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ABSTRACT

We present the design and initial laboratory tests of a new integral-field spectroscopy mode to be added to the Goddard
Fabry-Pérot instrument at Apache Point Observatory. This new IFS mode incorporates a 'TIGER'-style lenslet array,
with pre-optics to allow spatial sampling of 0.21 or 0.42 arcseconds, corresponding to fields-of-view of 7 or 14
arcseconds. For coronography, we insert a mask close to the lenslet array focal plane, blocking a discrete number of the
lenslet foci. Three VPH grisms will be available to disperse the spectra, with medium-resolution (R~1000) red (4 ~
660nm) and green (4 ~ 490nm) modes and a high-resolution (R~5000) red mode. We show that it is possible to reduce
crosstalk between spectra by at least an order of magnitude by placing a pinhole mask at the focus of the lenslet array,
and present data on the throughput of the lenslets and VPH grism.
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1. INTRODUCTION

This paper describes the development of an integral-field spectroscopy (IFS) mode which is being added to the Goddard
Fabry-Perot instrument (GFP), a tunable narrow-band imager currently operating at the Apache Point Observatory 3.5-
meter telescope. The motivation for this new mode is two-fold; the addition of the IFS mode will be scientifically useful
for the types of astronomical research currently performed with the GFP, but it will also serve as a testbed for
technologies which NASA has limited experience of, but which are likely to prove useful for future flight missions.

The following section outlines the scientific motivation for the new GFP mode in more detail. Section 3 details the
optical design of the new IFS mode, while section 4 describes some preliminary lab characterization of some of the VPH
grism and the masked lens array. In section 5 we remark upon some of the experience we have gained through the lab
testing and make some predictions about the performance of the instrument once it is complete.

2. CONTEXT

2.1 Scientific Program

The current GFP instrument has been used for a wide variety of emission-line science, from studies of young stellar
objects!'! to the identification of giant Lyman alpha nebulae'”. The narrow bandwidth of the etalons (from around 20 A
FWHM for the broader etalons to approximately 2.5 A FWHM for the narrowest etalon in common use) is helpful first
of all because it greatly reduces continuum background, whether from the sky or from astrophysical objects, enabling
line-emitting sources to stand out.
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The images in Figure 1 are a good example of this technique; the T Tauri star RY Tau is imaged by the GFP in
broadband (R-band), with a medium-band H-alpha filter (around 120 A FWHM) and finally in a narrow-band (2.5 A
FWHM) H-alpha image taken with one of the etalons. Only the narrow-band image permits clear identification of the jet
driven by the star. This figure also shows the use of the GFP’s optional coronographic wedge, which offers a further
degree of background suppression when a bright point source overwhelms the science target. The coronographic
capability is crucial for much of the unique science that the GFP has enabled, and is something which we will seek to
maintain in the new IFS mode.

Figure 1: Three images of the T Tauri star RY Tau taken with the current GFP instrument. The left image uses a broad
(Johnson R) filter, the center image a medium-band H-alpha filter (centered at 6563 A, FWHM ~ 120 A), and the right
image is taken through a Fabry-Pérot etalon with FWHM ~ 20 A. All three images use the GFP’s coronographic
facility to prevent the images being saturated by the central star. Note that, while the medium-band imaging (center) is
still contaminated by comtinuum light, the combination of etalon and coronograph are able to reveal the star’s jet

(right).

Background suppression is far from the only useful feature of the GFP. The ability to tune the imaging wavelength
continuously enables the determination of line-of-sight velocities across the image, yielding insights into dynamical
processes in young stars, galaxies and galactic winds. Line ratios provide information on the temperature and density of
emitting gas, often crucial for determining the excitation mechanism.

In many cases the GFP’s large field of view is a distinct advantage in these kinds of studies since it can provide
information about large structures in a single image. However, there are numerous cases where the area of special
interest is relatively small in scale, and here it would bring enormous gains in observing efficiency to obtain all the
spectral information in a single exposure, which we can achieve with a dispersive (spectroscopic) mode.

Spectroscopy has the additional benefit that information on several lines or over a wide range in velocity can be acquired
simultaneously, greatly reducing uncertainties in relative fluxes due to variations in observing conditions such as
airmass, sky transparency and atmospheric seeing. Imaging, or integral field, spectroscopy also, of course, continues to
allow us to obtain simultaneous spatial data, which is so often crucial in the correct interpretation of emission-line
features. However, with a finite number of detector pixels, there is clearly a trade-off against field of view, so the most
likely mode of operation for the instrument as a whole will be to use the GFP for the detection of new emission-line
features, and then use the IFS for more detailed characterization.

2.2 Technical Goals

Aside from its scientific utility, the construction of an IFS mode for the GFP also allows our group to gain experience in
several relatively novel techologies, which offer interesting possibilities for future spaceflight missions. This includes
volume phase hologram (VPH) gratings, which offer high efficiency and relatively low cost and have been deployed in
spectrographs at a number of ground-based instruments™*~",

Integral field spectroscopy itself is a technique which will undoubtedly be of use for future space missions. Indeed,
several missions proposed or in development already intend to include an IFS capability (e.g. JWST, SNAP). However,
none of these instruments has so far emphasized a requirement for a high contrast capability. High contrast will be
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crucial for several potential exoplanet characterization mission concepts, which have already discussed the possible
utility of an IFS!®. Since we already wish to include a coronographic capability in our instrument for scientific reasons,
this is a good opportunity examine the potential for high-contrast integral field spectroscopy. We will describe particular
measures we have taken in this regard, and their effectiveness, in the following sections.

The final novel technology that we will include in our upgraded instrument is an electron-multiplying CCD (EMCCD)!"..
As discussed by Wen et al'®, this technology is particularly promising for spaceflight operations because a space-based
astronomical instrument is subjected to significantly lower backgrounds than one on the ground. The zodiacal light
background (the result of solar radiation scattered by interplanetary dust) dominates for visible observations at moderate
spectral resolution, and for reasonable exposure times (i.e. short enough to avoid saturation by cosmic rays) its
associated Poisson noise is lower than the best CCD read noise currently attainable (~ 2 electrons per read). It should be
possible to improve on this significantly by using an EMCCD in a photon-counting mode, where the read noise is
effectively zero.

For ground-based testing, however, we will not see a performance advantage from operating in this mode unless we use
rather high spectral resolution. It is partly for this reason that we include a high-resolution mode in our IFS design,
although this will also enable more precise velocity and linewidth measurements of narrow-line astrophysical sources
such as QSO lines and stellar absorption lines.

3. INSTRUMENT DESIGN
3.1 The Existing Goddard Fabry-Pérot Platform

The basic design of the original Goddard Fabry-Pérot instrument (GFP) is described in detail by Brown et al.l’.. Its main
components are an aperture stop (optionally coronographic) at the initial telescope focal plane, followed by collimating
and camera lenses to reimage this stop onto a CCD. The space between these lenses accommodates both a filter wheel
and the “etalon garage” — a motorized translation stage which permits the insertion of one of 6 Queensgate Fabry-Pérot
etalons into the collimated beam.

This basic instrument skeleton is quite well suited for conversion to an imaging spectrograph; we can place a lens array
in the image plane at the aperture/coronographic stop to convert the image to an array of foci (one for each spatial
element or spaxel), and we can replace the etalon with a grism to disperse the foci into interleaved spectra. By designing
the grism such that the central wavelength is undeviated, we can preserve the original orientation of the camera, and
keep the Fabry-Pérot option available. The existing filter wheel is also useful, since we will need to use blocking filters
in the new spectrograph.

This is something of an oversimplification of the modifications required, since we must also change the image scale at
the microlens array, so that we sample a smaller field of view. As shown below, this is accomplished with additional
magnifying optics inserted between the telescope and lenslet array. This results in much of the mechanical structure of
the GFP needing to be reworked. However, its modular design allows us to retain the structural sections which continue
to be of use.

An additional change to the Brown et al configuration will be the installation of the EMCCD mentioned previously. The
device we plan to use is an e2v CCD-201 (back-illuminated), which has 1024x1024 pixels, each 13 microns square. A
new, commercially-available camera lens will match the pixel scale of this detector to the existing GFP setup, and this
drives much of the optical design that follows.

3.2 Derivation of Spectrograph Requirements

The wavelength requirements of the IFS design flow mainly from the considerations of the science program described
above. For extragalactic work, we will mostly be interested in highly-redshifted objects, where interesting emission
lines could fall in any part of the spectrum. Thus we aim to make a wide range of wavelengths accessible to the
instrument, by the use of two separate grisms. For galactic work, however, such as stellar jet and disk studies, the
emission lines of interest are in the rest frame, guiding our central, or preferred, wavelength ranges.

The requirement on the IFS to offer a coronographic mode, for suppression of bright stars or QSOs, leads us to prefer a
lenslet-based integral field unit (IFU), similar to that used in the Tiger[lo] and OSIRIS!"" instruments, rather than an
image slicer or fiber-based system. As we show below, it is straightforward to achieve coronography for such an IFU by
blocking individual foci of the lenslet array, which has the advantage of introducing no additional diffraction. Clearly
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there will already be diffraction effects due to the edges of the lenslets, but we aim to mitigate these by introducing a
pinhole mask in the focal plane of the lenslet array.

Also to help maintain high contrast, we will place adjacent spectra at 5 pixel intervals in the “spatial” direction; although
this is not the most efficient packing achievable, it should substantially reduce crosstalk between spaxels and simplify
data reduction. Using the same collimating and camera optics as the GFP, and the largest practical lenslet array spacing
available (1mm pitch) makes the space between foci ~35 pixels on the CCD. Thus, the requirement of 5 pixel spacing
allows the lenslet array to be rotated about the optic axis by an angle of arcsin(1/7), so that we can interleave 7 spectra
between adjacent foci of the lens array.

If we use the lens array fully, this also means that spectra will collide with each other if they are longer than the
separation between 7 foci (6 x 35 =210 pixels). The spectral resolution of the grisms (R = A/AA) is chosen to be ~1000
in the low resolution modes, permitting a range of approximately 25 nm in wavelength, long enough to capture several
closely spaced lines in both a red range and a green range. However, we also plan to fabricate slits which will mask out
all of the lenslets apart from a central strip 7 lenslets wide, so that we can have spectra the full width of the detector, and
~125 nm in bandwidth, in cases where spectral range is more useful than spatial.

We will also expect to use the 7 lenslet mask for the high spectral resolution mode, choosing the resolution for this mode
to be R~5000 so that we can disperse 25 nm across the width of the detector (allowing us to simultaneously observe the
very useful diagnostic lines of H-alpha, [SII] and [NII] lines). In all IFS modes, the spectral sampling is approximately
double Nyquist, as a consequence of our choice of lens and pixel scale to match the GFP. We can bin this if necessary
(to reduce read noise when using the CCD-201’s conventional readout amplifier), but the oversampling may be helpful if
an observer wishes to resample all spectra onto a common wavelength scale to form a datacube.

Table 1 gives a summary of the IFS modes to be commissioned, and the rest-frame emission lines which can be studied
in each mode.

Table 1: IFS mode summary. *Mode descriptors: N or W for narrow or wide field; S or L for short or long spectrum; R or
G for red or green band. **Nearby spectral regions around the short spectra ranges shown can be observed with
alternative blocking filters.

Mode* | Spatial | Spatial | Spectral | Spectral Center Spectral Emission lines
Range |sampling| range | Resolution | wavelength | coverage**
/arcsec | /arcsec | /nm (AMAL) / nm / nm
NSR 7x7 0.21 25 1000 664 651.5-676.5 Ha, [NII], [SII]
WSR | 14x 14 0.42 25 1000 664 651.5-676.5
NLR 7x1.2 0.21 125 1000 637.5 575-700 | ...+ [OI], [SI], [FeX], Hel
WLR | 14x24 0.42 125 1000 637.5 575-700
NSG 7x7 0.21 25 1000 493.5 481-506 HB, [OII]]
WSG | 14x14 0.42 25 1000 493.5 481-506
NLG 7x7 0.21 125 1000 493.5 421-556 ...+ [OII]*, [FeXIV],
WLG | 14x24 0.42 125 1000 493.5 421-556 | [ArlV], Hel, [CIII], [Felll],
Hell, [NelV]
Hires | 14x2.4 0.42 25 5000 664 651.5-676.5 [Ha], [NII], [SII]

3.3 IFS Optical Layout

Figure 2 shows the optical layout of one configuration of the new IFS mode, while Figure 3 shows greater detail of the
image formatting optics. When mounted on the APO 3.5-meter telescope, light from the telescope’s f/11 beam enters
the instrument from the left of the figures. The 4 mirrors of the magnifying optics section (3 flat mirrors plus a single
spherically concave element nearest to the top of the diagram) magnify the image plane and shift it to lie in the plane of
the lenslet array. They are fixed to translation stages so that they can be moved out of the beam when the GFP is used,
and so that a different magnification can be made available using a second set of optics. As noted in Table 1, the
magnifications available will allow sampling of the image plane of 0.21 or 0.42 arcseconds per lenslet on the APO 3.5-
meter telescope. The larger of these scales will be sufficient to critically sample the seeing customarily obtained at APO,
resulting in a field of view of approximately 14 x 14 arcseconds. (The smaller scale would probably only be used if the
instrument was moved to a telescope with a smaller plate scale, or one with superior seeing/adaptive optics, however it
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may be possible to use the EMCCD in a high frame-rate “lucky imaging” mode!'”

when natural seeing at APO allows us to take advantage of the 0.21 arcsec sampling.)

in order to capture brief moments

Field lens A, which will be mounted as part of the lenslet array assembly, provides a telecentric beam to the lenslet array
(33x33 lenslets, 9mm focal length, 1mm pitch; only three are depicted in Figure 2), so that foci are centered on the optic
axes of the individual lenslets. This is crucial since it allows us to mask the diffraction spikes of the foci using a pinhole
array with the same spacing as the lenslets, making it much easier to align and test.

[

— ==

R i | ———
/
FIELD LENS B CCD
PINHOLE MASK UPH GRISM CAMERA LENS
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Figure 2: The optical layout of the new IFS mode, in the WSR configuration (using the notation of Table 1). Rays for three
field angles (the edges and center) are shown for each of three lenslets. The commercial camera lens is represented as
a single surface because a prescription was not available. The large amount of space surrounding the VPH grism is
necessary to accommodate the much larger grism required for the high-resolution mode.
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Figure 3: Close up detail of the lenslet array (which divides the image into spatial elements or spaxels) and the pinhole array
which “cleans” the foci of the lenslets of their diffraction spikes, reducing cross-talk between spectra.

Field lens B and the 300 mm focal length collimating lens are part of the existing GFP optics, and together place the
instrument pupil close to the filter wheel and grism (or etalon, when in GFP mode), where the light is (respectively)
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filtered and dispersed. The grisms are all designed so that their central wavelengths are undeviated in angle, but the
beam is shifted vertically somewhat, by an amount which varies according to field angle. This effect, and the large
distance between the lenses (needed to accommodate the large grism for the high resolution mode), enlarges the beam at
the camera lens significantly compared with the old GFP beam. The new camera lens (a Sony-branded Zeiss Sonnar
135mm f/1.8) was thus selected to have as large an aperture as possible, and captures the full beam transmitted by the
grism with a small margin (~5 mm for alignment errors). The limiting factor in the optical design is in fact the 50 mm
aperture of the existing filter wheel. To accommodate this, we place the filter wheel upstream of the grism, where the
beam is smallest, and suffer a very small amount of vignetting (< 5%) for the most extreme field angles in the worst-case
mode.

3.4 VPH Grisms

As mentioned above, the VPH grisms are all designed so that the angular deviation of their central wavelength is zero.
This is achieved by placing the VPH grating between two prisms which bend the input beam to the correct input blaze
angle, and similarly take a deviated output beam from the grating and straighten it.

For gratings with untilted fringes the maximum transmission occurs when the incident and transmitted angles are the
same. However, previous work at the Anglo-Australian Observatory on the AAOmega instrument found that untilted
grating fringes cause a zero-order, focused, white-light ghost"”!, and so we have required all our gratings to have a tilt of
~3 degrees to shift this ghost away from the detector. Thus the entrance and exit prism angles are not the same; we have
used this partly to our advantage, by selecting the most steeply tilted prism as the exit prism, which reduces the diameter
of the transmitted beam in the dispersion direction. For mechanical simplicity, all grisms are mounted so that the plane
of the grating is perpendicular to the optic axis, uniquely determining the required prism angles.

The low-resolution grisms are made from standard N-BK?7, since this is cheap, easily available and has good optical
properties. However, the incidence angles for the high-resolution grism are so high that we have chosen to use a higher
index material, N-SF11, for its prisms. Table 2 gives a summary of the grism properties.

Table 2: Basic design properties of the grating and prisms in each VPH grism

Grism name Spectral resolution ~ Grating period ~ Prism material Entrance prism Exit prism
/ lines mm™ angle / degrees angle / degrees
Low-res Red 1000 600 N-BK7 15.20 27.90
Low-res Green 1000 810 N-BK7 13.17 29.35
Hi-res Red 5000 2250 N-SF11 45.74 55.67

4. COMPONENT TESTING

Although the new IFS is yet to be commissioned, we have performed some testing on several of the components. Here
we present the results of tests conducted to date. All tests were carried out using a 633 nm diode laser, passed through a
Newport spatial filter and then collimated with a large (600 mm focal length, f/4) camera lens to produce a uniform flat
wavefront.

4.1 Lenslet Array Throughput

We have procured several lenslet arrays from MEMS Optical (now part of Jenoptik), of the same size and format: 33x33
square lenslets, each 1 mm in diameter, and with 9 mm focal length. The lenslets were etched using a “grayscale”
lithographic process with the aim of low scattering. To achieve the relatively large size and short focal length required
(implying steep curvature), the arrays were etched equally on both sides, forming biconvex lenses. One of the lenslet
arrays is in a package with a pinhole mask, which has circular, 70-micron diameter pinholes at the foci of the lenslets.

To determine the throughput of the bare array we placed it in the collimated beam described above, but masked off all
but a small (~2mm) portion of the array using a circular aperture. A CCD detector (an Apogee Alta U47 camera) was
placed as close as possible to the lens array, to capture all the light passing through it. A sequence of exposures was
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taken with the lens array inserted and removed repeatedly. This was done as quickly as possible, in order to minimize
the drift in the laser power during the sequence (the repeated insertion and removal of the lenslets allowed a measure of
the drift of the laser during the sequence and it was found to be < 1%).

Examples of the reduced images of the light seen by the CCD with and without the lens array are shown in Figure 4.
The reduction consisted of the subtraction of a high signal-to-noise dark frame, combination of multiple data frames to
reduce noise, and the subtraction of a scattered light background, modeled with a cubic polynomial. The background
fitting was performed over the outer pixels in the frame which were not affected by light from the central spots, and then
subtracted over the whole image. This was found to be necessary due to reflections between the CCD and lens array, as
well as stray laser light in the room.

Figure 4: (Left) a small portion of the lenslet array illuminated with collimated light close to the CCD (stray light caused by
reflections between the CCD and lenslet array has been subtracted and the residual light seen in the image is at ~0.1%
of the level of the central spots), and (right) the same setup with the lenslet array removed.

When the flux in the sets of images is compared, we find that 93% +/- 1% of the light is transmitted. The rest is assumed
to be lost via Fresnel reflections (~1% total for the AR coated optics) and scattering. The disadvantage of this defocused
setup is that it is difficult to say what fraction of the transmitted light is present in the focused spots. However, we will
address this point in the following test.

4.2 Pinhole Mask Effectiveness

In order to evaluate the focused performance of the lenslet array, and that of the pinhole mask, we used the same
illumination source as the previous test, but reimaged the focal plane of the lenslet array using the same optical train as
will be used in the IFS (i.e. a 300 mm focal length collimator followed by a 135 mm focal length camera lens and a CCD
detector). We also removed the iris that was masking the lenslet array so that all lenslets were illuminated.

Figure 5 shows the results of the test exposures with both the bare lenslet array and the lenslet array with coaligned
pinholes. The only processing of these images was dark subtraction followed by averaging of multiple exposures to
reach high signal-to-noise. We can see that the scattered light from the lenslets is very low indeed, and the dominant
source of cross-contamination between spectra is the diffraction pattern from the square lenslets, at a level of ~0.2% of
the peak flux. With the pinhole mask included, the diffraction spikes are cut off, and the background becomes a uniform
level < 0.02% of the peak flux.

With the pinhole mask included the throughput is of course reduced, but most of the reduction is due to the removal of
the PSF wings. Measurements from these images, shown in Figure 6, reveal that there is ~10% reduction in the peak
flux (i.e. in the single brightest pixel), and only a 16% reduction in flux in the encircled energy within a 3 pixel radius.
Note, however, that expanding the radius further results in a much slower accumulation of total counts with the pinhole
mask than without it, corresponding to a mean background flux of 2 counts per pixel in an annulus between 4 and 10
pixels in radius around the spot centroid for the masked lens array — half of that found in the unmasked case.
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Figure 5: Undispersed images of microlens array foci, without and with a pinhole array at the foci (top left and top right
respectively), and corresponding horizontal cuts across two of the foci (lower left and right). While the microlenses
alone are sufficiently low scatter to provide less than 2 x 107 crosstalk between spectra (due to diffraction), even lower
crosstalk of ~2 x 10™ is obtained when the pinhole array is included to block the diffraction spikes.

6x10'— T T T

5x10*

4x10*

3x10*

Cumulative counts

2x10*

1x10*

L B B L L

No pinhole mosk
With pinhole mosk

Distance from centroid / pixels

Figure 6: Cumulative encircled counts as a function of radial distance from the spot centroid, for lenslet foci in images taken
with and without the pinhole mask, under identical illumination conditions.
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4.3 VPH Grism Performance

Although our instrument will have three VPH grisms when it is commissioned, only one has been fabricated to date (the
others were ordered later and are currently in production). The grism we currently have is the low-resolution red one.
The peak transmission wavelength specified for the VPH grating was 637.5 nm, which is very close to our laser
wavelength, 633 nm. Thus, we have used the same setup that we had in section 4.1 to determine the grism throughput —
capturing images in quick succession with the grism moved in and out of the beam, and taking care to sample several
parts of the grism aperture.

Once again, the desire to take images under identical conditions and in rapid succession meant that it was difficult to
adequately baffle the optical train and prevent stray light affecting the images, so we have subtracted a cubic fit to the
background (excluding any part of the images with the desired signal from the fit) as before. Two examples of the
reduced images are shown in Figure 7.

Figure 7: Coadded images of the 633 nm test beam with (left) and without (right) the red VPH grism in its path.

Based on these images, we determine the fraction of 633 nm light passing through the grism to be 85.5% +/- 0.5%. This
is an extremely respectable throughput in comparison with classical ruled gratings, and is consistent with the
specification for peak transmission from the manufacturer, Wasatch Photonics, which was 90% +/- 5%. We also note
that there is no immediately noticeable increase in scattering or other artefacts in the images, but we are yet to evaluate
the grism in its place within the IFS, which will be the best test of overall optical quality.

5. DISCUSSION

5.1 Predicted performance

We now have sufficient data to make a first estimate of the throughput of the instrument as a whole at the wavelength we
have tested, 633 nm, which is useful since it is very close to the H-alpha and [SII] emission lines, two of the main lines
in which stellar jets are observed.

Table 3 shows a summary of the data and guesswork used to make this estimate. Transmission at other operational
wavelengths is likely to be fairly similar for most of the optics listed, but there is some variation in transmission as a
function of wavelength and field angle for the grisms. For the red grism tested so far, we expect transmission to be
approximately 5% lower at the limits of the wavelength range, and up to 10% lower for the extreme field angles, simply
as a result of the Bragg diffraction effects. Even so, this implies a total instrument throughput of 32% in the worst cases
of extreme field angles and wavelengths (assuming a flat response for the blocking filter), and 37% in the best case. For
the other gratings, we expect similar performance. It is interesting to note that this is approximately double the measured
throughput of the existing GFP instrument at this wavelength.

5.2 Experience gained so far

Although we are at an early stage in the commissioning of the instrument, we have so far encountered few serious
problems. This is not surprising, since most of the technologies we are using have been used in similar situations before.

One issue we have so far identified during our lab tests of the pinhole-masking scheme is that the throughput of the
lenslet and pinhole array assembly is extremely sensitive to its angular alignment, and to the collimation of the input
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beam. In retrospect this is obvious, since the pinholes are only 70 microns in diameter, less than 1% of the 9mm focal
length. Thus we need to feed the lenslets with a beam which is collimated and aligned to a precision of a few mrad in
order to center the foci on the pinholes.

Table 3: Throughput estimate for components of the IFS, using the low-resolution red grism, on axis, at 633nm.

Component Estimated throughput | Source of data
@ 633 nm
Magnifying 0.92 4 silver surfaces at 0.98 per surface
mirrors
Lens array 0.93 See section 4.1
Pinhole mask 0.84 See section 4.2
Collimator 0.88 Estimate for 6 surfaces, AR coated, at 0.98 per
+ field lenses surface
Blocking filter 0.90 Estimate based on existing filter set
Grism 0.85 See section 4.3
Camera lens 0.86 Square of the transmission of a Zeiss lens with
the same coatings and half as many elements.
CCD 0.90 e2v datasheet
Total 0.37

To achieve the angular precision, we have put the lenslet array package into a tip-tilt mount, allowing fine adjustment of
its angle with real-time feedback from our camera, and we expect this to be stable when mounted finally in the
instrument. For our test setup we could also quite easily achieve the required collimation, by careful adjustment of the
focus of our collimating lens before the array package was installed. For observatory use, however, the telecentricity of
the beam feeding the lenslet array will depend on the telescope focus. For the APO 3.5-meter telescope this is easily
adjusted and, once set, is tracked automatically as temperatures change, so we are hopeful that it will cause no problem,
but it is an additional constraint on the system, and will have to be checked carefully during commissioning.

6. SUMMARY

We have designed a new Integral Field Spectroscopy (IFS) mode for the Goddard Fabry-Pérot instrument, currently
mounted at the Apache Point Observatory 3.5-meter telescope. The new mode will have a large field of view (14 x 14
arcseconds at 0.42 arcsecond sampling) in comparison with similar currently available instruments, and will have a
coronographic capability to enable studies close to bright point sources. It will offer two low-resolution (R~1000)
grisms, in the red (575-700 nm) and green (421-556 nm), and one high-resolution mode (R~5000) with a short red
wavelength range (651.5-676.5).

We have tested the lenslet array, pinhole mask and low-resolution red grism at a wavelength of 633 nm, and measured
their throughput to be 0.93, 0.84 and 0.85 respectively at this wavelength. We have also found them to have low
scattering. The square lenslet array without the pinhole mask shows contamination of the region between spectra, due to
its diffraction spikes, of ~2x10~ at its peak, which is reduced by a factor of 10 by the pinhole mask, suggesting that the
lenslet-based [FU design is a good option for high-contrast spectroscopy.
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