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PFIS Fabry-Perot  Imaging Spectroscopy 
 
Two Dimensional Spectroscopy 
 
As documented in the Science with SALT Workshop, imaging spectroscopy forms one of 
the core capabilities of SALT.  The fundamental problem in imaging spectroscopy is that 
the data set is three-dimensional (two spatial and one spectral) while all practical 
detectors are two-dimensional.  Thus one needs to make a design choice of how to map 
the data onto the detector efficiently.  There is no single right answer to this problem, 
given the wide variety of observations to be made.  If there are relatively few, discrete 
objects in the telescope�s field of view for which complete spectral coverage is required, 
then multiple optical fibers or an array of slitlets in the focal plane, feeding a 
conventional spectrograph are the designs of choice; PFIS will support slitlets and a 
multi-fiber spectrograph is a likely future instrument for SALT.  If the objects of interest 
are extended but relatively small, then an array of lenslets or a dense packed fiber bundle, 
again feeding a conventional spectrograph, are ideal; a dense pack fiber bundle is also a 
likely future SALT instrument.  For large, extended objects, filling the field of view, that 
have a limited number of interesting spectral features, a Fabry-Perot interferometer is the 
most efficient solution; the Fabry-Perot mode of PFIS is the subject of this discussion. 
 
There are many classes of objects for which an imaging Fabry-Perot is the spectrograph 
of choice.  Extended emission-line objects, such as disk galaxies, star-forming regions, 
and supernova remnants are obvious candidates for FP maps of velocity and line strength.  
Simultaneous discovery and spectroscopy of objects such as high redshift clusters of 
galaxies or extragalactic planetary nebulae are uniquely possible with this type of 
instrument.  The ultimate sensitivity to extended diffuse emission, from objects like the 
Magellanic Stream or high-velocity clouds, is afforded by the large collecting area of a 
FP spectrograph.  In critical imaging situations, where complicated objects require the 
highest possible spatial resolution, such as the crowded cores of globular star clusters, the 
spectroscopic images provided by a FP are essential to reliably identify the sources of the 
spectra.  Coupling the polarimetric and FP modes of PFIS will provide a capability for 
imaging spectropolarimetry available on no other telescope in the world.  The SALT user 
community will doubtless find other imaginative uses for the unique and powerful 
capabilities of the PFIS FP spectrograph. 
 
It is crucial to remember that there is no universal instrument.  The PFIS FP will be a 
powerful and flexible device, which will be the instrument of choice for many 
observations.  However, both the designers and the users of the instrument must keep its 
limitations in mind to avoid serious difficulties.  Since FP datasets tend to have relatively 
few spectral samples (compared to their spatial dimensions), extended spectral coverage 
is not usually practical.  A corollary is that the redshift of the target system must be 
known in advance; blind searches tend to be very inefficient.   If the object spatial density 
is low, multislits are a much better approach.  Because the FP samples the spectrum 
sequentially in time, changes in atmospheric transmission and telescope pupil must be 



measured carefully, and the FP will never be as accurate in determining line profile 
shapes as a standard spectrograph that measures all spectral elements simultaneously. 
 
The Proposed Fabry-Perot System and Modes of Operation  
 
We propose using servo-controlled Fabry-Perot etalons manufactured by Queensgate Ltd.  
Piezoelectric positioners set the parallelism and gap of the etalon plates, and the plate 
positions are monitored by capacitance sensing.  This design provides high stability and 
repeatability.  We have used these systems for over 13 years and have found them to be 
reliable, accurate, and low maintenance; they are the standard astronomical FP systems 
throughout the world. 
 
The system will have three spectral resolution modes, low (R=500-1000, tunable), mid 
(R=2500), and high (R=12500).  Low resolution mode will use a single etalon, with an 
interference filter to select the desired interference order (corresponding to wavelength).  
The mid and high resolution modes will use two etalons in series, with the low resolution 
etalon and its filter selecting the desired order of the mid or high resolution etalon, 
respectively.  Two of the three etalons will be installed in the PFIS at any time, mounted 
on pneumatic slides to insert or remove each etalon independently from the collimated 
beam.  The low resolution etalon will reside in the PFIS, while one or the other of the mid 
and high resolution etalons will be installed. The etalons and their slides will form an 
integral system designed to be easily changed out, but the operating queue will be 
structured to minimize the number of etalon changes and etalon changes will only occur 
in the daytime; we anticipate etalon changes no more frequently than once per week. 
 
The spectral range of the FP system will be 4300Å to 8600Å.  This represents a 
significant tradeoff within the SALT community interests, and the motivation for the 
wavelength range selection will be addressed below.  A potential future enhancement will 
be to add blue etalons and filters. 
 
Approximately 30 interference filters (of spectral resolution R=50) will be required to 
isolate the FP orders over the entire spectral range.  These will be installed in a magazine.  
The preliminary design suggests a magazine capacity of approximately 14 filters, so the 
operating queue will be structured to limit the number of filters needed on a given night.  
We shall study possible larger magazine capacity to allow most or all of the filters to be 
available at any time.  
 
Wavelength and flat-field calibrations will be provided by the telescope calibration 
facility. Flat field calibrations will be done during daylight hours with white lamps 
illuminating the moving baffle system to reproduce the illumination pattern of the 
astronomical observations.  (Note that the twilight sky consists of the solar spectrum, and 
hence is not �flat� for calibration purposes.)  Wavelength calibrations will use standard 
spectral lamps (Ar, Ne, He and possibly H) illuminating the same baffle system.  
Wavelength calibrations are carried out in two stages.  Once every few days during 
daylight hours, a calibration sequence of several (3 � 10) spectral lines is observed to 
verify the etalon/controller calibration (a quadratic or cubic in wavelength vs. the control 



setting).  During nighttime observations, a single calibration image is taken roughly once 
an hour to monitor the zeropoint of the controller, which exhibits small, slow drifts.  Our 
experience with previous FP systems indicates that this procedure yields wavelength 
calibrations accurate to 1/50 the spectral resolution or better. 
 
An observation sequence consists of stabilizing the telescope on the desired object, taking 
a zeropoint calibration, and then taking a series of images, one at each wavelength over 
the spectral region of interest, followed by a final zeropoint calibration (intervening 
zeropoint calibrations will be taken for scans of more than one hour duration).  Since the 
spectrum is reconstructed from this temporal sequence of images, the sky transmission 
measurements provided by the facility guider system will be recorded and used to correct 
for transmission variations over the scan when the data are analyzed. 
 
Table 1 presents the estimated sensitivity of the FP system.  The table lists the exposure 
times required to reach a signal to noise ratio of 10 for both the minimum and expected 
throughput of the instrument.  The absorption spectrum columns assume a spatially 
unresolved source imaged in median seeing (0.9�) with a flat continuum corresponding to 
V=20 (for 5000 Å) or R=20 (for 6500 Å).  The emission column assumes a spectrally 
unresolved diffuse emission line source of surface brightness 1R, in a 1 square arcsecond 
sample.  The sky brightness is taken to be 22.5 and 21.5 magnitudes per square arcsecond 
in the V and R bands, respectively.  The CCD is assumed to be binned 2x2, giving 0.26� 
pixels, with a read noise of 3 electrons per pixel.  The sample size for these calculations 
is 3x3 binned pixels for the absorption line source and 4x4 binned pixels for the emission 
line source.  The number of exposures required to adequately sample the line profile in an 
extended object depends on the velocity structure of the object and cannot be predicted a 
priori, but experience indicates that typical FP datacubes have 9 � 15 spectral samples for 
a wide variety of targets.  Such datacubes, with S/N = 10 per wavelength sample, yield 
velocity maps with typical precision of 1/20 the spectral FWHM of the etalon.  
 

Table 1 � System Sensitivity 
Absorption: 5000 Å Absorption: 6000 Å Emission: 6563 Å Resolution Min. Exp. Min. Exp. Min. Exp. 

500 17 s 12 s 27 s 19 s 5195 s 3663 s 
1000 34 s 24 s 53 s 38 s 2964 s 2090 s 
2500 115 s 74 s 179 s 118 s 2283 s 1494 s 
12500 534 s 370 s 896 s 589 s 1474 s 966 s 

 
 
Spectral Resolution Tradeoffs 
 
The spectral resolution of an etalon is set by the size of the spacing between its plates and 
by their reflectivity; this resolution is fixed for a given etalon (although the lowest 
resolution etalons have small enough gaps that they can be tuned by their piezos through 
approximately a factor of two in resolution).  Our initial vision, later verified by a survey 
of the SALT community, is that users of the PFIS-FP will have strong scientific programs 
covering a wide range of spectral resolutions, from low-resolution �tunable filter� 



programs at R = 500, through mid-resolution programs for internal dynamics of galaxies, 
etc. at R = 2500, to high-resolution programs on star cluster kinematics and line profile 
shape studies at R=12500.  Given the optical design of the PFIS (particularly the 
relatively short focal length of the collimator, 630 mm), the field of view at 
approximately constant wavelength (the so-called �bull�s-eye�) becomes so small at 
higher resolutions, that R~12500 becomes a practical upper limit for this instrument.  The 
diameter of the PFIS-FP bull�s-eye is 1.3� x (10450 / R)1/2.  Higher resolution etalons are 
readily available, but for most programs the spatial density of sufficiently bright targets 
over the bull�s-eye area cannot justify an imaging Fabry-Perot approach, and one of the 
fiber-fed spectrographs would be the instrument of choice for these programs.  At 
resolutions significantly lower than R=500, the complexity and cost of a FP system is not 
justified, and very low resolution etalons are difficult to fabricate and operate due to the 
very narrow gap spacings, so these types of programs are best satisfied by interference 
filter imagery (indeed, using the PFIS in imaging mode with the FP filter set at R=50, but 
with no etalons, satisfies much of this need).  Thus there is a range of spectral resolutions 
that seem appropriate to address with the PFIS-FP system, from R = 500 to 12500.  Since 
etalons are expensive, a reasonable choice of etalon complement to satisfy the science 
drivers is three, at low resolution (tunable from R=500 to 1000), mid resolution 
(R=2500), and high resolution (R=12500). 
 
Etalon Finesse Tradeoffs 
 
The free spectral range of an etalon is the wavelength interval from one interference order 
to the next; the ratio of the free spectral range to the full width at half maximum of the 
etalon�s passband is termed the finesse.  High finesse etalons have a larger free spectral 
range for a given resolution, and hence require fewer isolating filters.  However high 
finesse etalons have lower transmission, since more internal reflections are required (and 
hence more absorption).  Table 2 lists the characteristics of three possible configurations 
for the etalons, at finesse approximately 60, 30, and 15; the coating absorption is assumed 
to be 0.75% (a typical value) and no plate defects are included (perfect etalons); 
�Reflectivity� is the design reflectivity of the etalon coatings, �Contrast� is the ratio 
between the peak transmission and the minimum inter-order transmission.  Figure 1 
shows the transmission curves for these three designs on linear and logarithmic scales.  
Real etalons have lower peak transmission, due to plate and coating defects.  Our 
experience and consultation with Queensgate indicate that medium finesse (~30) etalons 
have transmission of 75-80%, while higher finesse (~50 or more) etalons have 
transmissions of 50-60%.  There is little indication that finesse below 30 will result in 
significant transmission increases, and inter-order rejection becomes significantly worse 
at low finesse.  At very low finesse, the order-selecting filters become narrow enough that 
their peak transmissions begin to decrease.  In addition, the number of blocking filters 
required increases inversely with finesse, and hence the system cost and complexity of 
management increase.  Thus to maximize the transmission of the FP system while 
keeping cost and operation reasonable, we have chosen a finesse of 30 for the PFIS FP 
etalons. 



 
Table 2 � Etalon Finesse Considerations 

 

 
Figure 1  Etalon transmission curves R=1000 at 6563A for finesse 60 (red), 30 (green) and 15 (blue).  
No plate or coating defects considered. 

 
 

Finesse Reflectivity Peak Transmission Contrast 
61.2 0.95 0.723 1521 
29.8 0.90 0.853 361 
14.1 0.80 0.926 81 



Order Selecting Filters 
 
 The etalon free spectral range determines the filter complement required to isolate an 
etalon�s order.  Choosing finesse 30 etalons, and requiring adequate blocking for R=1000 
low resolution mode then determines the filter set characteristics.  To maximize 
throughput and minimize parasitic light (transmission from undesired orders and from 
beyond the etalon�s operating range), we chose 4-cavity interference filters, which have 
broad flat tops and rapid wavelength cutoffs.  To avoid transmission losses at the filter 
boundaries and flat field calibration uncertainties on steeply falling filter curves, the 
filters are spaced in wavelength by 0.75 times their FWHM (see Figure 2). 
 
The FWHM of each filter is determined by the need to limit parasitic light from adjacent 
orders of the etalon.  The worst case is when the etalon is tuned to the cross-over point 
between filters, for then the transmission of etalon�s next order is at a maximum on the 
opposite wing of the filter (see Figure 2).  To keep this parasitic light to less than 1.5% of 
the desired order, the filter FWHM = 1.20 FSR (for the low resolution etalon at R=1000, 
the worst case).  The full filter set to select any etalon order over the full system spectral 
range will consist of approximately 30 filters.  Manufacturing tolerances of typically 
±15% in both central wavelength and FWHM may increase the total number of filters 
required to 35.  The etalon free spectral range and resolution are not exactly predictable, 
due to coating reflectivity variations, so the filter set details will be determined once the 
low resolution etalon has been delivered and characterized. 
 

 
Figure 2 4-cavity filter transmission curves for FWHM = FSR / 1.20 at 6563A.  Top: spacing = 1.0 * 
FWHM; bottom: spacing = 0.75 * FWHM.  Marks are at filter crossover and 1 FSR higher. 



Multi-Etalon Tradeoffs 
 
The dual etalon mode of operation for mid and high resolutions was chosen to minimize 
cost, maximize operational efficiency, and provide continuous wavelength coverage over 
the entire spectral range in all of the resolution modes (this is particularly important for 
cosmological observations at arbitrary redshifts).  There are three potential ways to 
provide three resolution regimes: 
 

1) The proposed scheme (which provides the cost baseline).  Low resolution with a 
single etalon and filter, mid and high resolution with dual etalons and a filter.  The 
advantages of this scheme are that it minimizes the number of order selecting 
filters, hence reducing cost and simplifying operations.  Any resolution mode can 
be employed over the entire spectral range.  The disadvantages are the additional 
20% (approximately) throughput loss from the second etalon, and the cost of a 
second etalon controller. 

2) Single etalon plus filter for low and mid resolution, dual etalon plus filter for high 
resolution.  This mode requires approximately 78 filters (at R=125) to block the 
mid resolution single etalon.  The throughput of the mid resolution mode would 
be 20% (approximately) better than scheme (1), while the throughput of the low 
and high resolution modes would be the same.  The cost would be about $144,000 
greater than scheme (1). 

3) Single etalon mode for each resolution.  This would require approximately 400 
filters (at R=500) to select each order of the high resolution etalon.  One etalon 
controller and one etalon inserter mechanism could be eliminated.  The mid and 
high resolution modes would have 20% greater throughput (less if the narrower 
filters had reduced transmission).  The cost would be about $1,051,000 greater 
than scheme (1). 

 
We have chosen the dual etalon mid and high resolution mode (scheme 1) because of its 
significant cost savings and operational simplicity, while accepting the 20% throughput 
loss that it entails.  A few higher resolution filters at selected wavelengths would allow 
mid and high resolution programs at those wavelengths to be carried out in single etalon 
mode, yielding higher throughput at minimal additional cost.  
 
An alternate scheme for dual etalon blocking is to use a vernier ratio of etalon 
resolutions.  This improves the passband shape of the etalons, reducing the extended Airy 
profile wings of the etalon since the resulting passband is the product of two nearly 
identical profiles.  With suitable choice of vernier ratio, the number of interference filters 
required would be comparable to that of the high/low resolution combination of our 
proposed scheme.  The major disadvantage of the vernier scheme is cost; a vernier etalon 
would be needed for each of the medium and high resolution modes, adding $220,000 to 
the cost of the instrument.  In addition, there would be more frequent etalon changes, 
adding to the operational complexity of the instrument, and it is not clear that the desired 
vernier ratios could be maintained over the entire wavelength range of the etalons, due to 
the complexity of the coatings.  We do not feel that the benefits of the vernier passband 
shape justify these costs and complications, and are not pursuing this scheme. 



 
Figure 3 shows the transmission for the multi-etalon scheme.  The two etalons are both 
adjusted during the scan to keep their peaks coincident.  Transmission from orders 
beyond those shown in the figure is strongly suppressed by the filter (less than 10-5 

transmission).  Each of the first sidebands has a transmission of about 4.5% of that of the 
central peak.  This represents the worst case parasitic light; the medium resolution etalon 
has the nearest sideband five times farther away, where the low resolution etalon 
transmission is less than 1%. 



 
Figure 3.  Transmission of FP system.  Red: filter; Green: R=1000 etalon; Blue: R=12500 etalon; 
Black: total transmission curve 

 



 
 
Spectral Range Tradeoffs 
 
Current coating technology allows about a factor of two in effective wavelength range for 
FP etalons.  Different materials are used in the blue and red spectral regions, making it 
difficult to produce coatings that span these regions.  SALT partners have strong science 
programs that span the full spectral range from the UV atmospheric limit to the near-IR 
CCD detector limit.  Thus we are forced to make a choice of spectral range for the PFIS-
FP system. 
 
One of the major uses of the FP system will be for measuring the internal kinematics of 
extended objects (star clusters in the MW, LMC & SMC; individual galaxies locally and 
at moderate redshift; clusters of galaxies out to high redshifts).  Only one spectral line is 
needed, and the choice of line is usually arbitrary.  Thus one selects the strongest line in a 
spectral region where the object is brightest.  For emission line galaxies, this is usually 
Hα, while [OIII] 5007 is stronger in high-excitation systems.  In absorption, the infrared 
Ca triplet (8542Å strongest) and Hα are the usual choices, sometimes Na D (~5900Å) or 
the Mg b lines around 5180Å.  Since most stellar populations are dominated by low 
temperature objects, one usually chooses to work as red as possible.  For cosmological 
investigations studying a range of redshifts, multiple lines will be needed to investigate 
various redshift ranges.  Table 3 lists typical lines, their rest wavelengths, their relative 
strengths in photons (since CCDs are photon detectors) in normal HII regions, and the 
redshift range over which they fall within the nominal 4300 - 8600 Å spectral range.  
Lyman α line strength is uncertain because of absorption by dust � most searches for it in 
high-redshift galaxies have shown it to be weak or undetectable.  Since the strongest lines 
are in the red, the red coatings will maximize system performance. 
 
Table 3.  Typical emission lines for cosmological redshift studies 

Source Wavelength (Å) Photon Strength Z range 
Hα 6563 1.00 0.00 � 0.31 

[OIII] 5007 0.56 0.00 � 0.72 
[OIII] 4959 0.18 0.00 � 0.73 

Hβ 4861 0.24 0.00 � 0.77 
[OII] 3727 0.40 0.15 � 1.31 
Ne IV 2423 0.12 0.78 � 2.55 
CIII] 1908 0.17 1.25 � 3.51 
C IV 1549 0.47 1.78 � 4.55 
Lα 1216 1.00(?) 2.54 � 6.07 

 
Studies of physical conditions in nebulae require measurement of emission line ratios.  
The classical line ratios for determining temperature are [OIII] (4959+5007)/4363 and  
[NII] (6548 + 6583)/5755 � all these lines are in the nominal range.  To determine 
density, the line ratios are [OII] 3729/3726 and [SII] 6716/6731 (and at high redshift, CIII 
1907/1909) � the nominal range includes the [SII] ratio.  For internal extinction measures 



the Hα/Hβ ratio is within the nominal range (as well as Hγ).  Thus the nominal 
wavelength range should be suitable for these studies. 
 
The SALT user survey for PFIS indicates 11 of 17 respondents desired FP response in the 
range 3200 - 4000 Å, and all wanted response out to 7500 or 9000 Å.  It is clearly 
impossible to satisfy all these requests with one set of etalons.  The most requested line in 
the blue is [OII] 3727, with some mentions of Ca 3933/3968.  Most users did not specify 
particular blue lines desired.  In the red, Hα has many requests, and [OIII] 5007 and the 
8500 Ca triplet had several mentions.  Overall, it seems that the proposed wavelength 
range of 4300 - 8600 Å will satisfy the largest number of users, but some effort needs to 
be made to address the lack of 3727 coverage.  Two possibilities exist: Queensgate 
estimates that the etalons can be stripped, repolished, and recoated for a different 
wavelength range, at a cost of 60% of the original etalon price; alternatively, we could 
purchase additional blue etalons.  In either case, blue filters would also have to be 
purchased.  Our current plan is to obtain more detailed user requests for specific 
line/wavelength coverage and spectral resolutions required, and then propose a future 
upgrade to the instrument to buy one or more additional blue etalons. 
 
Descopes and Upgrades 
 
We propose acquiring the low and mid resolution etalons soon after completion of PDR.  
The third, high resolution etalon purchase ($110,000) will be delayed as a potential 
descope option if the instrument over-runs its budget.  This delay will add approximately 
5% to the third etalon�s price.  A further descope would be to limit the filter set to 
wavelengths near popular spectral lines � this could save of order $40,000, at the cost of 
limiting the science, particularly cosmological studies. 
 
On the happier side, if additional funds are available, upgrades to the instrument would 
include adding the blue etalon(s).  If the space and weight budgets of PFIS permit, 
mounting the entire filter set simultaneously, and possibly mounting both the mid and 
high resolution etalons simultaneously (in a three-way slide) would increase the 
flexibility of instrument scheduling and operation.  The ultimate upgrade would be the 
construction of the infrared arm of PFIS, including an infrared FP etalon and filters. 
 
 
 
 
 
 


