTIO telaacope; Apr. 14.3 U
V= 18.56, BV = +0.8); 15.3, 18.80, +0,85. It therefore spposts that SN
1993T reached maxiraum light around Apr. 14. A low.dispersion spectrum
{canga 820-950 am), obtaincd on Apt. 14.13 by J. Baldwia with the CTIO
4-m telescope, shows broad Ha emission with » P-Cyg profle, indicating
that the syporbovs is o typell event. The minimum of the absotption lios
st 682.4 3 ead the maximum of the ¢mission at 673,7 pm,

COMET HELIN-ALU (19011)
Contizualion of the ephcmeris on JAUC 543):
10927TT a2000 é3000 -3 r ] ] ™

16.2
16.1
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Apr. 28 19"27739 & 9244 4588  «.880 1009 1177
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18 102744 $1318.6 4381 (899 1183 108
28 192892 4J501.2 4.200  4.Bi1 1219 101 151
June T 102101 +1640.4 4236 €924 1278 9 1B
11 IR1TTL 418082 4194 4937 128 KT 160
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July 7 190743 420108 4176  4.080 187.1 8.0 (6]
1T 190206 +2100.8 4201  4.086 1364 8] 5D
37 1857.08 421364 4247  B.006 1330 84 16
Aug, 6 185270 +21347 €34 5.03¢ 1298 89 152
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dards those stars l‘or which photoelectric magmtudes were
presented in MKB,

It should be emphasized that the accuracy of the positions
given here is only sufficient to serve as a means of filtering
out events that have a chance of being visible somewhere on
the Earth, not to serve as input for producing believable oc-
cultation ground tracks.

2. INSTRUMENTATION AND OBSERVATIONS

The observations were made with CCD 1 of the
SNAPSHOT CCD camera (Dunham er al. 1985) operated
in a scanning mode, as described above. A significant recent
change made in the camera was the replacement of the 12-bit
A/D converter and programmable gain amplifier with the
16-bit A/D converter circuit described by Luppino (1989).
The system’s dynamic range was limited to about 14 bits by
the CCD itself rather than the A/D converter. Tests of pho-
tometric linearity showed a 2% error at 10 000 ADU’s in-
creasing rapidly with signal level and ujtimately saturating
at about 22 000 ADU's.

The CCD temperature was regulated to ensure that sub-
traction of dark current and field fattening would be effec-
tive. While we were setting up the flattening procedure be-
fore beginning the observing run, we discovered that the
charge transfer efficiency (CTE) of CCD | was very poor at
the very low signal levels found in dark frames. The poor
CTE washed out the structure in the dark frame that needed
to be removed, mainly electrical bias structure and a stripe
down the center of the strip due to a single hot pixel near the
center of the chip. We worked around this problem by taking
dark strips with the shutter open and the dome closed with
the lights off. This intraduced a small background level and
restored the normal CTE. Flatfield strips were taken with
the telescope pointed at a white surface in the dome illumi-
nated diffusely by a quartz halogen lamp, after reflecting
from two flat white surfaces. The flat strips have no structure
as a function of row number because each image is an aver-
age exposure over all the rows, but the iljJumination falls off
somewhat toward the edges in the column dir¢ction. The
nonuniformity of the flat ficld has no effect on finding stars
or on determining their position because these operations are
done relative to the local background level, but it does affect
the photometry at the 0.1 mag level.

The camera was mounted al the Cassegrain focus of the
0.61 m telescope at MIT’s Wallace Astrophysical Observa-
tory, in Westford, Massachusetts. The stellar images initiale
ly had a FWHM of 5-6 arcsec, but we were able to reduce the
FWHM to about 4.5 arcsec under most circumstances by
installing large fans to draw air in through the dome’s slot
and also in through the telescope tube. This had the effect of
suppressing the irregular turbulence produced by convective
cooling of the telescope and interior structures in the dome.
We installed reducing optics in the camera to produce an
image scale of 2.28 arcsec/pixel. This was close to the best
compromisc between fully sampling a sseing disk and get-
ting the widest strip possible. These highly successful reduc-
ing optics were made using stock cetalog lenses with opti-
mized spacings determined for us by Greg Aldering, and are
described in detail by Williams (1988). A similar system is
described by Aldering (1990). This image scale resulted in
strips about 15 arcmin wide in declination and an effective
exposure time of approximately 90's,

We chose to lay out the strips with nearly 50% overlap so
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sures provided a check on the reality of an image and a
means for making an external estimate of the astrometric
and photometric precision. In addition, the large strip over.
lap made it possible to carry out the photometric “bootstrap-
ping” process described below. Some of the strips were reob-
served because of high background levels or other adverse
circumstances. The log of the observations appears in Table
1. We obtained enough strips to completely cover the path of
Pluto’s ephemneris from 1990 to 1995, and for most of 1996.

Only the earliest and latest pargs of 1996 (including the event
P29; see Fig. 1) were not covered.

We chose to make the observations with no filter in order
to maximize the depth of the search at the expense of incur-
ring additional uncertainties due to refraction. We made our
observations at altitudes above 30° as a compromise between
minimizing refraction effects and maximizing the available
observing time. The magnitude of refractive position errors
as a function of star color is evaluated in Sec. 4. We were also
concerned about the combined effects of differential refrac-
tion in declination and distortion introduced by the reducing
optics. These were checked for by carrying out both quadrat-
ic and linear plate solutions.

Wecould notuse the SAO or AGK3 calalog stars as astro-
metric standards because they are all too bright. Instead, we
used the list of stars searched by MKB. The stars in this list
are clustered around Pluto’s ephemeris, and so are not dis-
tributed at all uniformly across the strips, as may be seen
from Fig. 1. This distribution of astrometric standards is not
ideal, but systematic position errors did not arise because the
occultation candidates are surrounded by standards (see
Sec. 4).

3. ANALYSIS PROCEDURES
3.1 Astrametry

We created a software “pipsline” to analyze the 7 Mbytes
of data prod uced by each strip scan. The goal of the pipeline
was to minimize the manual intervention required in the
analysis to reduce the calendar time and manpower required
for the analysis. We used release 2.8 of the IRAF package
(Tody 1986) including the beta test version of DAOPHOT
(Stetson 1987) as the core components of the pipeline. The
steps in the pipeline carried out for each strip are described
briefly below.

(1) Break each strip into three sections, each of a size
manageable by IRAF on our computers,

(2) Flatten each section with IRAF, using the dark strips
and flat-field strips. On each night, we took a series of low-
light dark strips, some 200-300 ADU’s above the true mean
dark level. We also took soma true zero-light dark strips.
IRAF determined the mean levels of the zero-light dark im-
ages and the mean levels of the low-light dark images, and
subtracted the difference from the low-light dark image to
create an artificial dark image with the correct mean value.
This dark image would have some flatfield characteristics,
butat the level of the low-light dark, dark features dominate.
From there we proceeded to flatten the images in fairly
straightforward fashion, using the image, the flat, and the
dark produced in the above procedure. In the equations be-
low, the subscript / refers to the ith row and / to the jth
column. D, refers to the artificial dark strip, L, the low-light
dark strip, Z the average zero-light dark strip, R, the raw
strip, I, the calibrated strip, and £; the flat strip.
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'l;i = 15hd0n
Right Ascension and Decl

T

(1956 equinox]

FiG. |. Strip layout. The 0dd numbered strips ar¢ shown against 4 background of SAQ catalog stars with
Pluta's ephemeris superimposed. Our astrometric standard siars are clusiered tightly around Pluw’s ephe-
meris. The even numbered strips are centered on the edges of the adjacent odd numbered strips. Sirip | is the
northernmost strip. The ephemeris beging on | January 1990, on the boundary between strips 9 and 11. The

1996 retrograde loop is only partially covered.

D=L —(L-2), (1)
Iy = (Ry = D) (F = D)) +Z (2)
(FJ“‘D})

This produced a flattened image with the same ADU scale
and offset as the original image.

(3) Run the DAOPHOT procédures FIND, PHOT, PSF,
GROUP, and NSTAR on each section. We ignored pixels with
signals above 10000 ADU’s for purposes of point spread
function fitting in order to avoid the nonlinear response of
the CCD at high signal levels, Thus, stars with peak pixels
higher than this threshold (about 12th mag) were still de-
tected and fitted, but the pixels in a core arca which were
above the threshold were not included in the fit. If the star is
particularly bright (about 9th mag), the image bleeds down
the CCD columns, which damages both astrometry and
photometry, but in general the wings of a bright-star image
give reasonably accurate measurements for astrometry and
photometry. The final product is a list of all stars detected
automatically on each section, with position and photom-
etry.

(4) Combine the results of each secticn (o make a single
list of star positions and magnitudes for each strip.

(5) Examine the strip with ximage, an X-window image
display utility, to identify one or more stars with either stars
on an overlapping strip or with stars in the MXB list.

(6) Match stars from the strip to the standard star list.

(7) Examine the list of matches; discard any that were
fitted poorly by DAOPHOT. Stars showing poor fits were
usually either very bright or close to the edge of the strip.

L°d

(8) Register the stars from the strip against the standard
stars, producing the equivalent of a plate solution for the
strip. We decided to use a linear rather than quadratic plate
solution because the linear solution produced star positions
that matched better between neighboring strips. One possi-
ble explanation for this is the fact that the standard star set
we were using did not cover the entire field of each strip, but
crossed it in bands. Either solution should be good in the
neighborhood of the ephemeris, where the standard stars
were distributed, but outside of that neighborhood the solu-
tions are less reliable. The quadratic solution in particular
could allow the solution away from the region of the stan-
dard stars to vary quite a bit, and neighboring strips thus
could have a greater discrepancy in star positions with the
quadratic solution. Another factor is that the standard stars
we used were measured by MK B from several different pho-
tographic plates. The plate solutions derived for these plates
did not mesh perfectly at the intersections between plates,
and thus our standard stars may bave had a systematic error
dependent on where they appeared on MKB's original
plates. A final consideration in our decision to use a linear
plate solution is that & strip scan should inherently have a
linear solution along the axis of right ascension. The plate
solution along that axis is entirely determined by the clock-
ing rate of the strip scan.

(9) Use the plate solution determined above to convert all
the star positions from the strip into R.A. and Dec.

(10) Step through the ephemerides of Pluto and Charon
to find all stars on the strip which are within a specified
distance from each ephemeris. The ephemerides were pro-
vided to us at | day intervals by Doug Mink, and were de-
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rived from the JPL DE-130 ephemeris (Standish 1987) as-
suming a Charon/Pluto mass ratio of 0,152.

Steps (1)-(4) were carried out with a shell script, which
automatically ran the splitting and recombining procedures
and called up an IRAF CL language script to perform the
flattening and DAOPHOT routines, The CL script included an
algorithm for selecting sufficiently well-profiled stars for de-
termining the point spread function. Thus the entire process
of locating stars on the CCD images was carried out auto-
matically. The remainder of the steps were done separately
so that we could evaluate the results at each stage.

As the strip analyses were completed, the candidate star
list was updated, and matching events found on overlapping
strips were identified. A new list of all the candidates was
made, with mean positions for stars identified on two or
more strips. Finally, this list was compared to the ephemeris
again to find the occultation circumstances based on the
mean star positions.

3.2 Photomeiry

Photometric calibration was performed separately. After
all the strips were analyzed astrometrically, all stars which
appeared on the overlapping region of two strips were identi-
fied. For each star found on the two strips, the instrumental
magnitude as determined on the two strips was compared.
The magnitude difference as found on the two strips was
weighted by the signal, and this was summed over all the
overlapping stars and divided by the sum of the weights. This
produced an overall magnitude difference between the two
given strips. The magnitude difference is caused by differing
levels of extinction during the two strips. DAOPHOT typically
found 2000-3000 stars on each strip, so generally over 1000
stars were compared between each pair of overlapping strips.

Given the difference between the instcumental magni-
tudes of each pair of overlapping strips and a photometric
standard star on one of the strips, it is a simple matter to
determine photometric magnitudes on that one strip and
bootstrap to neighboring strips, continuing until all strips
are reduced. MKB provided UBVRI and K magnitudes for
several of the Pluto occultation candidates, and we used five
of these candidates to photometrically reduce our strips.
These five candidates were: P12, appearing on strips 2 and 3;
P17 onstrips 18, 18A, 18B, 19,and 19A; P20on strips 33 and
34; P27 on strips 42 and 43; and P24 on strips 48, 48A, 49,
and 49A. Our unfiltered CCD detector has alrgady been de-
termined to have a response similar to an R filter, so we used
MKB'’s R magnitudes and consider our magnitudes to be
close to Kron-Cousins R magnitudes. We divided our strips
into five sets—each set was reduced by the above method
using the photometric standard which appeared in the midst
of that set. The dividing lines between the sets were largely
determined by the existence of several strips which did not
seem 10 work well with the bootstrapping method, probably
due to varying extinction across a strip. In general the boot-
strapping method seemed to work well, giving good agree-
ment between strips, but there are exceptions introducing
errors of several tenths of a magnitude on strips boot-
strapped beyond them. Therefore our magnitudes for candi-
dates should be treated as approximate.

A comparison of our magnitudes to the photographic ( /)
magnitudes of MK B is shown in Fig. 2. A clear trend can be
seen in the figure, with the photographic magnitudes being
about 0.5 mag fainter for the bright stars, and a similar
amount brighter for the faint stars, The difference for the

3°d

brighter stars is simply due to the different spectral re-
sponses; the average ¥ — R color of the seven stars measured
by Buie and presented in MKB is 4 0.44. The trend for the
fainter stars confirms MKB's suspicions that their magni-
tudes might be too bright for the fainter stars.

4. ASTROMETRY
4.1 Precision

We assessed the precision of our agtrometry by examining
the difference between the position of each star image and
the mean position of that star as derived from all the images
of that star. In most cases, there were two measured posi-
tions of a star from the two overlapping strips in which the
star fell, Some strips were taken mora than once $0 most stars
on these strips have more than two observations. The results
from our most heavily observed overdap region (the strip 18
and 19 overlap region, an otherwise typical case) are illus-
trative and are shown in Fig. 3. In this sample, each star was
observed five times. The standard daviation of the distribu-
tion of position residuals about the mean is 0.11 arcsec in
R.A. and 0.18 arcsec in Dec. Of course, the standard devi-
ation increases with increasing stellar magnitude.

For faint stars, the expected precision is limited by the
photon noise from the sky background. Following the analy-
sis of Stier (1986), we find the uncertainty in either R.A. or
Dec. in pixels to be given by

(28 3’0W=/4S|mn (3)

where o is the rms uncertainty per pixel in the sky level, Wis
the FWHM of the point spread function in pixels, and S,,, is
the total signal from the star. For our observed values of o,
W, and §,,,, we expect a precision based on shot noise in the
background of g, = 0.01 pixels (0.03 arcsec) foran R = 17
mag star. Clearly, other noise sources in our data are more
important than this,

The comparison between some strips was much worse
than the typical comparison, indicating particularly poor a¢-
trometry; these are noted in Table |. A few strips actually
seem 10 have two overlapping wedge patterns, possibly indi-
cating that the telescape shifted duging the observation.
Further investigation revealed the presence of a pervasive
low-frequency motion of the sky coordinate system relative
to the CCD, Figure 4 shows the deviation of the five individ-
ual positions of each star in the strip 18 and 19 overlap region
from the mean of the five positions of each star as a function
of the R.A. of the star (or alternatively, the sidereal
time). The residuals for each strip have been offset to make
the low-frequency variations easier to see. Clearly, most of
the variation is in Dec., with a peak-to-peak amplitude of
about 0.3 arcsec. This instability could be caused by (1) a3
prad tilt of the telescope's secondary mirror due to wind
loading, (2) a 0.3 arcsec pointing variation in the telescope
due to wind loading, or (3) a 0.5% change in the density of
the air along the line of sight, causing a change in the refrac-
rion angle. Since these strips were all taken at an hour angle
of 17° or less, a change in refraction angle in the vertical
direction would cause less than 1/4 as much R.A. offset as
Dec. offset, so any R.A. variation would be unobservable in
this dataset,

Observers ar the U.S. Naval Observatory have noticed
similar effects in their CCD strip-scanning data using a 20
cm telescope (R. Stone, private communication). Their po-
sition instability is almost certain to be atmospheric in na-
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Photometric Comparison
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FiG. 2. Photometry. The magnitude difference between photographic ¥ and open CCD magnitudes (in the
sense V-CCD) is shown as a function of open CCD magnitude, The apparent discrepancy for the brighter stars
is simply due to the different spectral response of the phatographic and CCD systems. The photographic
magnitudes of the fainter stars are apparently (oo bright. See text for further discussion.

ture because its amplitude increases with zenith distance and
is correlated with the seeing conditions. The amplitude of
their position instability is typically half that seen in Fig. 4,
as might be expected given the better seeing at the Flagstaff
site, However, they also find that the R.A. and Dec. ampli-
tudes are comparable, in contrast to our results.

The apparent precision we have achieved (as described in
the previous paragraphs) is nearly good enough to deter-
mine whether a given evenl will be visible on the Earth
However, we feel that systematic effects, to be discussed
next, are larger.

4.2 Aecuracy

We first assess the astrometric accuracy of the data by
comparing the positions of blended Pluto/Charon images,
as reduced by our procedures, with the Pluto and Charon
ephemerides. Such images appear on two overlapping strips
taken 54 min apart that happened to cover Pluto's position at
that time. By chance, Charon was near conjunction at that
time and the separation between Pluto and Charon perpen-
dicular to the ephemeris was 0.14 arcsec. The center of light
of each image was therelore very close to the system’s center
of mass. Between the observations on the two strips, Pluto
had moved about 2.5 aresec. On both strips, our analysis
routinely identified Pluto as a star and tagged it as a potential
occultation candidate. On strip 5, the closest approach of
Pluto’s ephemeris to the Pluto/Charon image was 0.26 arc-
see, and the closest approach of Charon's ephemeris was

A°d

0.10 arcsec. The closest approach of Pluto's ephemeris to the
Pluto/Charon image on strip 6 was 0.36 arcsec, and the clos-
est approach of Charon's ephemeris was 0,22 arcsec. In addi-
tion, the time of closest approach was about 10 min earlier
than the time the image was exposed. These errors are con-
sistent with the current ~0.5 arcsec estimated error in the
DE-130ephemeris of Pluto (M. Standish, private commwni-
cation).

The only other check we have for systematic errors is to
compare our positions for the stars in MKB’s list with their
positions for these stars. This is not as complete a check as
one would like, since these stars are the same ones used in the
plate solution. Neverthcless, it offers some insight into the
magnitude of some of the possible systematic errors, notably
refraction. Figure 5 shows the results of this comparison,
The rms difference between our respective positions is 0.19
arcsec in R.A. and 0.21 arcsec in Dec. Again, the brighter
stars show lower differences, but the rms difference seems (o
approach a larger asymptotic value indicative of systematic
effects.

We have computed the expected magnitude of the error
introduced by the wavelength dependence of refraction as a
function of stellar spectral type. At an altitude of 30°, our
worst case, the position difference between an AS and M5
staris 1.0 arcsec, and between F5 and M3 it is 0.6 arcsec. Ata
45° altitude, our best case, the F5-MS5 difference is reduced to
0.3 aresec. Thus, we expect a typical color-dependent posi-
tion error of the order of 0.3 arcseg. Another systematic el
fect of importance that does not appear in Fig. § is the sys-
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Astrometric Precision vs. Magnitude
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tematic offset between the coordinate system of the reference
stars and Pluto’s ephemeris. Based on previous experience,
this could also be on the order of 0.3 arcsec, the projected
radius of the Earth at Pluto’s distance,

5. RESULTS AND DISCUSSION

When comparing the ephemerides of Pluto and Charon
with our measured star positions, we included all stars with-

in 1.5 arcsec of the ephemeris as occultation candidates. This .

rather large impact parameter was chosen 50 as to include
nearly all the stars that will beinvolved in an occultation that
will be obscrvable somewhere on the Earth at the expense of
including a number of “false alarms.” This value was chosen
by considering the following uncertainties: (1) 2o precision
of 0.4 arcsec, (2) possible disagreement between the ephe-
merides and star coordinate reference system of 0.3 arcsec,
(3) typical color-dependent refraction uncertainty of 0.3

v1°d

Astrometric Precision
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Fi1c. 3. Astrometric precision, The deviation of each of the five measured
positions of each detected star in the overlap region of strips 18 and 19
from the mean position of that star is shown. The three parts of this figure
show (a) Aa vs open CCD magaitude, (b) A vs epen CCD magnitude,
and (¢) &a vs A, The circle in (c) represents the apparent size of the
Earth at 30 AU. The positions of the fainler stags are less precise, as
expected. These figures do not show the cfects of any systematic errors
other than image motion (see Fig. 4), which is the major cause of the
larger Dec. digpersion. ’

arcsec, and (4) uncertainty in the location of the center of
mass of the Pluto—Charon system of 0.08 arcsec. In addition
to these errors, other factors that increase the impact param-
eter that must be considered are: one Eprth radius of 0.3
arcsec and one Pluto radius of 0.08 arcsec. Some of these
factors would add linearly, and some quadratically. In the
worst case, they all could add linearly for atotal of nearly 1.5
Arcse¢.

Information concemning the candidate stars and the cir-
cumstances of the potential occultations is given in Table 2
for Pluto events and Table 3 for Charon events. The first
column in these tables contains a candidate identification
number that agrees with the numbers of MKB for those
events we have in common, and has “interpolated*’ decimal
values for events falling chronologically between these
events. The next three columns include the Universal date
and time of closest approach of Pluto or Charon to the star
and the geocentric closest approach distance in arcsec. The
fifth column gives the position angle in degrees of Pluto or
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FIG. 4. Image motion. The stars in the averlap region of strips 18 and 19
were observed five times. This figure shows for each of the five strips the
deviation of the observed pasition of each star from the mean of the five
positions of that star for R,A. (8} and Dec. (b) asa function of sidereal
timein the strip. Each observatlon has been offset by 1 arcsec for clarity,
The dispersion of the Individual positions is comparable to the image
motion in Dec. The curves in this figure correspond, from bottom to top,
to strips 18, 1BA, 18B, 19, and 19A. Note that there is much more
motion in Dec. than in R.A. See tet for further discussion.

Charon relative to the star, measured from north through
east, at the time of closest approach. The values tend to clus-
ter near 0°-360" and 180", corresponding to *“s” and “n” in
the nomenclature of MK B. Some events occur when the sys-
tem is moving mostly north-south; these events have posi-
tion angles near 90° and 270", The next three solumns con-
tain data relating to the quality of the event. The sixth
column is the CCD magnitude of the star, the seventh is the
velocity of the shadow on the fundamental plane in km/sec,
and the eighth is the elongation of the star from the Sun
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Fi1G. 5. The deviation of our mean position of each star in the catalog
used by MKB from the catalog position of that siar is shown. The three
parts of this figure show (a) Aa v& CCD magnitude, (b) AS vs CCD
magnitude, and (¢) Aa vs Ad. The positions of the fainter stars are less
precise, a3 expected. The circlein (¢) represents the apparent size of the
Earth at 30 AU. These figures show the effects of some, but not sll,
systemalic ¢rrors.
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TaBLE 2. Possible occultations by Pluto,
—- Closest A vove
StarID | - Date - ur diss PA® |CCD sky Sun |-StarRA - - Star Deg - East . Serip Numbers,
y md hm (M O Mag. vel,  angle | (B1950) (B 1950) Long
P10 19900109 23;50 0.38 358 {129 212 63 |15:14:25.431 02:06:07.44 { 121 10
P1001 (19900110 1911 0.51 358 [17.8 20.8 64 |15:14:20.903 +02:06:05.66 | -169 10
P10.02 }19%00123 04:26 1.14 349 [173 155 76 |15:15:29.316 -02:04:37.76 39 910
P10.04 119300311 1551 0.99 227 |158 11.6 122 ] 15:16:13.767 -01:44:36.37 |-178 7.8
P10.05 [19900529 06:34 025 186 {16.3 21.6 153 |15:09:27.114 +01:06:50.18 |-123 2.3
Pl1 199005 31 02:41 0.87 185 [16.0 21,3 152 {15:09:16,349 -01:06:32.51 | -61 23
P12 19900620 09:47 095 354 | 147 16.5 134 |15:07:29.806 -01:06:14.84 | 171 23
P12,01 (19900731 23:36 1,16 267 |149 9.1 96 |15:05:52.728 -01:21:42.60 | .77 4,5
P12.03 | 19900829 08:46 1.24 221 [153 18.5 70 |15:06:46.671 <01:42:15.12 117 7
P13 19900905 14:47 037 037 | 149 214 64 |15:07:16.226 -01:48:20.10 19 1.8
P13.01 (19901231 10:49 004 003 {173 260 52 |15:22:23.252 <03:04;19.24 | -31 17,18,18A,188
P13.02 119910509 21:16 0.36 013 |18.1 23.5 164 | 15:20:55.798 -02:14:05.01 43 - 11
P13.03 (19910512 0606 0.85 012 |18.0 23.5 164 |15:20:40.803 «02:13:12.75 | -91 10,11
P13.04 [19910528 12:47 076 1B7 {179 222 156 |15:18:58.856 -02:08:42.04 | 151 10,11
P13.05 119910617 09:52 038 177 |75 18,1 140 |15:17:07.464 .02:07:19.16 | 175 10,11
PI13,06 |19910622 10:08 098 354 [16.8 167 135 {15:16:43.534 .02:07:45.78 | 166 10,11
PI13.07 [19910702 09:27 1.08 345 [174 13.8 126 | 15:16:02.456 -02:09:31.80 | 166 10,11
P13.08 [19910830 O04:06 1,30 042 | 176 127 72 | 15:15:50.917 .02:41:56.90 }-170 14,15
Pl4 199109 15 15:07 0.53 212 (154 241 57 |15:17:03.735 -02:55:30.68 7 1617
P14.01 19911229 23:10 010 185 | 169 27.5 48 {15:31:08.749 .04:02:11,71 | 146 2528A 26,26A
P14.02 | 19920108 2148 077 181 [16.2 238 57 |15:32:15843 .04:.03:08.46 | 157 2525A.2626A
P14.03 19920117 0220 090 177 |154 204 65 |15:33:03.648 -04:03:02.34 81 2525A,26,26A
P15 19920130 12:40 1.55 347 [ 168 14.5 78 | 15:34:05.521 .04:01:1567 | -86 2525A,26,26A
P15.01 119920205 21:10 0.60 339 [17.0 11.8 84 |15:34:26950 -03:59:42.43 | 140 2525A.26 ‘
Pl6 19920301 16:25 036 258 |15.5 7.1 108 |15:34:59.048 .03:50:14.60 {-172 23,23A.24A
PI6.01 119920318 07:35 0.57 040 |16.7 12.1 124 |15:34:34.736 -03:41:44.84 | -56 22,22A.23,23A
P16.02 [19920420 04:25 0.17 019 [ 17.2 21.4 154 |15:32:17.049 .03:23:57.10 | 42 21321A
P17 19920521 06:17 019 009 [ 13,0 23.2 162 |15:29:06.360 -03:11:38.98 |.101 18,18A,18B,19,19A
PI17.01 [19920607 01:04 036 183 |18.0 20,9 150 ]15:27:23.998 .03:08:43.44 | 40 18,19
P17.02 |199206 11 12:40 117 001 [17.1 200 147 |15:26:58.702 -03:08:30.53 | 140 18,18A.18B,19,19A
P18 19920913 14:28 1,08 213 [158 22.6 61 |15:25:56.842 -03:52:58.55 20 24A,25.25A
P19 19920927 1943 1.16 027 |15.0 277 48 |15:27:18.119 .04:04:48.19 | 71 25.25A,26
P19.01 19930115 22:52 077 358 | 169 21.6 62 |15:42:03.325 -05:01:02.88 | 136 kX 7]
P19.03 119930124 10:44 020 174 | 169 17.9 70 |15:42:47.701 -05:00:22.39 | <49 33,4
P19.04 (19930201 1147 1.10 167 [14.6 143 78 |15:43:21.715 .04:59:01.08 | -73 32,33
P19.05 |19930318 23:51 0.78 - 221 (17.0 113 122 | 15:43:53.672 <04:41:23.13 61 303l
P19.06 [19930407 21:08 0.6 025 |17.7 178 141 |15:42:45.814 -04:31:00.85 81 293%
P19.07 119930419 14:47 036 199 [16.4 207 151 {15:41:48.020 -04:25:03.99 | 16 28,29
P19.10 | 199307 11 15:39 0,22 339 |174 123 122 |15:34:08.974 -04:13:17.57 68 26,27
P19.11 | 1993 09 13 l9:£ 0.11 033 [174 215 63 15:34:57.552 -04:51:09.60 -50 3!,32
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<o Closest Agggoach - ‘
StarID | -Dale ~ UT dist PA° [CCD sky Sun {-SwarRA. .StarDec- |Bast Strip Numbers
b 4y md hm () O |Mag vel. angle](B1950) (B1950) Long
, ;
'P19,12 | 19930026 23:06 1.03 207 | 169 264 51 }15:36:00.202 -05:01:39.43 |.118 M
P19.13 |19930930 21:30 1.18 026 | 168 27.7 47 | 15:36:33.994 .05:04:51.98 | -98 34
P20 119931003 09:14 0.17 205 |11.7 28.5 45 |15:36:50.514 -05:06:50.88 | 83 33,24
P20.01 |19940101 20:31 0.12 184 [17.3 280 46 | 15:49:29.303 -05:57:17.54 {-172 4041
P20.02 | 19940203 10:58 0.66 348 [17.0 146 77 |15:52:34.644 -05:56:24.29 | <60 4041
P20.03 |1994 0204 21:40 143 347 [12.0 139 78 |15:52:40.024 -05:56:07.61 | 837 4041
P20.04 19940422 05148 077 018 {17.0 20.7 151 |15:51:01.753 -05:23:59.20 | «60 37
P2l 119940515 10:50 1.50 O11 {144 234 165 |15:48:42,790 -05:14:53.11 |-158 35,36
P22 |19940518 16:11 1,21 190 [150 235 166 |15:48:22.264 -05:13:52.54 | 117 34,35
P22.01 | 19940519 13:30 0.88 009 |16.3 23,5 165 ]15:48:16.560 -05:13:3945 | 156 34,35
P22.02 119940610 07:25 133 002 |16.5 214 153 |1546:00.840 -05:09:47.19 |-133 34,35
P22.03 [19940617 08:53 025 359 [16.8 20.0 147 |[15:45:20.505 -05:09:33.05 |-162 34,35
P22.04 | 19940627 00:56 049 174 [162 17.5 138 |15:44:30.544 .05:10:07.45 | 53 34,35
P22.0s | 19940715 14:03 1.31 157 {175 12.0 121 |15:43:17.248 -05:14:06.92 | 91 35
P22.07 | 10940824 04:21 064 054 [169 12,1 85 |15:42:52.654 -05:34:00.28 |-162 37,38
P22.08 {39940918 1527 1,00 211 |173 222 61 |15:44:21.260 -05:52:19.77 6 40
P23 | 19950105 13:59 072 183 [163 276 47 |15:58:53,037 -06:53:58,51 | <75 48,4BA49.49A )
P24 |19950108 03:38 038 003 [13.8 267 49 |15:59:11.335 -06:54:16.77 | 77 48.48A49.49A @
P24.01 | 19950113 22:28 043 001 [16.6 24.5 55 ]15:59:50.299 -06:54:40.01 | 149 48,48A49.49A
P25.01 |159504 10 19:42 1.38 023 |17.1 170 138 |16:01:23.955 -06:28:25.55 | 105 44,45
P25.02 | 19950421 11:26 148 018 [169 198 148 |16:00:33,476 -06:23:36.79 |-140 44,45
P26 |19950507 0204 068 193 |15.0 226 161 |15:59:04,828 .06:17:16.37 | «16 4344
P26.03 | 19950606 17:14 1.20 184 [17.6 224 158 |15:55:51.216 -06:09:40.89 | 85 42
P27 1199506 14 14:37 0.59 181 |14.4 21,1 152 ]15:55:03,778 .06:09:06.21 | 116 42,43
. P28 119950706 03:24 005 169 |152 157 133 [15:83:13.673 -06:10:47.04 | 87 4243
P28.01 | 19950922 04:21 047 029 | 167 22.5 60 |15:53:38.845 -06:51:39.79 | 171 4748,48A
p28.02 | 19951003 17:54 0.34 (25 |17.1 268 SO |15:54:45.311 -07:00:15.74 | 42 49A
'P28.03 | 19951009 01:46 1.42 023 [17.5 285 45 |15:55:20402 -07:04:14.59 |-165 49A.50
P30 119960417 03:48 039 199 {156 182 143 |16:10:16.549 -07:23:12.09 | 20 51,52
P30.01 |19960420 16:54 0.58 018 [169 19.2 146 |16:09:59.243 -07:21:44.16 | 139 5l
P30.02 | 19960505 20:59 0.98 193 | 177 222 159 |16:08:35.171 = -07:15:52.73 | 62 51
P30.03 | 19960508 13:13 137 012 [150 22.6 161 |16:08:18.967 -07:15:0044 | 176 50.5!
P30.04 | 19960603 12:18 024 184 |[15.7 23.0 162 |16:05:34.068 -07:08:41.69 | 163 50
P30.05 | 19960615 21:40 002 179 |167 213 153 |16:04:18.170 -07:07:42.07 | 11 49.49A,50
P30.06 | 19960622 14:55 0.74 178 |16.5 199 147 |16:03:40.038 -07:07:45.98 | 105 49.49A.50
P30.07 19960627 22:21 1.19 355 |164 185 142 |16:03:11.999 -07:08:10.51 | -1} 49,50
P30.08 | 199607 17 23:28 0.62 159 |17.0 12,6 124 |16:01:47.572 -07:12:06.17 | 48 5051
P30.09 119960723 23:34 098 150 (160 10,7 118 |16:01:30.21§ -07:14:02.61 | 55 50,51
P31 119960728 0243 077 322 [157 9.5 114 |16:01:20.744 -07:15:35.79 |-107 50,51
P32 |19960728 08:50 149 322 {160 9.5 114 |16:01:20.253 -07;15:4232 { 160 51
P32.01 | 19960819 13:54 056 251 |158 9.0 93 |16:01:05.682 07:26:23.61 | 62 52
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TaBLE 3. Possible occultations by Charon.
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61 SNY

-—- Closest h veee :
StarID | -- Date - UT  dist PA® |CCD sky Sun [-StarRA-  -SuarDec- |East Strip Numbers
y md hm W) Mag. vel. angle | (B1950) (B1950) Lon|

CI0 (19900109 23:50 0.96 359 (129 212 63 |15:14:25.431 -02:06:07.44 | 121 10
Cl001 19900110 19:09 043 358 [17.8 209 64 |15:14:29.903 -02:06:05.66 1-169 10
C1002 119900123 04:25 139 349 [173 155 76 15:15:29.316 -02:04:37.76 | 39 9,10
C10.03 | 19900201 08:24 1.00 336 |16.0 117 85 {15:16:01.157 02:02:22.37 | 28 9,10
Cl0.04 199003 11 16:04 1.40 227 (158 11.8 122 |15:16:13.767 01:44:3637 {1 178 7.8
C10.05 {19900529 06:50 0.60 006 {163 21.6 153 |15:09:27.114 -01:06:50.18 |-122 23
CIl 119900531 02:42 075 185 |16.0 213 152 |15:09:16.349 -01:06:32.51 | -62 2.3
Cl2 119900620 09:49 0.17 353 | 147 165 134 |15:07:29.806 -01:06:14.84 170 23
Cl2.02 (19500801 00:09 1.28 267 [14.9 9.0 96 |15:05:52.728 «01;21:4260 | -85 4,8
C13 119900905 14:36 0.25 217 {149 214 64 |15:07:16.226 -01:48:20.10 .2 18
C13.01 (19901231 10:51 025 003 |17.3 260 52 |15:22:23.252 -03:04:19.24 <32 17,18,18A,18B
C13.02 119910509 21112 1.21 013 [18.1 234 164 | 15:20:55.798 “02:14:05.01 | 44 11
C13.03 119910512 06:12 0.08 012 [18.0 23.5 164 | 18:20:40.803 02:13:12,75 | 92 10,11
C13.04 119910528 12:42 012 007 |17.9 22.2 156 |15:18:58.856 -02:08:42.04 152 10,11
Cl13.05 119910617 09:51 040 357 |17.5 18.1 140 | 15:17:07.464 -02:07:19.16 | 175 10,11
C13.07 119910702 (9:26 0.23 345 [17.4 138 126 |15:16:02.456 -02:09:31.80 | 166 10,11
CI3.08 119910830 03:57 0.86 042 [17.6 17.5 72 |15:15:50.917 -02:41:56.90 |-168 14,15
Cl4 119910915 15:08 033 212 | 154 242 S7 |15:17:00.735 .02:55:30.68 7 16,17
C14.01 119911229 23:12 035 184 |169 27.5 48 |15:31:08.749 -04:02:11.71 | 146 25,25A,26,26A
C14.02 (19920108 21:45 0.84 181 (162 238 7 |1532:15.843 -04:03:08.46 | 158 25.25A,26,26A
C15 19920130 12:43 1.05 346 | 168 14.5 78 |15:34:05.521 -04:01:15.67 | -86 25,25A,26,26A
C15.01 (19920205 21:18 0.10 338 (17.0 118 84 |15:34:26.950 -03:59:42.43 | 138 25,25A.26
Cl6 119920301 17:10 0.43 258 |158 7.2 108 |15:34:59.048 -03:50:14.60 | 175 23,23A,24A
CI6.01 119920318 07:24 1.06 040 |16.7 120 124 {15:34:34.736 -03:41:44.84 | -54 22,22A,23,23A
C16.02 ) 19920420 04:29 0.09 019 |17.2 213 154 [1532:17.040 -03:23:57.10 | 43 2121A
C17 119920521 06:16 0.78 009 [13.0 23.1 162 }15:29:06.360 -03:11:38.98 |-101 18,18A.18B,19,19A
C17.01 119920607 01:01 0.26 183 (18.0 20.9 150 |15:27:23.998 -03:08:43.44 | -39 18,19
C17.02 119920611 12:44 0.27 000 |17.1 200 147 |15:26:58.702 :03:08:30.53 | 140 18,18A,18B,19,19A
Ci8 119920913 14:29 0.80 2i3 158 227 61 [15:25:56.842 -03:52:58.55 | 20 24A,25,25A
C19 119920927 19:36 0.55 027 |15.0 277 - 48 |15:27:18.119 -04:04:48.19 | -69 25,25A,26
C19.01 119930115 22:53 035 358 169 21.5 62 |15:42:03.325 -05:01:02.88 | 136 33,34
C19.02 119930118 0234 1.33 177 [17.3 207 64 |15:42:15347 -05:00:54.52 | 78 k7]
C19.03 119930124 1045 0.68 354 (169 179 170 |15:42:47.701 -05:00:22.39 | -50 33,34
C19.04 119930201 11:42 120 168 |14.6 143 78 |15:43:21.715 -04:59:01.08 | -7 32,33
C19.05 (19930319 00:11 115 221 |17.0 (1.2 122 |15:43:53.672 -04:41:23.13 | 56 30,31
C19.06 119930407 21:18 0.07 025 {177 178 141 | 15:42:45.814 -04:31:00.85 | 79 29,30
C19.07 119930419 14:54 071 199 [16.4 20.7 151 |15:41:48.020 04:25:03,79 | 163 28,29
C19.08 119930503 23:02 1.34 015 [159 23.0 162 [15:40:24.916 .04:18:33.98 | 27 27.27A,28,28X
C19.09 119930623 05:22 1.03 355 | 168 17.8 139 |15:35:23.756 '-04:09:40.90 -118  26,26A,27
C19.10 119930711 15:40 028 158 [ 17.4 124 lZl_J 15:34:08,974 _-04:13:17.57 | 68 2627
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TABLE J, (continued )

| == Closest Appeoach --— [ —
StrID |—Date— UT dist PA° |CCD sky Sun |-StarRA- -StarDec. |Bast Strip Numbers

y md hm (O Mag. vel, angle (B1950) (B1950)

Cl19.11 [19930913 19:13 030 213 [174 216 63 |15:34:57.552 - 04:51:09.60 | 47 31,32
c20 | 19931003 09:07 083 205 |11.7 28.5 45 |15:36:50.514 -05:06:50.88 84 33,34
2001 | 1994010t 20:31 080 184 [17.3 279 46 |[15:49:29.303 -05:57:17.54 -172 4041
2002 | 19940203 11:04 0.52 347 {170 146 77 |15:52:34.644 -05:56:24.29 61 4041
20,04 | 19940422 0540 137 018 [17,0 207 151 |15:51:00.753 -05:23;59.20 | -57 n

2005 | 19940504 14:47 115 194 | 135 227 161 |15:49:50.462 05:18:40.61 | 152 35,36

C20.06 | 19940505 21:19 1.23 194 |17.1 228 161 |15:49:42.714 05;18:10.54 | 53 35
c21 19940515 10:55 0.62 011 [14.4 235 165 |15:48:42.790 05:14:53.11 {-160 35,36
c22 (19940518 16:08 033 190 [150 234 166 15:48:22.264 05:13:52.54 | §18 34,35

22,01 19940519 1331 133 009 |163 234 165 |15:48:16.560 05:13:39.45 | 156 34,35

€22.02 | 19940610 07:26 0.51 002 | 165 215 153 |15:146:00840 05:09:47.19 | -133 34,35
C2203 | 19940617 OR:S1 0.3 179 {168 200 147 |15:45:20505 05:09:33.08 | -162 34,35
C22.04 | 19940627 00:59 0.19 173 |162 17.5 138 15:44:30.544  -05:10:07.45 | -54 3435
C22.05 [ 19940715 14:10 062 156 [17.5 12,0 121 }15:43:17.248 05:14:0692 | &9 35

C22.06 119940721 07:55 092 147 |165 103 116 |15:43:01.816 .05:16:05.72 | 177 35,36

2207 | 19940824 oO4:11 0.69 054 [169 123 85 |15:42:32.654 -05:34:00.28 |-159 37.38
C2208 |19940018 1522 1.03 211 173 224 61 |15:44:21.260 -05:52:19.77 7 40

23 19950105 13:5¢ 1.18 184 [163 276 47 |15:58:53,037 06:53:58.51 | »74 48,4BA49,49A

C24 |19950108 03:41 034 002 |13.8 267 49 |15:59:11.335 06:54:16.77 | 76 48,48A49,49A ‘
2401 | 19950113 2230 0.07 181 [16.6 244 55 |15:59:50.299 06:54:40.01 | 148 48,48A49,49A

C25.01 | 19950410 19:48 146 022 [17.1 168 138 ]16:01:23.955 -06:28:25.55 | 104 44,45

Cc26 | 19950507 o211 121 193 {151 226 161 15:59:04,828 -06:17:16.37 '| -18 43,44
2601 | 199505 11 00:23 146 192 |12.6 23.0 163 |15:58:40.625 -06:15:52.28 4 4344
C26.02 | 19950517 1616 078 190 [17.1 233 166 |15:57:58.604 06:13:4741 | 120 4243
C2603 | 19950606 17:15 0.79 183 [17.6 223 158 | 15:5%:3 1,216 -06:09:40.89 | 84 42

c27 | 19950614 14:42 131 181 }144 210 152 |15:55:03.778 06:09:06.21 | 115 42,43

c28 119950706 03:19 008 350 |15.2 157 133 |15:53:13.673 .06:10:47.04 | -95 4243
C2801 | 19950922 0431 1,16 029 |167 225 60 |15:53:38.845 06:51:39.79 | 169 47.4848A
c28.02 119951003 17:59 045 024 |17.1 267 50 |15:54:45.311 07:00:15.74 | 43  49A
C28.03 | 19951009 01:44 0.84 023 [17.5 284 45 |15:55:20.402 07:04:14,59 |+164 49A.50

¢c30 |19960417 03:55 119 199 [156 183 143 16:10:16.549 -07:23:12.09 | -22 51,52
C3001 |19960420 1651 129 018 {169 19.1 146 16:09:59.243  «07:21:44.16 | 139 51
C30.04 |19960603 12:14 0.62 005 [15.7 229 162 |16:05:34.068 07:08:41.69 | 165 50
C3005 | 19960615 21:35 0.3 00! |16.7 21.2 153 |16:04:18.170 07:07:4207 | 12 49,49A,50
C30.06 | 19960622 14:51 0.14 358 [16.5 19.8 147 {16:03:40.038 07:07:4598 | 106 49,49A,50

C30.07 | 19960627 22:15 1.42 356 |164 18,6 142 |16:03:11.999 07:08:10.51 | -9 4950
C3008 [199607 17 23:29 0.24 340 [17.0 125 124 |16:01:47.572 -07:12:06.17 48  50.51
C30.09 |19960723 23:34 029 151 |160 106 118 |16:01:30.215 07:14:02.61 | -85 5091
C31 119960728 0227 0.04 143 |157 9.6 114 |16:01:20.744 07:15:35.79 103 50,51
C32 |19960728 0832 0.76 322 {160 9.5 114 |16:01:20.253 -07:15:42.32 165 51
c32.0t 19060819 14:29 038 250 [158 90 93 116:01:05.682 .07:26:23.6 54 52
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FIG. 6. Each frame in this Agure shows the Earth as seen from the difection of Pluto at the approximate time of the occultation of the indicated
837 by Plutoor Charon. The shaded region ¢ that part of the Earth where the Sun is more than 12°below the horizon. The sub-Plute pointisin
the center of each globe.
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measured in degrees. The next two columns are the B1950.0
coordinates of the star, Note that the declination is ¢ssential.
ly the sub-Pluto latitude on the Earth for that event, This,
taken with the next column, the sub-Pluto east longitude in
degrees, helps define the area of observability on the Earth.
Figure 6 shows the region of observability for each star. The
last column lists the strips on which each candidate star ap-
peared. This is useful for comparing with Table 1 to see what
the observing conditions were for cach strip the candidate
appears on,

The event velocity (column 7) is included to allow the

S/N ratio of the event to be estimated by means of Fig. 7,

Generally it is best to use as short an integration time as is
practical, unless one must pay a noise penalty, Maximum
integration times for a Pluto event with a velocity v km/s
would be 20/v s to obtain three data points per scale height,
high in the atmosphere, This is the minimum sampling re-
quired to obtain a reliable value for the scale height of an
isothermal atmosphere (French era/. 1978).The integration
times should be shorter to properly characterize the “kink"
in the lightcurve. For Charon events, the integration times
should be significantly shorter than 40/v s if one s to resolve
the issue of a possible Charon atmosphere (Elliot & Young
1991). Since the major source of noise throughout the range
of Fig. 7 is shot noise from the occulted star and the Pluto-
Charon system, the 8/N ratio for a given spatial resolution
will be proportional to 1/yv.

To aid in identification of these rather faint candidate
stars, we have provided finder charts in Fig. 8. Each finder
chart is taken directly from our flattened CCD strip scans,
scaled as needed to allow the faint stars to appear clearly,

Pluto Occultation S/N Ratios

I I
-——0.38-m SN
- 0.9-m SN
fa, - = 2-m 8N
91000 ceer em SIN
E ~; . © 8m SIN
- AN
100 g -
g ~— S ‘\s_.‘ ..
’\u\ \‘p -~ {\‘\~“ .
10 . "\\\‘\‘s..._
~ *
'\4\\\;
| | .
12 * 13 14 16 18 17 18
Open CCD Magnitude

FIG. 7. S/N ratio va open CCD magnitude. The curves in this figure
show the expected S/N ratio of an occultation observation using a
CCD camera at | s time resolution. The curves correspond, from top
10 bottom, to observations using an 8, 4, 2, 0.9, or 0.36 m telescops,
(The Kuiper Airborne Qbservatory has a 0.9 m telescope; the com-
monly used 14 in. Schmidi-Cassegrain portable telescopes are 0.36
m.) The event velocity was assumed to be 20 km/s and the combined
R magnitude of Pluto and Charon was assumed 1o be 14, The CCD
response was approximated as having a central wavelength of 0.65
#m, a bandwidth of 0.4 um, a quantum ¢ficiency of 40% and 10
electron read noise. It was fusther assumed that 80% of the light fell
within 9 CCD pixely, each | arcsec square.
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The events found include all the events of MKB except
P25, and about twice as many additlonal events, The P25
image was reexamined by Arnold Klemola, who found it to
be stellar in appearance, but who also found that the star did
not appear on the Palomar Observatory Sky Survey. Wealso
found an unusually large difference between our declination
and MKBs for the star P15. We foung this star to be about
0.7 mag fainter than the typical limit for MKB's stars. Ar-
nold Klemola kindly reexamined the image of this star on
the original plate as well and found it to be a very weak
image. We believe that our position for P15 is the more reli-
able of the two.

The brightest stars in our list are those involved in the
events P10/C10, P17/C17, P207/C20, P20.03, C20.05,
P24/C24, and C26.01, Those events with a sky plane veloc.
ity less than 10 km/s are P12,01, Ci12.02, P16/ClS6,
P31/C31, P32/C32, and P32.01/C32.0l. A number of
events have nearly the same miss distance for both Pluto and
Charon, indicating that it is likely that either both events will
be observable or that neither one will be. These events are of
particular interest because they would provide a much more
precise value for the semimajor axis of Charon’s orbit if they
were well observed, The stars that are ooculted when the ap-
parent scparation between Pluto and Charon is less than 0.2
aresec are: 10.01, 11, 14.02, 16, 16.02, 17.01, 19.04, 20.02,
22.07, 22.08, 24, 25.01, 28, 28,02, and 32.01.

The fact that we have used a new method allowing obser-
vation of fainter stars than conventional photographic
searches implies that the conventional means for refining the
astrometry and producing a prediction may nced improve-
ment. Benedict ef a/. (1991) find that they can achieve a
positional precision of 0.04 arcsec for 17th magnitude stars
with their CCD/Transit Instrument, a strip-scanning CCD
camera using a ¥ filter with 1,55 arcsec pixels mounted on a
1.8 m telescope on Kitt Peak pointing close to the zenith.
This indicates that a method similar to that presented in this
paper—practiced at a better site and witha telescope of long-
er focal length—would be sufficiently accurate to provide
the needed improvement. Alternatively, astrometry with
Hubble Space Telescope images may provide the needed re-
finement in the event predictions.

* 6. CONCLUSIONS

We have carried out a search for stars that will be occulted
by Pluto or Charon over the period 1990~1995, and includ-
ing much of 1996, The search was made using a CCD camera
in a scanning mode, and reached a magnitude limit of ap-
proximately R = 17.5. The S/N ratio for 8 1 s integration of
these events would be greater than 20 for the Keck telescope,
and greater than 8 for a 4 m telescope. This signal-to-noise
would be more than adequate to accomplish some of our
goals, such as identifying substantial changes in Pluto's at.
mospheric structure as its heliocentric distance changes, and
perhaps resolving the haze-layer issue. All the events identi-
fied by MK B for this period were found with the exception of
P25, which also does not appear on the Palomar Sky Survey.
About twice as many additional candidate events were
found. The astrometric sccuracy is sufficient to make a
“short list” of promising candidates, but further astrometry
will be required to identify the events that acteally will be -
observable and to refine the predictions.
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We would like to give our heartfelt thanks to R. Meserole
for his work in getting the camera and observatory ready for
the observing run. A. Bosh, J. Harrington, M. Holman, and
L. Young made many of the observations used in this work.
L. Young wrote the program which performed plate regis-
tration for the strips. We would like to give special thanks to
the IRAF staff at NOAO for providing us with the beta test
version of DAOPHOT. It worked well for us| Figure | was
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made using the STARCHART program, written by C. Coun-
terman. L. Wagserman produced Fig. 6 for us, greatly im-
proving the usefulness of the occultation candidate list. We
thank R. Stone and M. Standish for useful discussions. Fin-
ally, we thank D. Mink and A, Klemola for their invaluable
help in carrying out this work, providing us our reference
star catalog and ephemerides, and for numerous useful
discussions,
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