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ABSTRACT   

GMTIFS is a first generation instrument for the Giant Magellan Telescope (GMT). It is a combined Imager and Integral 
Field Spectrograph (IFS) designed to work with the Adaptive Optics (AO) Systems of the GMT. Working at the 
diffraction limit of the GMT and satisfying the challenging AO interface requirements and constraints results in unique 
optical challenges. We describe two of these challenges and how we have addressed them. The GMT has a direct feed 
architecture that maximizes transmission and reduces emissivity. This means that the cryostat window is tilted to reflect 
visual wavelengths to the external Visual Wave Front Subsystem (VWS). For a plane-parallel window, this tilt causes 
astigmatism in the transmitted beam that must be corrected. A corrective system using two plates, tilted and slightly 
wedged in opposite directions, is used. Geometry and performance of the system is described. Another challenging 
problem is the optical design of the anamorphic field projector. The Integral Field Unit of GMTIFS requires that a small 
field delivered to it be projected onto an Image Slicer at much larger scale, with the magnification in the spectral 
direction being twice that in the spatial direction so that the spaxels are square when referred to the sky. Output images 
must be coincident in the spectral and spatial projections in both the field and pupil domains. Additionally, field and 
pupil image locations must be independently controllable so that they can be made coincident for interchangeable units 
that provide a range of output field scales. A two-mirror system that satisfies these requirements is described.   

Keywords: GMT, cryostat window, Imager, Integral Field Spectrograph, anamorphic distortion, square spaxels. 

 

1. INTRODUCTION  

GMTIFS is a diffraction limited GMT instrument that includes a multi-scale Integral Field Spectrograph (IFS), an 
Imager, and an On-Instrument Wave Front Sensor (OIWFS). A conceptual design description was given in a 2012 SPIE 
paper1, when it was one of six potential first-light instruments for GMT, after which it was down-selected for further 
development. It operates over the Y, J, H and K-bands. The instrument accepts a 180 arcsec (180 mm) diameter field. A 
star image in all but the central 20×20 arcsec science field can be steered to the OIWFS. The central science field is 
picked-off and delivered to the Imager, having 5 mas pixels on a 4K square detector. Dichroic beam splitting is used 
within the science field to feed the IFS, offering four anamorphically distorted scales with square spaxels of 6, 12, 25 and 
50 mas. Corresponding fields are 0.28×0.56, 0.56×1.11, 1.11×2.23 and 2.23×4.46 arcsec sliced into 45 slitlets. Spectral 
resolving powers of 5000 and 10000 are available on a 4K square detector. 

GMTIFS presents many challenging optical design problems. Two examples are described here. 

1.1 Cryostat Window 

The cryostat window passes a 180 mm diameter field into the cryostat. The window is tilted by 20 deg so that it can also 
act as a dichroic beam splitter to deliver a reflected image to the external Visual Wave Front Subsystem (VWS). A 
window in the form of a single plane parallel plate is not acceptable because the tilt generates excessive aberration 
(mostly astigmatism) in the transmitted beam. A corrected two-element window system has therefore been devised to 

                                                           
1 http://adsabs.harvard.edu/cgi-bin/nph-
data_query?bibcode=2012SPIE.8446E..1IM&db_key=AST&link_type=ABSTRACT&high=568ca950e931914 
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Lateral color varies linearly across the field, passing through zero at a position where the separation between the two 
plates has a particular value. Ideally, this location would be set to the center of the field in order to deliver the best 
possible image quality to the 20 mm square field of the science instrument, but this is not possible with the zero-
deviation condition. 

The zero-deviation condition is therefore abandoned in favor of annulling lateral color in the center of the field so that 
the science instruments benefit. The consequent pupil decenter is defined in §2.4. 

Performance is optimized by adjusting the common wedge angle of the two plates, the tilt of the second plate and the 
thickness of the second plate. The thickness of the first plate (which bears the pressure load and carries the dichroic 
coating) is determined as the value for which pressure distortion maximizes correction of the telescope astigmatism over 
the field (it acts partially as a reflective Gascoigne corrector). The distance from the first plate to the input focal plane is 
set to 500 mm, as required by the VWS. The material is chosen to have low refractive index and dispersion. 

The specifications so derived are listed in Table 1. 

Table 1: Window system specifications. 

Field 
Diameter 
(mm or arcsec) 

1st 
Front 
Face 
Tilt 

(deg) 

2nd 
Front 
Face 
Tilt 

(deg) 

Wedge 
Angle 
(deg) 

1st 
Plate 

Thickness 
(mm) 

2nd 
Plate 

Thickness 
(mm) 

Plate 
Separation 

(mm) 
Material 

180 20 -20.150416 ±0.322776 32 26.011410 140 Calcium Fluoride 

Plate thickness and plate separation are as measured without face tilts or wedge. Wedge angle is established by tilting the 
second surface about its local center. Front face tilt is established by tilting the whole plate about the center of the front 
face. 

2.2 Field Imagery 

The ratio of RMS wave front error σ to wavelength λ for the window is shown in Figure 2 for the whole wavelength 
range at the center and edges of the 180 mm diameter field. These three field positions are indicated by the height y from 
the field center. The curve labeled y = 0 is more or less applicable to the 20 mm square science field located in the center 
of the OIWFS field. 

  
Figure 2: Wave front error versus wavelength for the full wavelength range at three representative field positions. 

The dominant aberration away from the minima is defocus caused by longitudinal color. Focus is set to give the same 
value at the ends of the wavelength range for the science field curve (y = 0). 

Proc. of SPIE Vol. 9908  99089F-3

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 02/01/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



0.040

0.035

n nzn

y°-90mm

Y J H

0.025

6/2 0.020
0.015

0.010

0.005

0.000

'EE\t1NMM
1 0 1 2 1 4 16 18 2.02224

(um)

y°0
Y J H K

1 . 0 1 2 1.4 1 6 1 8 2.0 2 2 2 4

(fm)

y = +90 mm

Y J H K

1a1M=
EMMA

1.01 . 0 1 2 1 4 16 18 2.022 24
(fm)

 

 

The three curves of Figure 2 are re-plotted in Figure 3, where the three field positions are shown in separate panels, and 
additional features are included. 

       
Figure 3: Plots including passband refocus and correction of longitudinal chromatic aberration. 

The four short curves shown in each panel represent the Y, J, H and K band segments of the full curves, refocused for 
end-to-end balance in the science field (y = 0). The underlying envelope curves are tangent to all these curves, and 
represent window performance when longitudinal color is corrected by downstream optics. 

As can be seen, the color-corrected aberration for the science field (y = 0) is then 

 0.005σ
λ

<   

This can be compared to the benchmark value corresponding to the diffraction limit. Defining the diffraction limit as 
having a Strehl ratio of S = 0.8, it is 

075.0
2
ln

=

−
=

πλ
σ S

 

Thus measured, window performance is excellent. 

The foregoing wave front error analysis accounts for longitudinal color, but not for lateral color. Lateral color is 
accounted for separately, as shown in Figure 4. It is measured as the distance δy between centroids of images at 
maximum and minimum wavelengths of the indicated pass bands. 
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Figure 7: Field and pupil image geometry for one anamorphic projection. 

For field and pupil imagery respectively, 

 

′ s 1 = d − f2           t2 = d − f1 

1
f1

=
1
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+
1
′ s 1

          1
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1
t2
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1
′ t 2

 

s1 =
f1 f2 − d( )
f1 + f2 − d

          ′ t 2 =
f2 f1 − d( )
f1 + f2 − d

 

The distance between the entry field and exit pupil is 

u = s1 + ′ t 2 − d  

For anastigmatic spectral and spatial foci respectively, 

s1y = s1x           ′ t 2y = ′ t 2x  

f1x + f2x − d
f1y + f2y + d

=
f1x f2x − d( )
f1y f2y − d( )

          f1x + f2x − d
f1y + f2y + d

=
f2x f1x − d( )
f2y f1y − d( )

 

The combined focal lengths in the spectral and spatial projections are, respectively, 

fx =
f1x f2x

f1x + f2x − d
          fy =

f1y f2y

f1y + f2y − d
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Combining the forgoing equations yields 
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In the absence of anamorphic distortion at the diffraction gratings (Littrow configuration), the need for square spaxels on 
the sky requires the anamorphic distortion factor to be M = ±2. Those of the foregoing functions that vary with d/f1x are 
plotted in Figure 8 for M = -2 and Figure 9 for M = +2. 

Proc. of SPIE Vol. 9908  99089F-9

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 02/01/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



5

4

3

2

-3

-4

-5
-5

5

4

3

2

1

0

-3

-4

-5 -
-5

-4 -3 -2 -

-4 -3 -2

-1 0 1 2

d/fia

-1 0 1

d/fia

3 4 5

/
---

2 3 4 5

d/f?y

dIf

dIf

5

4

3

2

1

0

- 1

-2

-3

-4

-5

d/fly

a g2
v

dlf,

5

5

4

3

2

1

0

-1

-2

5 -4 -3 -2

.,

5 -4 -3 -2

N

2 3 4

t' ld

j u/d

sld

5

-

s Id
i

t'2 Id

u/d

5

 

 

 

It can be seen
being a meas
the same, exc

The marker 
longitudinally

n from these 
sure of the lon
cept that the m

dots shown 
y coincident (u

Figure 8

Figure 9

plots that the
ngitudinal dist

mirrors are inte

in Figure 9 
u = 0), as disc

: Plots of fun

: Plots of fun

re are always
tance between
erchanged. Ef

indicate the 
cussed in §3.3

     
ctions that va

     
ctions that va

s two projecto
n the input fie
ffectively, the 

selected con
. 

ary with f1x fo

ary with f1x fo

or configuratio
eld and the ex
same system 

ndition were 

or M = −2 

or M = +2 

ons that have 
xit pupil. In fa
can be run for

the input fie

the same valu
act, these conf
rwards or back

eld and the e

 

 

ue of u/d, this
figurations are
kwards. 

exit pupil are

s 
e 

e 

Proc. of SPIE Vol. 9908  99089F-10

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 02/01/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



 

 

3.3 Exit Pupil Location 

If a range of projectors is used to provide different image scales, they should all share the same exit pupil location. That 
is, the distance u from the input field to the exit pupil should not vary. Re-forming the last equation of §3.2 so that this 
distance can be independently specified gives 

2 2 2 2 2

1

(1 ) (1 ) (1 6 ) (1 2 ) (2 4 2 )
2x

d M u M d M M u M M u d Md M dd
f d

− − + ± + + + + + + + +
=  

For M = −2 

2 2

1

3 7 2
2x

d d u d u du
f d

+ ± − + +
=  

For M = +2 

2 2

1

3 17 9 18
2x

d d u d u du
f d

− − ± + +
=  

Clearly, there is a solution (real roots) for all values of u when M is positive, but not when M is negative. 

An appealing option is to set u = 0, so that the exit pupil is coincident with the input field. The exit pupil location is then 
the same for geometrically similar projectors of different scale. As can be seen from Figure 8 and Figure 9, this can only 
be achieved for M = +2 (the roots are imaginary for M = −2). For this case, 
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These equations define the shape of the geometrically similar AFP suite, but not the size. The size is defined by the 
magnification required between the input field focus and the output field at the Image Slicer. This is done by specifying 
the required mirror separation d, as shown in §3.6. 

A graphical interpretation of this pupil location condition is shown for the spectral projection in Figure 10. The extended 
mirror circles are mutually tangent at the point diametrally opposite the optical vertices. 

 
Figure 10: Mutually tangent mirror circles in the spectral projection for M = +2 and u = 0. 

Further properties of this condition are that 

 2
1 2

1
4x xf f d= −   

 2
1 2y yf f d= −   

 1 1 2 2x y x yf f f f=   

All projectors in a range providing different magnifications are then geometrically similar; they differ only in size, not 
shape. The scale of the image projected onto the slicer is inversely proportional to this size. 

3.4 Focus Error and Astigmatism Correction 

The spectral and spatial curvatures of the mirrors are independently determined, and error in their values will therefore 
cause displacements of the output focus that is independent in the two projections. Thus, both focus error and 
astigmatism can occur as a result of manufacturing error. The former can be corrected by displacing the input image, and 
the latter by changing the mirror separation, as explained below. 

As defined in §3.2, the distance from the first mirror to the intermediate focus is, in the spectral and spatial projections 
respectively, 

1 2x xs d f′ = −           1 2y ys d f′ = −  

Given that output beams are taken to be collimated in this geometry, it is convenient to refer image displacements and 
astigmatism to the input focus with the output image being fixed (collimated). Then, when the mirror separation is 
changed by moving the second mirror a small distance δd, the intermediate image also moves by this distance in both 
projections. This corresponds to movements of the input image in the spectral and spatial projections of δs1x and δs1y 
respectively. The ratio of these movements to the change in mirror separation is, respectively, 
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Longitudinal astigmatism is the difference δs1 between the two input image displacements. The ratio of this to the change 
in mirror separation is 

22
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For a distance between the input field and the image slicer l = 2000 mm, telescope focal length ftel = 207588.7 mm, 
image slicer slit width δx = 2 mm and angular slit on the sky δγ, the required focal length of the projector in the spectral 
direction is 

3

3

x

tel

d f
lf

x
δγ

δ

=

=
 

Using this equation and the foregoing theory, paraxial values of the projector parameters are listed to three decimal 
places in Table 4 for the range of angular slit widths shown. 

Table 4: AFP suite. 

δγ d 
(mm) 

f1x 
(mm) 

f1y 
(mm) 

f2x 
(mm) 

f2y 
(mm) 

fx 
(mm) 

fy 
(mm) 

s1 
(mm) 

t'2 
(mm)  

(nrad) (mas) 
30 6 18.683 11.964 14.587 -7.294 -23.929 6.228 12.455 22.180 -3.497 

0.729 0.271 0.45860 12 37.366 23.929 29.174 -14.587 -47.857 12.455 24.911 44.360 -6.994 
120 25 74.732 47.857 58.349 -29.174 -95.715 24.911 49.821 88.721 -13.989 
240 50 149.464 95.715 116.698 -58.349 -191.430 49.821 99.643 177.441 -27.977 

These specifications are based on paraxial theory and assume collimated output to the Image Slicer. Minor adjustments 
(not shown here) are made using ray trace software to minimize aberrations and account for the slightly convergent 
output. 

3.7 Optical Performance 

Image quality at the Image Slicer and Exit Pupil of the projector suite are summarized in Table 5 for the four angular slit 
widths. 

Table 5: Image quality at the Image Slicer and Exit Pupil for the four angular slit widths. 

Angular 
Slit 
Width 

Image Slicer 
Spaxel Size 

Exit Pupil 
Diameter 

RMS Image Blur 
Image Slicer Exit Pupil 

Spectral Spatial Spectral Spatial Spectral Spatial Spectral Spatial 

nrad mas mm mm mm mm µm Spaxel µm Spaxel µm 
Exit 
Pupil 

Diameter 
µm 

Exit 
Pupil 

Diameter
30 6 

2 1 

0.763 1.527 90.1 0.0451 75.1 0.0751 0.0770 0.000101 0.0904 0.000059
60 12 1.527 3.054 90.5 0.0453 75.3 0.0753 0.193 0.000126 0.295 0.000097

120 25 3.054 6.108 91.3 0.0457 75.8 0.0758 0.605 0.000198 1.11 0.000182
240 50 6.108 12.215 92.9 0.0465 76.8 0.0768 2.24 0.000367 4.38 0.000359

For the image slicer, image blur is shown in units of µm and spaxels. For the exit pupil, it is shown in units of µm and 
exit pupil diameter. 

3.8 The Opto-Mechanical System 

A view of the opto-mechanical deployment system is shown in Figure 13. 
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