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ABSTRACT. Planetary nebulae (PNe) are now well established as probes of galaxy dynamics and as standard
candles in distance determinations. Motivated by the need to improve the efficiency of planetary nebulae searches
and the speed with which their radial velocities are determined, a dedicated instrument—the Planetary Nebula
Spectrograph, or PN.S—has been designed and commissioned at the 4.2 m William Herschel Telescope. The
high optical efficiency of the spectrograph results in the detection of typicAl PNe in galaxies at the distance

of the Virgo Cluster in one night of observations. In saene observation, the radial velocities are obtained with

an accuracy of20 km s*.

1. INTRODUCTION type galaxies, and globular clusters, not surprisingly, have been

The study of the internal dynamics of galaxies provides Somefoun(.zi to be. kinematically distinct from the stellar population
of the best observational clues to their formation history and that is of primary interest. .
mass distribution, including dark matter, but much of the in-  Planetary nebulae (PNe) are part of the post-main-sequence
teresting information is inaccessible with conventional tech- €volution of most stars with masses in the range 088 . In
niques. Stellar kinematics, the most important diagnostic, hasthe case of early-type galaxies, the PNe are drawn from the
generally been determined using absorption-line spectra of thesame old population that composes most of the galaxy light.
integrated light, the surface brightness of which is such that But taking into account the duration of the PN phase itself,
only the inner parts of the galaxy can be observed in a reason£Vven in a galaxy with continuing star formation, molsserved
able amount of telescope time. In practical terms, it is hard to PNe will have progenitors in the range 1.9¥2, , correspond-
measure the integrated stellar spectra beyond R—-2) (the “ef-ng to a mean age of1.5 Gyr.
fective radius,” which contains half the galaxy's projected PNe are sufficiently bright to be detected in quite distant
light). This is a serious limitation, because it is at larger radii galaxies, and their radial velocities are readily measured by a
that the gravitation of the dark matter halo is likely to dominate variety of techniques. Moreover, because they are easier to
and that the imprint of the galaxy’s origins are likely to be detect at large galactocentric radius where the background con-
found in its stellar orbits. tinuum is fainter, they represent the crucially important com-
Alternative diagnostics of the gravitational potential include plement to absorption-line studies. These properties make PNe
measurement of the 21 cm wavelength emission from neutralan ideal kinematic tracer for the outer parts of such galaxies,
hydrogen, observations of i regions, and observation of the allowing the measurement of stellar kinematics to be extended
motions of globular clusters and planetary nebulae. But neutralout to typically (4-5RR, .
hydrogen and Hr regions are effectively absent from early- A common and well-tested technique for obtaining the radial
velocities of PNe consists of a narrowband imaging survey of

, _ [O m1] emission to identify candidates, followed by a spectro-
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Fic. 1.—Typical PN optical spectrum, showing the many emission lines visible in such a nebula, as well as the dominance af]thieefGrigure kindly
provided by F. Kerber, ESO.

The organization of this paper is as follows. In § 2, we review in air 5006.843°A is included in the above magnitude. The
the important observational characteristics of PNe and discussabsolute magnitud®l,,,, is defined in the usual way.
the implications of their luminosity function for the number of PNe are found to have a well-behaved luminosity function
PNe that can be detected. In § 3, we introduce CDI and compared that can be approximated by (dropping the 5007 subscript)
it with more traditional techniques. The Planetary Nebula Spec-
trograph (PN.Spectrograph, or PN.S), which is the main subject ®(M) o< eo'sm[l - e3(M**M>], 2
of this paper, is presented in some detail in 8 4. In addition to
a complete technical discussion and a short history of the pro-where the parametél* , defining a sharp bright-end cutoff to
ject, this section includes some of the first images obtainedthe luminosity function, was normalized using PNe in M31 to
with the instrument, following its recent successful commis- M* = —4.48 (Ciardullo et al. 1989) and has since changed
sioning. Further technical information is presented in three only slightly (Ciardullo et al. 2002a). The symbaf  is used
appendices. for the apparent magnitude of the planetary nebula luminosity

function (PNLF) cutoff.
2. OBSERVATION OF EXTRAGALACTIC PNe By fitting the above function to a (complete) sample of PNe

PNe, which are unresolved objects at distances of 1 Mpc orin @ given galaxy, a distance estimate can be made. This ap-
more, can be detected by means of their strong characteristi®®lication of t_he PNLF, the characteristics of which are under
emission lines (see Fig. 1). The narrowness of the lines (theconstant review (see, e.g., Ferrarese et al. 2000), will not con-
intrinsic line width is usually less than 30 km's ) makes it Cern us further here, but knowledge of the shape of the PNLF

relatively easy to measure the radial velocities of the individual IS Important in that it allows us to estimate the relative number

PNe. of PNe in a given system down to a certain magnitude limit
The brightest line is usually the green 5007ire of [O 1] (see below). _

in which as much as 15% of the central star’s energy is emitted "€ absolute number of PNe present in a stellar system

(Dopita, Jacoby, & Vassiliadis 1992). The PN brightness in this i usually characterized by the number density in the top dex
line is conventionally given in magnitudes as (2.5 mag) of the PNLF, normalized to bolometric magnitude,

which takes a value
My, = —2.510gF500,— 13.74, Q)

oy~ 7—50 x (109 L@,bol)ﬂ: (3)
whereF,,,, is in ergs cnf §¢ and the constant is such that a
star of the same magnitude would appear to be equally brightdepending on the color (Ciardullo, Jacoby, & Harris 1991) and
when observed through an idé&band filter. The [Om] line luminosity (Ciardullo 1995) of the galaxy. For practical pur-
consists of a doublet 4959/5007with the intensity ratio 1: 3.  poses, a number density§,(; ) normalized to tBéand
Only the brighter component of the doublet (rest wavelength luminosity is often used.
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TABLE 1
CumULATIVE PNLF as A FuncTioN
OF MAGNITUDE

M- M" PNLF
00 .. 0.00
05 .. 0.08
10 oo 0.24
15 0.46
20 oo 0.71
25 1.00
30 1.34
35 1.74
40 2.21
45 2.75
50 o 3.39

Equation (2) can be used to compute the cumulative lumi-
nosity function. The results, normalizeddg. , are shown in
Table 1. This shows, for example, that to double the number

of PNe detected in a given galaxy with respect to a complete N

sample down tdM — M* = 2.5 |, one needs to reach a limit
nearly 1.5 mag, or a factor of 4 in flux, fainter.

As a numerical example, we consider the Virgo galaxy NGC
4374, with an assumed distance of 15 Mpc and a foreground
extinction of 0.2 mag. The brightest PNe in this galaxy would
be expected to have an apparent magnitudengf, = 26.6 ,
corresponding to an [@i] flux of 7.3 x 10*" ergs cm? s* .
This converts to a detection rate in theii@)line of 0.7 photons
s ! for a 4 m telescope with 30% system efficiency. For NGC
4374,a,5 = 16.7 (Jacoby, Ciardullo, & Ford 1990) and, with
the appropriate bolometric correction (BE m,, — m,
0.83 and color index B—V = 0.97) this corresponds to
B,5s = 47.7. Correcting the apparent magnituda,(= 10.3 )
for distance and extinction givéd, = —20.8 , corresponding
t032.5 x 10°L 5. Thus, one would expestl550 PNe in the
top dex of the luminosity function or, using Table 4710
down to the magnitude limitrig,,, = 28.1 .

By definition, half of these would fall within one effective
radius of the center, where the noise contribution from the
galaxy light is very significant, and would be hard to detect.
For NGC 4374, theB-band background light is 22.2 mag
arcsec? atlR, , which corresponds to 50% of the dark night
sky background at a good observing site.

To put the above number of PNe in perspective, note that

~1000 radial velocities are necessary to nonparametrically con-

strain the dynamical properties of a hot stellar system (Merritt
& Saha 1993; Merritt & Tremblay 1993). However, early-type

TABLE 2
PARAMETERS USED IN THE COMPUTATION OF INTEGRATION TIME
REQUIRED FOR A GIVEN S/N

Symbol Description

SIN .......... Final gjnal-to-noise ratio for the detection of a PN
against a background, including all noise
contributions

FWHM ...... FWHM of the seeing PSF (default)l

Acgr oo In imaging, the aréaar(% FWHM)? over which the
SIN is calculated

Fon ceveneeens Detected [Omi] flux from the object in photons™$

T Total integration time, iseconds

B Integration time spent on-band, in seconds

Foack «vvvvvens Total detected background fluin photons s* A
arcsec?

[ Bandwidth of the [Om] bandpass filter (default 30.6)A

Adper «oeevevnnn In a fiber-fed spectrograph, the effective size of the
fiber, as projected onto the sky (default 1.5 arésec

Ay In a spectrograph, width of a resolution element

(default 3.0'A

In imaging, number of pixels over which the integration
is calculated (defaulfpgr x 9 )

In spectroscopy, number of pixels over which the
integration is calculated (default 9)

Number of times the CCD is read out per integration
(default 2 per hour)

Read noise, converted to photons (default 4.0)

# See Naylor 1998.
® This is calculated from 21.0 mag arcséc |, being 21.4 mag arcsec  for
sky and 22.2 mag arcsé€c for the surface brightness of a typical galaxy at

1R..

can reliably constrain the rotational properties of the galaxy’s
outer parts (Napolitano et al. 2001).

3. OBSERVING TECHNIQUES

To study the kinematics of extragalactic PNe, there are two
aspects: finding the PNe and obtaining their radial velocities.
In the following sections, we discuss the techniques applied to
this problem so far. Simple formulae are given for the signal-
to-noise ratio (S/N) achieved with each technique and then used
to compute the integration time required to reach S/INLO
for a PN with given magnitude. This is a reasonable benchmark
since experiments show that detection completeness varies from
nearly 100% at S/ 9 to 0% at S/N= 4 (Ciardullo et al.
1987). We compute the noise as the quadratic sum of Poisson
noise from the object, sky background, and detector readout.
We adopt the notation of Table 2 and the default values therein,
unless otherwise specified.

The “system efficiency” that is quoted for multiobject spec-

galaxies normally have integrated light kinematic measure- troscopy (MOS) and other techniques is based on typical lim-
ments available te~1R,, the addition of which dramatically iting magnitudes actually achieved with current instrumentation
decreases the number of discrete velocity measurement@t 4 m class telescopes. By definition it includes telescope,
needed. In such cases100-200 velocities can place strong filter, and detector efficiency as well as the efficiency of the
constraints on a galaxy’s mass distribution (Saglia et al. 2000; instrument proper, but it should be stressed that light loss due
Romanowsky & Kochanek 2001). If 200 PN velocities are to the finite size of the fiber or slit, and hence also astrometric,
measured outsideRl ~50 will be outside 8, , a sample that pointing, and tracking errors affect the performance of MOS
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instruments. This can lead to values of the system efficiencyand default values foa, ané,,. . the multiobject spectro-
that are smaller by a factor of 2 or more than the nominal graph should then return spectra with $NO for an
optimum instrument performance. My, = 28 object in aboufl = 3.3 hr.

In these and other calculations in the paper, we include atmo-  Since several fiber configurations might be required to obtain
spheric losses of 0.15 mag corresponding to an air mass of 1.(all of the spectra (as a result of limitations on the number of

at a good observing site. fibers or on their positioning), we must multiplly by some
factor, typically ~2—4. Total time for the project, even with
3.1. Survey/Multiobject Spectroscopy these ideal assumptions, is tht$3-19 hr. However, as dis-

cussed in § 3.4, several practical problems arise in the MOS
follow-up to narrowband imaging, significantly reducing the
yield of PN velocities obtained.

Most of the PN work on external galaxies has been done by
first performing an imaging survey to obtain a sample of PNe
and then following this up with multifiber or multislit spec-
troscopy of the individual objects to obtain their radial veloc-
ities (Hui et al. 1995).

Detection of the PNe in [@u] emission is usually done by A Fabry-Perot (FP) system produces a cube of narrowband
comparing images made with on-band and off-band filters images and is in principle well suited to observing extragalactic
(Jacoby et al. 1990), which allows PN candidates to be distin- PNe. Its large field of view (10at a 4 m telescope is typical)
guished from foreground stars. For maximum sensitivity, the can encompass typical galaxies out to 5 effective radii at the
on-band filter should only be wide enough to accommodate thedistance of the Virgo Cluster. Tremblay, Merrit, & Williams
expected range of velocities, while the off-band filter can be (1995) used this technique to study the PNe in the SBO galaxy
broader. The positions of the PNe must be determined to atNGC 3384.
least 05 precision in order to set up a subsequent observing The theoretical S/N for the detection of an emission-line

3.2. Fabry-Perat Interferometry

campaign with standard MOS. object in the appropriate step from a wavelength scan in which
For the detection of a PN in a narrowband survey, a total bandpasB is scanned oveN resolution elements is
FnT/N
S/N — FPNTon (4) S/N PN (6)

ForTon + Apof 0BT ot NN T2  (FolTIN) + AceF oaok BIN)(T/N) + 20,12
where the symbols are defined in Table 2. The assumption iswhere nown, = 1 is assumed since the integration time per
made that the off-band integration t|m'é-€ Ton )lS chosen such Step IS Usua”y short. The factor of 2 in the read-noise term
as to reach theame level of sky background (owing to the allows for the fact that the actual step size needs to be such
wider bandpass the image can be obtained relatively quickly). that there are two steps per resolution element. .
For useful S/N values, the read noise is usually negligible. When sky noise dominates, the FP procedure is equivalent
As an illustration, consider the case of a survey carried out to observing each PN by direct detection through an ideal filter
at a telescope of 4.0 m diameter. The overall detection effi- (of bandwidthB/N ) for timeT/N , and the corresponding S/N
ciency isassumed to be 0.4, arfdis divided between narrow- IS similar to that of narrowband imaging (with bandwidgh
band and broadband imaging in the ratio 80 : 20 & 0.8T ). and timeT). However, both readout noise and the Poisson noise
The assumed background (See Table 2) Corresponds td)f the ObjeCt being detected reduce the S/N Significantly. Nev-
Foacc = 0.20 photons s! A1 arcsec? for this case. The goal ertheless, since the FP requires no follow-up spectroscopy, it

is to detect objects down oy, = 28  with SAN10. Equa- IS competitive with other techniques.
tion (4) with default parameters indicates that this can be With other parameters as before, we now assume an overall
achieved inT = 6.2 hr. detection efficiency of 0.3 including the FP etalon, ahd=

The spectroscopy can be done efficiently with fiber or multi- 40, giving a nominal resolution element of about 45 km s
slit spectroscopy, and the detection of ther{@line is usually ~ Equation (6) then shows that 21.6 hr observing is required to
dominated by photon noise. For example, for fiber spectroscopycover the passband and to reach &0 in each resolution
at Spectra| reso]utioﬂ)\ , this being the bandwidth Correspond_element for the same magnitude limit as before. In the absence

ing to the projected width of the fiber in the spectra, of read noise, the same limit would be reached in about 13 hr.
oIN FouT 5) 3.3. Counterdispersed Imaging
B VEorT + AtiperFoacdn T + npn,rz' Counterdispersed imaging (CDI), which has antecedents in

the work of Fehrenbach (e.g., Fehrenbach 1947a, 1947b, 1948),
For this case, the system efficiency measured in practice (seés illustrated schematically in Figure 2. The left panel shows
§ 3) is usually in the range 0.05-0.1, and here we adopt 0.1.that two images of a given field must be taken through a slitless
With similar observing parameters to the previous example, spectrograph equipped with a @] filter. The field is identical
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Fic. 2.—Left: lllustration of counterdispersed imaging; the arrow denotes the dispersion dirdgighitt. Corresponding images of a star and planetary nebula
shown schematically.

in the two cases but the dispersion direction is reversed. Thison the basis of their single emission line and thus appear as
can be done simply by rotating the spectrograph sequentiallypoint sources. The exact position at which each PN is detected
between position angles differing by 80 in the slitless images depends upon the actual position of the

As shown in the right panel of Figure 2, stars in the field PN on the sky and its precise wavelength. As the two images
appear in the images as short segments of spectrum whosare counterdispersed, it can readily be seen that, after matching
extent depends upon the dispersion of the grating and on theup the detected PNe in pairs in the final images, one directly
filter bandwidth. The PNe, on the other hand, are detected onlyobtains relative velocities and positions. The velocities can be
put on an absolute scale if the slitless observations include an
arc line calibration through a slit. This discussion of the velocity
solution is somewhat oversimplified, and we return to this topic
later (§ 4.4) in more detail.

For a detected PN, the S/N in each image takes the form

FenTon

SIN = — ,
\““FPNTon + APSFF bacBT on+ nrnpr2

@)

where the total observing timgis split between the two po-
sition angles T, = T/2 ). With the same parameters as before
except for an overall system efficiency of 0.3 (somewhat less
than for narrowband imaging because of the presence of a
grating in the beam), each CDI image achieves S/ in

T = 13.1 hr. In the case of simultaneous CDI (8§ 4.1), there
will be twice as many images and therefore more read noise,
but this has a negligible effect.

Log,,(S/N)

3.4. Advantages of CDI

The results of the previous sections are summarized in Figure
3, which shows the S/N reached with a 4.0 m diameter telescope
by different technigues—CDI, direct imaging (not including
Fic. 3.—Attained S/N as function of telescope time, for three different the foIIow-up Spectroscopy) and Fabry-Perotspectroscopy—as

techniques of searching for planetary nebul@aid line: Counterdispersed f fi fint tion ti Th t d
imaging (PN.S);dashed line: Fabry-Perotdotted line: narrowband imaging afuncuon ot integration ime. € same parameters were use

(not including spectroscopic follow-up). For each, three curves are plotted, S before. _ o _
referring ¢op to bottom) to my,,, = 25, 28, and 30. As can be seen, the FP technique is inferior except for very

Log,,[Total Telescope Time (sec)]
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faint sources, being more sensitive to read noise on the onemin?) is only 2—3 (Ciardullo et al. 2002b), and these can usually
hand, and on the other hand not as efficient as the other techbe recognized by their large line width.
nigues for the bright sources that are not background-limited.

Narrowband imaging is somewhat more efficient than CDI, 3.5. Results with CDI

but the former still requires spectroscopic follow-up work.  The CDI idea was systematically investigated in 1994-1995
Multiobject spectroscopy can in principle be very efficient, but y pouglas & Taylor (at that time both at the Anglo-Australian
the need for several MOS configurations alone will usually opservatory [AAO]) and Freeman. The first published exper-
mean that a campaign based on surveying and follow-up speciments, confirming with high accuracy positions and velocities
troscopy will require more total telescope time for a givenyield for PNe that had previously been detected in Cen A, were
than would be required with CDI. carried out by removing the slit unit from the Royal Greenwich

Moreover, there are additional problems. The imaging and Observatory spectrograph at the 3.9 m Anglo-Australian Tele-
spectroscopy are rarely carried out on the same instrument olscope (AAT; Douglas & Taylor 1999). Subsequently, the In-
even the same telescope. Observing time must be obtainedermediate Dispersion Spectrograph and Imaging System (ISIS)
twice, possibly at different telescopes and usually in different at the 4.2 m William Herschel Telescope (WHT) was used
seasons, with greater risk of poor weather and incomplete datepetween 1997 and 2000 to obtain the kinematics of M94 (Doug-
sets. Astrometric errors in transferring from the survey position |as et al. 2000) and several SO galaxies, and in 1998 an attempt
to the fiber position sometimes mean that the spectrum is notwas made to reach planetaries in the E5 galaxy NGC 1344
obtained (e.g., Arnaboldi et al. 1996 recovered only 19 PN using CDI at the ESO 3.6 m. In these cases the counterdispersed
spectra from a survey set of 141 in NGC 4406), and the yield images were obtained by rotating the spectrograph. We note
is further reduced by the fact, recently discovered (Kudritzki the related technique used by Miez et al. (2001), who used
et al. 2000; Arnaboldi et al. 2002), that the sample from the an undispersed narrowband image and a single slitless dispersed
narrowband imaging technique is sensitive to contaminationimage to detect extragalactic PNe and to measure their
from misidentified continuum objects. velocities.

CDI can be done with one instrument and at one telescope, The principal gain in designingdedicated instrument is the
and although it is still vulnerable to the possibility of incom- possibility of increasing both the optical efficiency and field
plete or inhomogeneous data sets as a result of changes isize. The use of such an instrument can enable projects to be
observing conditions, this problem can be eliminated by carried out at a 4 m telescope that would otherwise require an

obtaining the CDI images simultaneously (see § 4.1). 8 m telescope with general-purpose instrumentation.
In CDI, the relative velocities are extremely accurate, being
determined by the centroiding of images on the stable medium 4. THE PN.SPECTROGRAPH PROJECT

of a CCD. The radial velocity precision is comparable to that  These considerations led us to consider the construction of

of fiber spectrographs of similar spectral resolution. We note a purpose-built instrument. In this section, we present first the

that multislit velocities are typically less precise: they are sub- design philosophy, then optical and mechanical details, before

ject to significant errors resulting from object positioning within - returning to the issue of calibration. A chronology of the PN.S

the slit. projectis given, and the first observational results are presented.
Accurate photometry requires, among other things, knowl-

edge of the filter profile. Generally, manufacturer’s curves are 4.1. Design Considerations

generated with very high focal ratio beams and at laboratory 5, important and unique driver of our PN.S design was that
temperatures. In CDI, the filter profile can be determined from j; <hquid deliver simultaneous counterdispersed imaging

the dispersed images of foreground stars, at the focal ratio and,giging the need to rotate the instrument between the two
temperature appropriate to the observations and as a functionosition angles. As described later in this section, this was
of position on the detector, so accurate photometry is possible.;chieved by using a matched pair of gratings and cameras,
It is more difficult to determine the filter characteristics in creating what is in effect two spectrographs back to Sakte
direct-imaging mode. Note also that with the assumptions madejncreased complexity is compensated by several advantages:

earlier, that a given object is detectedeach image with the  the CDI data sets are always matched in quality and integration
same value of S/N, the effective integration time on which PN
fluxes ar(_e based in CDlI is twice that_ of the narrowband |mage. ® One may ask whether two is in fact the optimum number of images to

One disadvantage of CDI, relative to more conventional use. For example, an undispersed third image could easily be generated by
spectroscopic techniques, is its limited ability to distinguish replacing the grating(s) with a mirror for part of the observing time, and a
between PNe and other emission-line objects such as unresolthird detection would seem to provide a much more robust rejection of false
ved H regions, Lyr emitters at redshift ~ 3.1 , and starburst identifications arising bggausg of h0|se pea_ks. We investigated this an_d other

. performance characteristics with simulated images and found that varying the

galaxies atz~ 0.3 . However, on average the number of ex- gistribution of observing time between the three arms can easily give worse
pected highe contaminants in a typical galaxy field (100 arc- performance than for the two-arm case, but apparently never better.
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time, and the velocity determination is more accurate since all about 1.0 pier°A1.° For a filter of width 100 Aat the 10%
calibrations are done at the same time. Differential flexure is level (FWHM~ 35 A), the stellar spectra will extend over an
less and can be more easily monitored. acceptable-100 pixels.

The original PN.S design studies were for an /15 instrument
to operate at the AAT (3.9 m aperture) and/or the ESO VLT
(8.2 m). However, driven by considerations of cost and tele-
scope access, we decided instead to design the instrument to The optical system of the PN.S (see Fig. 4) consists of a
operate at both the UK/NL WHT (4.2 m), operated by the UK/ collimator with five elements in four groups, the largest lens
NL Isaac Newton Group of telescopes (ING), and the Italian being 240 mm in diameter, a narrowband filter, twin 600 lines
Telescopio Nazionale Galileo (TNG; 3.5 m), both located on mm™* gratings, and a pair of nominally identical cameras (six
the island of La Palma. The TNG is based on the ESO New elements in five groups) in which the largest element has 210
Technology Telescope (NTT) and has two f/11 Nasmyth focal mm diameter. For ease of manufacture, the design was restricted
stations with instrument derotators. The WHT also has a Na-to spherical surfaces, despite the fact that the anamorphic re-
smyth platform for interchangeable instrumentation, but there flection at the gratings (transforming a nominally square field
the field of view is rather restricted because of the use of aninto one with an aspect ratio of 0.9) presented a significant
optical derotator. We therefore opted for the WHT /11 Cas- challenge.
segrain focus with instrument derotator. This station also in-  Table 3 lists the optical parameters of the instrument as built.
cludes a suite of calibration lamps. Consistent with this choice The indicated operating range is nominal: chromatic effects are
of telescopes and focal stations, the field of view was chosennot severe and the instrument will function slightly outside this
to be~10 square. To be able to optimize the throughput as band, although the coatings will not be optimal. The computed
much as possible, we designed for the smallest wavelengthimagery (Fig. 5) is valid over this range.
range consistent with the range of galaxy systemic velocities The gratings are standard items except that we requested
likely to be of interest 1800 km s ). 140 x 80 x 24 mm substrates replicated to the very edge and

The most critical component in maximizing the instrument beveled at the grating input angle so as to facilitate butting
efficiency over a narrow wavelength range is the grating. The with minimal “dead” area. We required tight tolerance on the
performance of standard commercial blazed gratings wasalignment of the grooves with the substrate edges so as to keep
examined with the assistance of computer cddes. the dispersion directions in the two cameras parallel.

For the CDI detection of PNe, the dispersion should not be  The grating input angle between the collimator axis and the
too high because of three effects: first, field is lost since PNe grating normal is such that at a wavelength of 5010tle
whose images are dispersed outséither of the counterdis-  center of the field is centered on the CCD. The gratings are in
persed frames cannot be used; second, the dispersed images pfinciple at a fixed angle, and the detectors are at a fixed
foreground stars obliterate a fraction of the field; and third, the position, so that as the wavelength is changed, the center of
increased separation between CDI pairs increases the degrethe field moves laterally across the chip. As the imaging quality
of confusion, making it more likely that some objects cannot of the spectrograph is rather closely matched to the size of the
be unambiguously paired up. On the other hand, the dispersiorchip, it may be said that the usable field gradually “walks off”
should be high enough for the required velocity precision. Cal- the detector. The “walk-off rate” is about the same as the dis-
culations show that it should be possible to centroid a well- persion,i.e., 17.4m A%, or +1.04 mm over the full operating
sampled point-spread function (PSF) with given S/N to an range of the instrument#60 76\). This is only 3.8% of the
accuracy ofé.s-~ 0.7/ (SIN) FWHM (see Appendix C). field, however, so although the grating tilts could be manually
Given a detection (in each arm) with SA 5, it follows that adjusted to recenter the image, it is not anticipated that this
the separation of the two centroids can be determined with an will be done regularly.
accuracy of26.¢.~ 0.2 FWHM. Assuming a required velocity The design goal was for a total system efficiency of at least
precision of~20 km s* , which is less than the internal velocity 30% at the WHT, about twice that of the general-purpose spec-
width of the PN emission lines, the dispersion should be chosentrograph (ISIS) at that telescope, withb times larger field.
such that the FWHM corresponds to 200 kmh s or 3 (3ekall The estimates in Table 4, based on the final optical design,
that the dispersion is effectivelyoubled in CDI; see Fig. 2). published data, and calculations, suggested that this was
For FWHM ~ 3 pixels, it follows that the dispersion should be feasible.

Although the two telescopes for which the instrument has
been designed (8§ 4.1) are of similar diameter and have the
° Optimization studies were carried out using the cgtg4, developed by same focal ratio, the optics are sufficiently different in detail

T. C. McPhedran at the University of Sydney and L. C. Botten at the University ¢ it \yas difficult to produce a single PN.S design for both.

of Technology, Sydney. This gave good results for gratings of infinite con- Full control of the aberrations appeared to require interchange-
ductivity. Later we used results kindly provided by Daniel Maystre using code . . .
based on his integral theory, which allows for the finite conductivity of the able optical elements, which introduced too much cost and
aluminum layer (Maystre 1978). complexity. We agreed on a single design in which the imaging

4.2. Optics
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] ol 1
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Fic. 4.—PN.S schematic. The pupil-splitting dual-grating mount is at the right of the figure, with the interference filter just to the left. The carsexppmatic
to be oversized and laterally offset, but these are artifacts due to the projection chosen and to the fact that the pupil is split.

quality is compromised but not noticeably so under normal 2K x 15 um detector assumed during the design phase. At

observing conditions (see Fig. 5).

both telescopes, the unvignetted field is about dfuare.

Table 5 lists parameters that depend on the telescope. In this Details of the optical design (ZEMAX files) “as built” can
table, a pixel size of 13.am has been assumed, in agreement be obtained from the project Web sfter on request to the
with the detectors used for commissioning. The images areteam. In addition, optimized designs for the WHT and for the

slightly better sampled at the WHT owing to the longer focal
length, but with this pixel size they would still be adequately
sampled at the TNG down to!D seeing. The field sizes in-
dicated correspond to the projected extent of the 2K

TABLE 3
FINAL PARAMETERS OF SPECTROGRAPH OPTICS

Parameter Value
Operating range.................. 4950-5070°A
Grating(S) «..evvvviiiiiiiii Spectroni¢ 35-53 600 85 blaze
Input angle (at grating).......... 266
Output angle (in first order)..... &84 (on-axis at 5010 A
Included angle ................... 3%
Collimator focal length........... 1291 mm
Camera focal length ............. 287 mm
Image quality ..................... EEK 18 um®
DiSpersion.........ccvveeiiinnnn.. 0174 mm A*

® Formerly Milton-Roy.

® Fixed value of the angle between the optical axes of the collimator
and camera.

¢ EER (enclosed energy radius) is the (worst-case) radius of the
smallest circle enclosing a certain percentage of the light, here 90%;
the value given applies for use at both the WHT and the TNG.

2002 PASP114:1234-1251

TNG are also available.

The V-type coatings on the camera optics (10 surfaces in
each camera) were specified as having maximum reflectance
of 0.1% within the operating range. For the collimator (eight
surfaces), a W-type coating was specified with a maximum
reflectance of 0.2% over the operating range and 0.3% over a
secondary range covering 6488—6645TAis was to allow the
possibility of the addition of an W camera (Appendix A) and
is also the reason that the [@)] filter has been placed “down-
stream” of the collimator. The manufacturer’s calculations for
the residual reflection were consistent with these specifications
for normal incidence.

The science goals of the instrument led us to an initial choice
of narrowband [O] filters centered at around 5000, 5034,
and 5058 A The FWHM of 31-35 Ais deliberately small to
minimize the background noise, and the filters are designed to
be tiltable by up to 6so that they can be tuned to the systemic
velocity of each target. Optical tolerances on the 195 mm
diameter circular filters were held tight in order to achieve

19 http://www.astro.rug.n#pns.
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Fic. 5.—Spot diagrams for one arm of the spectrograph at 5010h& left column shows the ray-traced spot diagram fop {o bottom) the WHT at field
center, the WHT in a corner of the field, the TNG at field center, and the TNG in a corner of the field (the boxnssfuare). Note the very asymmetric spot
pattern due to the half-pupil. Subsequent columns show the same spots conVeflviedr{ght) with Gaussian seeing of'®, 0/7, and 10, where the box size is
now 120um square and allowance has been made for the anamorphic ratio of 0.9, which compresses the images in the vertical (dispersion) direction.

2002 PASP114:1234-1251



PLANETARY NEBULA SPECTROGRAPH 1243

TABLE 4 TABLE 5
ESTIMATED OPTICAL EFFICIENCIES PARAMETERS OF THE PN.SPECTROGRAPH AT TELESCOPES
Component Efficiency Basis of Estimate Parameter 4.2 m WHT 3.5m TNG
Grating ......... 0.83 Eleaimagnetic calculation assum- Focal station.................. f/10.94Zassegrain  /10.755 Nasmyth
ing aluminum at 5010 A Diameter of pupil at
Lenses.......... 0.97 Reflection loss (0.1% at 10, and grating (mm) ............... 117.9 120.0
0.2% at eight air/glass interfaces) Scale (pixels arcsed):
Lenses.......... 0.95 Bulkabsorption, total path length In dispersed direction..... 3.32 2.72
213 mm In spatial direction ......... 3.67 3.01
Window ........ 0.98 Dewar window without special Nominal field (arcmim) ...... 11.43x 10.34 13.95x 12.59
coating
@ See text.
PN.S total ...... 0.73
Filter ........... 0.80 Manufacturer's specifications . L .
Detector ... 0.85/0.90  ING/TN@easurements edges are beveled at the appropriate angle to minimize light loss
Telescope...... 0.72/0.63 Observatory calculations for WHT at the join, and the two gratings are held in place by the mount.
Cassegrain/TNG Nasmyth The spectrograph incorporates just two (dc) motors, one to
move the calibration mask (Fig. 8) into the focal plane and
System......... 0.37/0.33 AWHT/TNG

one to drive a plate across the beam to serve as a shutter. Tilting
of the [O m] filter has to be done by hand after opening an

maximum homogeneity across the field and at large tilt angles.8CCeSS hatch. Tilting is achieved by rotating one wedged surface
However, as the filters are rather near the pupil for the reasonddainst another, facilitated by a tool on which the corresponding
mentioned in the previous paragraph, there is significant shift tilt angle is marked (Fig. 7). The operation requires the tele-
in the bandpass over the field, and this effect is amplified when SCOPe (in the case of the WHT) to be parked at the zenith and
the filters are tilted, setting limits on the usable field size in takes about 5 minutes, including slewing. A complete filter
the direction of tilt. change requires considerably more time, and targets have so
For the 5034/31.4 Ailter at @ incidence, the shift in band-  far been scheduled to avoid the necessity of this being done
pass over the field reduces the useful bandpass, in the sens@uring the night.
of unbiased velocity coverage, to about 29.68\6° incidence,
this quantity is reduced to 17.0,Ar 1000 km s in velocity.
The bandpass becomes even smaller when the corners of the
field are considered. Whether the reduced bandpass is accept-
able depends on parameters of the object under study, most
obviously its size.

4.3. Mechanical Design

The mechanical design is in most respects straightforward,
the main priority being rigidity. Stiffness is vital since relative
displacement of the two images by a few microns causes tens
of km s™* shift in velocity. Structural analysis predicts that the
maximum flexure in either spectral or spatial directions should
correspond to an image displacement of only about 0.02 pixel
(0701 on sky) when the spectrograph is moved through the full
range of positions encountered at either the Cassegrain or Na-
smyth focus. This degree of rigidity is more than sufficient
since small movements of the detector are likely to be consid-
erably more significant.

A second problem to be addressed was that of butting
together the gratings. An earlier “convex” arrangement in
which the gratings would be replicated on a prism-shaped sub-
strate was rejected on the grounds that the fabrication was too
critical: once constructed, no adjustment of the parallism of the
two sets of grooves would hf”we been possible, and of COUI’S? the Fic. 6.—Photograph of the unusual grating mount in which two identical
angle between the two grating normals would have been fixedgratings (but with blaze direction reversed) are oriented in a “concave”
also. In the “concave” arrangement chosen (Fig. 6), the buttedarrangement.
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Spatial Direction [140mm]
=

Fic. 7.—Photograph of the filter area, showing the tool used to tilt the filter
by a calibrated amount by altering the alignment of two wedged surfaces.

=50 Q 50
Dispersion direction [ 160mm]

4.4. Calibration Fic. 8.—Focal plane calibration mask: 0.20 mm diameter holes in the metal
mask are so arranged that the resulting spectra (dispersed horizontally) do not

As discussed in the references in § 3.5, calibration of CDI overlap (in order to determine the orientation of the images unambiguously

data requires taking account of the internal distortions, which three holes are 50% oversized). The large number of holes facilitates an ov-

are dominated by the approximately parabolic distortion re- erconstrained solution for the wavelength-dependent mapping of the focal

. . . 1 " plane onto the detector. lllumination with a spectral lamp will give rise to two

suIFlng _from the r_gflectlon at the grating (“slit curvature”), to four points per hole, depending upon the filter in use. The single slit near

which is an additive effect when one compares counter- the center can be used when, e.g., a stellar spectrum is necessary for an

dispersed image pairs. Other, smaller, effects include the dis-independent velocity calibration.

crepancies in the position of objects in the two images as a

result of the inevitable differences between the optics in the

two cameras. o . . . .
A map of all the distortion terms, including wavelength offset, in this example, corresponding to the intensity-weighted

dependences, can be determined by the use of a calibratiofinean wav_elength 01_‘ t_he fiI_ter. But this _offs:_at does not_ need to
mask (Fig. 8), which can be placed in the focal plane. In com- be determined explicitly since the callt_)ratlon mask fl_xes the
bination with spectral line lamps (typically CuAr and CuNe) absolute wavelength scale for each pair of PN detections.
and continuum lamps, a spectrum-dependent calibration over
the whole field can be obtained. On-sky calibrations are only
necessary to check photometry, although Galactic PNe (with i .
cataloged radial velocities) are regularly observed to cross-42- Project Overview
check procedures. Although we are still refining these proce- The PN.Spectrograph consortium, whose members are listed
dures, the velocity residuals are currently no greater than 28on the project Web site, was formed in 1997. The project is
km s* (see § 4.6). funded by means of grants received from the national funding
The final step in the calibration is to obtain accurate astrom- agencies of the participating institutes and from ESO. Total
etry for the newly found PNe. This is done by defining a expenditure up to the commissioning of the instrument was
Cartesian coordinate system in which the positions of a number€ 212K, which includes 7 man-months of mechanical workshop
of foreground stars are defined by the coordinates about whicheffort provided directly by the Dutch astronomy foundation
the counterdispersed spectra are symmetric. For example, if theASTRON. Academic labor and travel costs were not charged
intensity-weighted average position of a stellar spectrum in oneto the project. Also, CCD detectors and cryostats are not in-
image is(x_, ¥) and in the othdix;, y) , themx[(+ xz)/2 y, ] cluded in the budget. By prior agreement, the spectrograph
can be taken as the stellar position. These positions are themimakes use of the observatory detectors and data management
compared with astrometric catalogs to obtain a plate solution systems.
in the usual way. The sky coordinates of the PNe calculated The optical design was contracted to Prime Optics (Aus-
on this basis will be correct, but the velocities will have an tralia), who worked closely with the workshops of the Research
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Fic. 9.—PN.Spectrograph at the WHT.

School of Astronomy and Astrophysics (RSAA) where the me- for the WHT Cassegrain (a different one is required for the

chanical design was carried out. Contracts for the constructionTNG), the adapters for the WHT cryostats, the tilt-tunable filter

of the camera optics and the collimator optics went out to holder, the grating assembly, and the two motorized units (shut-

INAOE (Mexico) and to the RSAA optical workshop, respec- ter and calibration mask). Finally, the RSAA was contracted

tively, in 1999 March. Acceptance testing was carried out in to correct any residual mechanical errors and to integrate and

2000 May but this was inconclusive and the optics could not align the instrument.

be accepted until December, following further tests and cor- During final testing, conducted by RSAA and Prime Optics

rective work by RSAA. The optics were then coated by the staff, a subtle scattered-light problem appeared that had not

Australian company Rofin during 2001 February—March. been identified during the phase B study. It again involved
In the meantime, a phase B study, to identify any remaining multiple reflections from the grating assembly and appeared

problems such as stray light and flexure, had been carried outwhen the (small) reflectance of the CCD detectors was included.

by RSAA and project members. Completed in 1999 July, it The problem was solved by an additional baffle.

showed that a double specular reflection (zeroth order) between

the gratings (which “face” each other in the concave arrange-

ment chosen; see Fig. 4) would give rise to a significant ghost

image. This problem was solved by choosing different gratings, . .

which were then ordered from the Richardson Grating 46. The PN.Sin Operation

Laboratory. The instrument was shipped to La Palma in the Canary
ASTRON constructed the instrument housing and many of Islands in 2001 June but was unfortunately misdirected to Las

the component mountings, which were shipped to Australia in Palmas before arriving at the Observatorio del Roque de los

2000 July for assembly. The first of the filters, from BARR Muchachos on July 10. The PN.S (Fig. 9) was commissioned

associates, arrived in mid-May. at the 4.2 m WHT of the Isaac Newton Group of telescopes
The RSAA workshops also manufactured the adapter flangeon 2001 July 16 (Merrifield et al. 2001). It was then operated
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for a further three nights and has since been used in two e
observing runs (2001 September and 2002 March). All obser- Byl
vations were made with the EEV-12 and EEV-13 detectors,and 19|~ NGC 3379 Ry
to date only the 5034 Ailter has been used, at eithet @it s AT
(A, = 5034.3 or & tilt (A, = 5027.)}. I
From measurements of galactic PNe with cataloged fluxes 000 |- {
and of spectrophotometric standard stars, we were able to de- r }1
termine the system efficiency (corrected for atmosphericlosses) & ’ ’
to be 33.3%, in good agreement with the design expectations E :
(Table 4). Here the “system efficiency” includes telescope, in- & %00 ]
:F

strument including filter, and detector, and represents the
throughput at the peak of the filter profile. Since the dispersion )
has been determined, it is easy to establish the peak throughput g4 [ E
per angstrom by measuring the flux in a slice through the peak
of the spectrum of a standard star and comparing this with the [
expected flux. by ]

To use this information to establish a magnitude limit, we 700 'I ]
refer to 8 2 from which we can see that at the distance of the s ]
Virgo Cluster (15 Mpc) the brightest PNe hané ~ 26.6 . At Ll e e e om0,
the above efficiency, in a 1 hr observation withskeing, this Veng (Km/s)
corresponds to about 1200 detected photons and an S/N of |
about 10.1 in each arm of the spectrograph, using equation (7). . :

. . Fic. 10.—Velocities of 25 planetary nebulae in NGC 3379, as measured

PNe that are 1.4 mag fainter reach $/NO0 in 12.0 hr. Even at ity the PN.S and NESSIE. The solid line indicates a perfect correspondence,
a distance of 25 Mpcnf* ~ 27.7 ), significant sampling of the and the dotted lines show uncertainty boundarie 88 km s for the PN.S.
PNLF can be achieved (SAN7 for m" + 0.6 mag in 14.6 hr). The error bars show the NESSIE measurement uncertainties7okm s*.

Preliminary measurements show a differential displacement
between the left and right images of up to 3 pixel@ um)
when the telescope is rapidly slewed through the full range of

azimuth and elevation, which is much more than that expectedpeayly identical, since they are visually dominated by the short,

from flexure calculations (§ 4.3). Most of this effect seems t0 gy mmetric spectra of stars and by the broad, integrated light of
be due to res!dual movements of the CCD detectprs within the 4,4 galaxy (NGC 7457). However, the positions of the PNe, some
cryostats, which was not included in the calculation. of which can be seen as pointlike sources in the zoomed-in

Fortunately, by taking arc lamp images of the focal plane jaqes are displaced between left and right images, as can be
mask at regular intervals during observations, we are able togaq, by comparing them with the stellar features (cf. Fig. 2).
ensure that the velocity calibration is not affected by flexure.

After slewing to each new target, the zero point of the flexure
is determined by registration of the calibration mask_ in the two 5 CONCLUSION
cameras. Measurements have also shown that the displacements
in either image are negligibly small during normal guiding We have constructed an instrument that can efficiently detect
(+0.5 pixel rms) so the imaging is not compromised. extragalactic PNe and measure their velocities. Using a novel
The wavelength calibration, still being optimized, has tested application of slitless spectroscopy, the data can be obtained
out quite satisfactorily during observations of objects with in a single observation with a single instrument, rather than
known velocities. For example, a comparison of 25 of our the more complex procedures previously necessary. We have
measured PN velocities in NGC 3370 & 10  Mpc) with presented design information for the highly optimized, dedi-
measurements from the NESSIE multifiber spectrograph on thecated instrument now in use at La Palma, and first results have
KPNO 4 m telescope (Ciardullo, Jacoby, & Dejonghe 1993) been presented. In effect, the telescope efficiency can be nearly
shows good agreement, indicating our measurement uncertaintgloubled by this approach, opening up the prospect of routine
at this stage to be 28 km's  (Fig. 10). observations of galaxy kinematics at a distance of up to 25
For conditions under which the seeing was worse thaiig, Mpc with 4 m class tescopes. The technique is applicable to
the image quality was uniform over the field. Under better larger telescopes.
conditions, it becomes evident that the image quality is slightly
poorer toward the corners of the field, as expected (see Fig. The PN.S would not have seen the green light of day without
5). Under very good conditions, the imaging quality is limited the generous financial support of the Australian National Uni-
by the spectrograph optics te07. versity, the European Southern Observatory, the Italian Consiglio

P
1100

Images from one of the first observing sessions at the WHT
are shown in Figure 11. The left- and right-arm images appear
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Fic. 11.—Images of NGC 7457 taken with the PN.S in 2001 September. The full-field CDI left/right pair is shown at the top; the lower panels show detail in
the boxed region, showing stellar “images” and the displaced positions of PNe.

2002 PASP114:1234-1251



1248 DOUGLAS ET AL.

Nazionale per I'Astronomia e I'Astrofisica, the Dutch Neder- untiring efforts, and the Anglo-Australian Observatory. We also
landse Organisatie voor Wetenschappelijk Onderzoek, the Ob-wish to thank Steve Rawlings, who generously assisted by swap-
servatory of Capodimonte, and, in Britain, the Royal Society ping his telescope time allocation after delays caused planning
and PPARC. We thank the Isaac Newton Group (operating theproblems for the project, and Rob Hammerschlag and Felix Bet-
William Herschel Telescope on La Palma) for their enthusiastic tonvil for technical advice. We have made extensive use of the
support, the Mount Stromlo workshops of the RSSA for their Lyon-Meudon and NASA/IPAC Extragalactic Databases.

APPENDIX A
UNDISPERSED Ha ARM

An Ha imaging camera was included as a future option in Ha/[Om] ratio would be obtained.
the PN.S design. A dichroic can be placed after the last element While elliptical galaxies harbor much less cold and warm
of the collimator, bringing an undispersed image to a third CCD gas than spirals, with deep enough exposures they mostly show
detector via an H filter and camera. We are now seeking to extended K emission (Macchetto et al. 1996). With our long
fund this option. The motivation is to improve the identification integration times (typically 10 hr on each galaxy, and with an
efficiency of PNe and to permit deeppHmaging of galaxies  optical efficiency higher than that obtained with multipurpose
that we are already surveying for PNe. instruments), we expect to achieve some of the deepast H

For those PNe that are detected inx,Hhe Hx image images yet (for example, about a factor of 6 deeper than the
constitute a cross-check of the velocity measurement. Theimages of Macchetto et al. 1996 in their survey at the ESO
image will also serve as a check on the astrometric procedures3.6 m and NTT 3.5 m). These new emission maps may provide
used on the CDI images and as an indicator of contaminatinguseful insight into the ionization processes in elliptical galaxies.
objects. For example, the absence of am ¢bunterpart to an  Similar deep K images can be acquired in the outer regions
[O m] detection will indicate a background object instead of of SO galaxies, where any remaining interstellar gas is probably
a PN: Lyw emitters redshifted to the [@] band are sometimes  ionized by the intergalactic UV radiation. Long integration
detected in significant numbers in @ surveys (e.g., Freeman times are required to detect this diffuse ionized gas (see Bland-
et al. 2000). Objects that are relatively bright i Hhay be Hawthorn, Freeman, & Quinn 1997), which may help to
unresolved Hir regions. Although the [Ni] A6584 line will constrain the ionizing flux and gas density (Maloney & Bland-
often be included in the & image, some information on the Hawthorn 1999).

focal plane

cam, x

grating
CCD,

Fic. 12.—Amplitude splitting of the wave front.
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APPENDIX B
ALTERNATIVE DESIGN SOLUTIONS

struction since symmetry is guaranteed, there is no join between
the two gratings, and the mechanical mounting is trivial.
*t -~ image plane ‘{1~ Connes (1959) explored this approach in various interfero-
meter designs and believed on the grounds of a scalar analysis
coll 2 that a grating with a suitable symmetric triangular profile would
o] filter split light at normal incidence into two beams with nearly 50%
efficiency in each. Using electromagnetic code, we discovered
C) that for a 1800 line mm' grating, the optimum efficiency
cam ] (averaged over both polarizations) is only 64% (in aluminum)
at a blaze angle of 34slightly displaced with respect to the
32 expected on the basis of the geometric analysis. This is
well short of the nearly 100% optical efficiency expected by
Connes, and the difficulty of construction does not justify its
use when compared with a holographically produced grating.
Incidentally, Connes’s expectation does work out correctly for
A B the S-polarized component.
We performed an efficiency optimization for a holographic
grating, assuming a sinusoidal profile again in aluminum. A
regime of high £80%) efficiency is found near 1250 lines
mm~*and a groove depth of 0.16&n (thep- ands-polarization
efficiencies are about equal). The cost of a custom-made grating
would have been prohibitive, though, while the highest effi-
|<> )\ ciency for an industry-standard holographic grating was found
to be around 66% in unpolarized light, with 1800 lines mMm
and a groove depth of 0.1an.**

CCD

O

C B2. POLARIZATION SPLITTING

Fic. 13.—CDI using polarization splitting. The unpolarized light is divided The problem Qf qbtaining high_ effiCienCy from a grating is
into two beams by means of a polarizing beam splitter (see bigw which made much easier if the grating is illuminated by light of only
the reflected beam also traverses a compensation plate). The reflected lighpne polarization. A CDI instrument arises if the light is split
(view ¢, looking down from the telescope axis) and the transmitted light (view into two Iinearly polarized beams. each of which is fed to a
a) encounter similar, but polarization-optimized, spectrographs. . . S .

separate grating (Fig. 13). The idea calls for a more complicated
mechanical design, though, and the resulting asymmetries were
feared to lead to flexure problems.

Several other possibilities exist for the construction of a
simultaneous CDI instrument such as the PN.S. For future
reference, we briefly summarize some that we have B3. TRANSMISSIVE GRATINGS
investigated. The transmissive equivalent of pupil splitting would corre-
spond to two grisms, side by side. This would make it possible
to use one camera instead of two, the two images falling side
Bl AMPLITUDE SPLITTING by side on a sing_le Iarge—.format. CCD._D_uring our st_udy we
were unable to find a grism with sufficient dispersion and
Instead of a pair of gratings butted together (pupil splitting), efficiency.
we consider a single grating illuminated at normal incidence We did investigate the idea of a transmissive phase mask,
(Fig. 12). By choice of grating constant, only the orders in which the collimated beam is passed through a crenellated
m = —1, 0, and 1 are propagating. Therefore, the only possible
source of stray light is from then = 0  order, which in this 1 This calculation, using thgtgr4 code mentioned earlier, was kindly con-
case would not be a great problem. This is an elegant con-firmed by Jobin-Yvon, a French manufacturer.
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dielectric structure that causes it to diffract into pairs of orders transmitted efficiencies<75%) can be reachédAt the time,
(similar to the case in 8§ B1). Provided the zeroth order is it was difficult to obtain these structures in large sizes. Since
minimized by selecting the groove depth and higher orders arethen, the closely related volume phase holographic (VPH) grat-
cut off, high efficiency can be achieved in thel and +1 ings have become available, and transmissive gratings may be
orders. A review is given by Walker et al. (1993), who show a more viable option.

the effect of varying all parameters including the duty cycle
of the structure, indicating that high efficiency can be obtained.

In an early (1994) scaled experiment using a microlitho- = This was performed by N. G. D. at the University of Sydney, Australia,
graphically produced mask and UV light, we verified that high assisted by Dr. P. Krug.

APPENDIX C

ACCURACY OF PSF-FITTING PHOTOMETRY AND POSITIONS
Here we calculate the accuracy of object centroids derived by means of PSF fitting.
Let f, be the data: intensities on the pixeélat positionsx y (in units of pixels) on the image plane. We try to model these

data asAP(x — u,, ¥ — u,)A% , wherd is the pixel width,P is the PSF normalized to total intensity A,is the intensity of the
star, and(u,, n,) are the position of the star to be fitted for. Write

x? = 2 [f = AP(X = o Y= 1,087 o

whereg; is the error on the measured intensity in pixdlhen the minimum of¢* gives the best-fit PSF, and the second partial
derivatives ofy* with respect to any two parameters give twice the inverse covariance matrix. In what follows, we ignore covariances
between the different variables p,, andp, , as is appropriate for bisymmetric PSFs.

At the best-fit value (we may assume without loss of generalitysthat p, = 0 ), we obtain the inverse variance on the star’'s
intensity A as

Var (A) = 0.5 70A% = >, P(x, y) Ao,

which reduces to

([

if the PSF is fully sampled anal  constant (i.e., background-limited data). All integrals are over the raage 0—
The inverse variance of the best-fit position is similarly (removing terms that go to zero at the best fit)

Var ()t = 0.59%xHapZ = >, A¥0Plax) Afo *= U f (9P/ox) tx dy) AlAfo ?

(and similarly foru, ). These two relations can be combined to give

J f P2 dxdy
oA

6:“)( = X ’
(aP/ox)? dxdy

wheredA = Var (A)*? is the 1o error onA, etc.
The centroid error therefore depends on the significaiéa of the detection of the star and on a geometric factor governec
only by the shape of the PSF.
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For a Gaussian PSF, dispersigrnwe find
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Var (A) ' = A¥(4ns%?),

hence
8A = ArsolA,
and
Var (u,) * = AA9(8ws% ?),
hence
o A 6A
du, = V8rs%ol(AA) = VQSK'
For a Moffat function PSF of the form
B—1 rz\—#
P="7 (1+—2 ,
we get
oA 28+1
opy = a— \| 00—
M A VB8 - 1)

If we write a as sFWHM/W2¥ — 1, we find that foB > 1.5 , which covers PSFs with tails as shallow &as

oA

o, = — x 0.67x FWHM = 10%.

(The Gaussian is the limjg — o

; in this case the coefficient is 0.6.)
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