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The Optical Cable contains 62 optical fibers, appropriately grouped, protected and terminated to 5 
optical ports – 2 IFU’s, Spectrograph Slit, Acquisition & Guiding Slit and Simultaneous Calibration 
Source Port. The latter and 2 IFU’s are input ports. Spectrograph Slit and Acquisition& Guiding 
Slit are output ports.  

Light from spectrograph analyses the output of the Spectrograph Slit that consists of science, sky 
fibers and simultaneous wavelength calibration fiber.  

The Slit Viewer assembly splits the output of the Spectrograph Slit in the ratio 99:1 and feeds the 
spectrograph and the slit viewing system.  

The A&G/Calibrator assembly combines two functionally independent systems, i.e. A&G Camera, 
analysing the output of Acquisition & Guiding Slit; and the Simultaneous Wavelength Calibration 
System, providing input for Simultaneous Calibration Source Port.  
The Fiber Agitator creates variable conditions for propagation of light in all optical fibers for the 
purpose of mode scrambling.   
 

 
Figure 85 - Mechanical overview showing the Cassegrain unit mounted on ISS. 

1 – GHOST Cassegrain Unit on ISS port1; 2 - GHOST Cassegrain Unit on ISS port2; 3 – Optical 
Cable. Section from IFUs to Anchor; 4 - Optical Cable. Section from Anchor to Spectrograph; 5 – 
Spectrograph in Pier Lab.  
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Figure 153 - Spectrograph enclosure 

 

 
 

Figure 154 - GHOST Enclosure with bulkhead 
and fiber penetrations 

Figure 155 - Transition piece (clear) with spacers 
in place 

Figure 154 shows the enclosure with a conceptual bulkhead panel. The method of thermal 
insulation at this point will be similar to the fiber penetration described next.  
As the fiber must pass through the enclosure unbroken, a split cylindrical transition piece is used to 
seal around he fiber body. The transition piece is fabricated from resilient foam with a thermal 
resistance similar to the enclosure panel material (Figure 156). 

A set of three internally threaded Delrin (or similar) rods are inserted into each of the transition 
piece halves to act as spacers and bolting points Figure 155. 
Once the spacers are inserted, the transition pieces are placed around the fiber jacket. The central 
hole in the assembled transition piece is slightly smaller than the fiber jacket to ensure a proper 
thermal seal. The assembly is then inserted into the hole in the enclosure wall. As with the fiber, the 
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•  2011: CoDR proposals 
•  mid-2012: A CoDR in Hilo, including both AAO and NRC-Herzberg. 

AAO’s bid included Kiwistar Optics as the primary subcontractor. 
•  mid-2013: After many miscellaneous delays, Kiwistar optics decided 

to change their business model and not participate in GHOST. A 
new team was formed with NRC-Herzberg (ex-HIA, Victoria, 
Canada). YAY NRC! 

•  April 2014. Preliminary design begins.  
•  Dec 2014  AAO/ANU/NRC pass the PDR (first successful PDR at 

Gemini in 10 years) Long lead item order start. 
•  CDR/FDR - Dec 2015 
•  Dec 2016 Build & Integration completed  
•  May 2017 Pre-shipping acceptance test completed –  
•  July 2017 Shipping to Gemini  
•  Sep 2017-Commissioning starts  
•  Semester 2, 2018- Full science  
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GHOST  

Preliminary Design Review – December 2014  

INTERNATIONAL CONTEXT 

2 

GHOST is (mostly) not unique. There are other high-resolution spectrographs in the 
world, all of which are in high demand none of which (except GRACES?) are 
accessible to the Gemini community. GHOST must have high efficiency (throughput 
and observational efficiency) and cover a broad range of science. 
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“Science Cases” 
•  17 Science cases in the “Concept of Operations”, derived from white 

papers. 
•  Mostly abundances (e.g. metal-poor stars, GAIA follow-up, cool 

dwarfs, clusters). Mostly <900nm. 
•  Two polarimetric science cases (magnetic fields etc) 
•  Exoplanets added by AAO (2m/s, primarily transit follow-up). 
•  The only extragalactic cases are varying constants in the Universe 

and GRB follow-up (ToO, also added by AAO). 
•  About half the science cases had more than 1 object per 7 arcminute 

field of view. 
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Ghost is driven By the science needs of the Community 
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Appendix A Requirements Matrix (GHOSD-01) Rev. 2.09b

Page 1 of 43

Verification Stage/Method:

Updated by
Requirements 
Entity

ID Title Description Derivation Version History Log Notes Assumptions CoDR PDP FD BP PreD PostD Comm.

Science REQ-1000 Science

pending

 review of CR

Science REQ-1001.01 Wavelength range GHOST shall provide simultaneous wavelength 

coverage from 

363 nm to 1000 nm.

Science white papers 14May12: Initial version.   T

Final - GR

Science REQ-1002.01 Spectral resolution GHOST shall have two selectable spectral 

resolution modes: standard resolution mode 

with R>50,000 and high resolution mode with 

R>75,000.

Science white papers 14May12: Initial version. GR e-mail to VC 23 Oct 14.  T

Final - AS

Science REQ-1003.02 Sensitivity GHOST shall obtain a sensitivity of Vega 

mag=18.0 in a 1 hour observation for 30 sigma 

per resolution element in standard resolution 

mode in dark time (50th sky brightness 

percentile) at the order centre closest to a 

wavelength of 450 nm.

Science white papers 14May12: Initial version

18Nov14:RMD

03Dec14:AS.

Formal request to Gemini. 95% reflectivity for Gemini 

M1, M2 & M3; Extinction from 

Patat et al. 2011, A&A, 527, 

AA91; Sky brightness from 

Hanuschik R.W., 2003, A&A, 

407, 1157; Slit loss of 0.59; 

3600s integration time; 0.8" 

FWHM seeing.

T

Final - GR

Science REQ-1004.02 Targets and field size GHOST shall have the capability to observe 2 

targets simultaneously over a 7.5 arcmin 

diameter field of view (in low resolution 

mode).

Science white papers 14May12: Initial version

17Nov14:GR.

 GR e-mail to VC 23 Oct 14.  T

Final - MI

Science REQ-1005.02 Radial velocity 

precision

GHOST shall provide a radial velocity precision 

of 200 m/s over the full wavelength range in 

standard resolution mode and shall have the 

capability to provide a radial velocity precision 

of 10 m/s (goal 1m/s) over the wavelength 

range from 430nm to 750nm in the high 

spectral resolution mode.

Science white papers 14May12: Initial version.

20Oct14 MI.

MI e-mail: The only system affected is 

the slit viewing. In order to achieve the 

goal requirement of 1m/s, additional 

requirements for the slit viewing system 

are needed. Most importantly, the slit 

viewing system should measure 

chromatic effects by imaging in at least 

2 bandpasses, and should only image in 

the wavelength range most important 

for precision radial velocities (>750nm is 

over-whelmed by atmospheric 

absorption and emission, and <430nm 

has low sensitivity for precision RV). This 

drives the change to REQ-4168 and the 

additional REQ-4170.

 T

Final - GR
Science REQ-1006.01 Spatial sampling GHOST shall spatially sample each target 

object over a field size of 1.2 arcsec.

Science white papers 14May12: Initial version. GR e-mail to VC 23 Oct 14.  T

Final - GR

Science REQ-1007.02 Spectro-polarimetry GHOST shall have provision for future 

implementation of a spectropolarimetric 

capability that can measure the Stokes V 

parameter.

Science white papers 14May12: Initial version

23Oct14: VC

17Nov-14.

GR e-mail 16Nov14.  T

Operational REQ-2000 Operation

Final - DH

Operational REQ-2000.01 Operational 

Environment

GHOST shall be designed in such a way that it 

is capable of operating at both of Gemini South 

and Gemini North sites.

9Oct2014: VC. DH to VC e-mail 17 Oct 2014.  T

363nm – 1000nm 

R=50,000 and R=75,000 

Limiting magnitude = 18 at 450nm 

30 sigma per resolution element 

2 objects over 7.5 arcmin field 

PRV = 10 m/s (2m/s goal) 

Spatial sampling = 1.2 arcsecs  

Spectropolarimetry options future 

Science flows down to instrument requirements! 
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Entity
Science REQ-1000 Science

 review of CR

Science REQ-1001.01 Wavelength range GHOST shall provide simultaneous wavelength 
coverage from 
363 nm to 1000 nm.

Science white papers

Science REQ-1002.01 Spectral resolution GHOST shall have two selectable spectral 
resolution modes: standard resolution mode 
with R>50,000 and high resolution mode with 
R>75,000.

Science white papers

Science REQ-1003.02 Sensitivity GHOST shall obtain a sensitivity of Vega 
mag=18.0 in a 1 hour observation for 30 sigma 
per resolution element in standard resolution 
mode in dark time (50th sky brightness 
percentile) at the order centre closest to a 
wavelength of 450 nm.

Science white papers

Science REQ-1004.02 Targets and field size GHOST shall have the capability to observe 2 
targets simultaneously over a 7.5 arcmin 
diameter field of view (in low resolution 
mode).

Science white papers

Science REQ-1005.02 Radial velocity 
precision

GHOST shall provide a radial velocity precision 
of 200 m/s over the full wavelength range in 
standard resolution mode and shall have the 
capability to provide a radial velocity precision 
of 10 m/s (goal 1m/s) over the wavelength 
range from 430nm to 750nm in the high 
spectral resolution mode.

Science white papers

Science REQ-1006.01 Spatial sampling GHOST shall spatially sample each target 
object over a field size of 1.2 arcsec.

Science white papers

Science REQ-1007.02 Spectro-polarimetry GHOST shall have provision for future 
implementation of a spectropolarimetric 
capability that can measure the Stokes V 
parameter.

Science white papers

363nm – 1000nm 

R=50,000 and R=75,000 

Limiting magnitude = 18 at 450nm 

30 sigma per resolution element 

2 objects over 7.5 arcmin field 

PRV = 10 m/s (2m/s goal) 

Spatial sampling = 1.2 arcsecs  

Spectropolarimetry options future 

Throughput  
Resolution 

Image stability 
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Adapted from Chené et al. 2014  
 

GHOST  

Preliminary Design Review – December 2014  

INTERNATIONAL CONTEXT 

2 

GHOST is (mostly) not unique. There are other high-resolution spectrographs in the 
world, all of which are in high demand none of which (except GRACES?) are 
accessible to the Gemini community. GHOST must have high efficiency (throughput 
and observational efficiency) and cover a broad range of science. 

GHOST Throughput 

High Sensitivity Detectors 
“Hot” Grating 
Image Slicing 

VPH Cross dispersion 
New enhanced coatings 

High efficiency ADC 
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Table 42: Replacement drives for PI linear stages 

Device Model 

motor Maxon 272768 EC-max 30, Ø30 mm, 40 W, 24 Vdc brushless  + 

gearhead Maxon 166939 planetary 32 mm, 51:1  + 

encoder Maxon 110514 HEDL 5540, 500 cpt, 3 channels, line drivers  + 

brake Maxon 301213 24 Vdc hold. 

 

 
Figure 98 - The positioners in the 2-object baseline design, showing the ADCs and their mounts above 

the positioners. 

2 sets of Maxon (ref Table 43) will be used for each ADC. 
Table 43: Drives for IDC corrector 

Device Model 

motor Maxon 283835 EC-max 16, Ø16 mm, 8 W, 24 Vdc brushless  + 

gearhead Maxon 328699,  Ø16 mm, 370:1  + 

encoder Maxon 201940, MR, 512 cpt, 3 channels, line drivers 
 

Figure 99 depicts the overall ADC assembly and IFU as mounted to the linear stages. To achieve 
relative rotation between the ADC prism pairs a Maxon motor, gear head, encoder combination is 
used.  To transmit the rotary motion of the motor/gearbox to the prism a set of bevel gears are used.   

Mounting of the Maxon motor/gearhead/encoder combination can be viewed in this section. The 
prism itself is potted within a cell.  Bevel gear installed on gearbox shaft drives another bevel gear 
which is rigidly attached to the prism cell.   This assembly is retained and lightly preloaded within 
the aluminium housing by a thin metal retainer. 
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Less glass =high throughput 
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Figure 11. Transmission as a function of wavelength for the GHOST mini-ADCs as described above. 
Note the difference in y-axis  scale  compared  to  the  GMOS  ADC  plots.  The  value  of  transmission  at  λ  

=350  nm  is  0.951  and  it  remains  at  0.999  through  to    λ  =1  μm. 

Mini-ADC Tolerances 
The Mini-ADC tolerances is given below in Table 6. Given that the purpose of the ADCs is to only 
reduce the effects of dispersion by approximately a factor of ~10 and that to first order, they 
represent relatively thin pieces of glass in a slowly converging beam, the tolerances are relatively 
loose. 

Table 6. ADC tolerances 

Parameter Tolerance Notes 
Rotation 
about Z 

r0.7q Includes mounting of the prism pair, drive, encoder and mechanical 
stability 

Tilt about X 
or Y 

r1q Non-critical 

Lateral 
displacement  

r0.5 mm Non-critical. Assumes ADC clear aperture increased by 1.5 - 2 mm, 
to allow star to be placed on either standard or high-resolution IFU, 
without vignetting by edge of ADC. 

Axial 
displacement 

r1 mm Very non-critical. The main issue is to avoid mechanical fouling of 
mini-ADCs from adjacent positioners. 

Use of commercial rotation stages 
We were not able to identify commercial stages that were sufficiently compact and could be 
guaranteed to work for the full environmental temperature range (-5º to 20ºC) of Gemini. Given the 
relatively loose tolerances computed above, the performance of the ADCs also did not require the 
precision of commercially-available rotation stages. A simple in-house design was therefore 
considered appropriate for these elements, which can be achieved with a simple servo motor, two 
gears, a limit switch and off-the-shelf controllers. 
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5.3.4 ADC Trade Studies  
In the conceptual design proposal, the AAO had considered the baseline design to be the use of the 
GMOS ADC. However, the unavailability of this hardware and control electronics was considered a 
design risk, so a trade study comparing our own mini-ADC design to the GMOS ADC design was 
conducted.  

GMOS ADC Performance and Availability 
The GMOS ADC performance in terms of spectral throughput is shown in Figure 7, based on 
theoretical predictions of glass materials and dimensions, and in Figure 8, based on measured on-
telescope commissioning data. There are clear issues of low efficiency below 400 nm. 

 
Figure 7. Theoretical internal transmission of the glass of the GMOS ADCs. The value of transmission 
at  λ=350  and  363  nm  is  0.71  and  0.90  respectively,  and  it  plateaus at 0.985 over the range 500 to 900 

nm. Ref: Szeto et al. SPIE, 2002.  

 
Figure 8. Measured throughput of the GMOS ADCs from Gemini (ref:  “GMOS  ADCs  Performance  

Tests).  

In the Questions and Answers from 07 Feb 2012, Gemini stated   that  “[The GMOS ADCs] are in 
storage in Hilo and have never been installed or commissioned and thus their functionality has not 
been verified. The mechanical, electrical and software interfaces are through GMOS and not the 
ISS”. In addition to the obvious potential throughput risks in the figures above, this statement 

Individual ADCs per IFU 
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Lenslet-Based IFU 
 
 

•  Telecentric Fiber Injection. f/16 input, nominal 250 micron lenslet pitch 
(0.41” flat to flat for a hexagonal array) 

•  Microlens 1: Hexagonal. Microlens 2: Circular in Hex grid. 
•  Fiber has ~56 micron core. 
•  Input optics image telescope pupil on to the fiber face. 
•  Output is the same: imaging the fiber face onto the grating – essential 

for PSF stability.  
 

Image stability: Pupil imaged onto Fiber face 
Fiber face imaged onto grating 
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Reformatting/Image slicing 

•  Multi-IFUs at the end of each 
positioner arm for object (black) and 
sky (green) fibers. 

•  Two fixed slits (one illuminated at a 
time) at the spectrograph entrance, at 
R~51,500 and R~80,000. 

•  R~80,000 has simultaneous Th/Ar. 

fiber 

High efficiency 
Captures all the light 
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Science Data Overview 

Sky Regions 
•  Some sky is 

always available, 
even in 2-object 
mode. 

•  Separation 
between orders 
is tight (<3 pix) 
only for the 
bluest few orders 
of each detector 

Sky availability and ThAr injection = image stability 
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Figure 34 - A simulated star image. 

 At 0.5 and 1.0 arcsec seeing as seen on a simulated standard resolution integral field unit. The relative 
decentering of each slit element is due to tilt errors in the fiber array - exaggerated here for visibility 
by a factor of 2 from an achievable (and prototyped) specification. In this arrangement in standard 
resolution mode, a change in seeing from 0.5 to 1.0 arcsec produces a calculated radial velocity shift of 
12 ms-1, demonstrating the need for slit imaging to achieve precision radial velocity. More realistic 
fiber tilts for the high-resolution mode results in only a 2 ms-1 radial velocity error. 

In addition to the factors discussed above the radial velocity precision can be affected by a number 
of environmental and instrumental factors:  

• changing point-spread function due to changes in pupil illumination, differentially affecting 
the reference and the star slit elements.  

• change in slit tilt due to thermal changes in the spectrograph, differentially affecting the 
reference and the star slit elements. 

• changes in point-spread function due to e.g. thermal changes in the instrument (despite the 
temperature control) 

• errors in measuring slit illumination and applying the measurement in the software pipeline 
• drifts in the reference lamp 
• combined effects of variable intermittent cloud cover, atmospheric extinction, astronomical 

seeing and Earth’s motion  

The slit viewing system is necessary to perform the following major functions: 
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Figure 36 - Layout of slit viewing optics 

The slit viewer light (~1%) leaks through the reflective coating of the beam splitter. The reflection 
off the second surface is blocked by the mask to prevent the return to the science path. Aberrations 
introduced by two tilted surfaces at 45° are significant and have to be compensated by the corrector 
wedge. Then the beam is collimated by a good quality doublet lens.  
The slit viewer must analyze slit output in two different bandpasses. Interchangeable filters absorb 
light and compromise stability of the system. Bandpass filtering is implemented in the double arm 
collimated space using the combination of dichroic beam splitters and fold mirrors. The dichroics 
transmit the red bandpass and reflect the blue one. Edge filters limit both red and blue bandpasses 
on the extreme ends.  

 
Figure 37 - Spectrograph high and standard resolution slits in blue and red pass bands.  

Three lenses (central and on edges) from each slit are shown.  

In order to separate the two beams in collimated light, the blue band arm mirror is slightly tilted 
with respect to the nominal square configuration by ~0.5°. The images of both slits are obtained 
simultaneously on the slit viewing camera (Figure 37) 

Need to monitor slit images for stability 
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Figure 153 - Spectrograph enclosure 

 

 
 

Figure 154 - GHOST Enclosure with bulkhead 
and fiber penetrations 

Figure 155 - Transition piece (clear) with spacers 
in place 

Figure 154 shows the enclosure with a conceptual bulkhead panel. The method of thermal 
insulation at this point will be similar to the fiber penetration described next.  
As the fiber must pass through the enclosure unbroken, a split cylindrical transition piece is used to 
seal around he fiber body. The transition piece is fabricated from resilient foam with a thermal 
resistance similar to the enclosure panel material (Figure 156). 

A set of three internally threaded Delrin (or similar) rods are inserted into each of the transition 
piece halves to act as spacers and bolting points Figure 155. 
Once the spacers are inserted, the transition pieces are placed around the fiber jacket. The central 
hole in the assembled transition piece is slightly smaller than the fiber jacket to ensure a proper 
thermal seal. The assembly is then inserted into the hole in the enclosure wall. As with the fiber, the 

Instrument Overview 

GHOST will be isolated in the pier lab  
for image and wavelength stability 
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INSTRUMENT DESCRIPTION 
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6.8 Spectrograph Optical Design 

6.8.1  Optical Overview 
The optical design is based on a two arm asymmetric white pupil design with VPHG cross 
dispersion as shown in Figure 51. The top-level optical design parameters are listed Table 20. The 
selection of two arms over the previous four reduced the number of components, making the design 
more suitable for fabrication by NRC-H and improved the performance. This two arm design is 
possible because of the advances in detector technology - full wavelength coverage can be achieved 
with a 4kx4k and 6kx6k detector.   
The design has high efficiency through the careful selection and optimization of dispersers, optics 
and coatings. The échelle has near theoretical diffraction efficiencies of ~80% at order centers. The 
white pupil magnification has been optimized to yield optimal VPHG cross disperser band pass and 
manufacturability.  The white pupil relay is a zero-Petzval sum relay with near diffraction limited 
performance, eliminating the need for cylindrical optics in the cameras. The newest high 
performance UV enhanced silver coatings are used to minimize losses from the white pupil relay. 
The camera designs have been optimized for superb image quality, with better than 80% ensquared 
energy in a pixel.  Glass and coating optimization has minimized losses in the cameras with 
predicted camera transmittance greater than 96% and 94% for the red and blue cameras 
respectively.  The total predicted transmittance for the spectrograph peaks at 62% at 450nm, is 47% 
at 363nm and has an average of over 50% from 363nm to 1000nm. 

 

 
Figure 51 - GHOST spectrograph optical layout 
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6.8.3.2 Blue camera 
The blue camera design is shown in Figure 59. The design is non-achromatic with a tilted detector 
(~2 degrees) to control color. This greatly simplifies the design and eliminates the need for exotic 
expensive glasses. The blue camera has an S-FSL5Y singlet, followed by a PBL35Y/S-FSL5Y 
doublet, an S-FSL5Y singlet, and then a silica field flattener which serves as the CCD window. The 
first surface of the first S-FSL5Y singlet is a 6th order aspheric surface. The rest of the optical 
surfaces are spherical surfaces. The thermal expansion match on the doublet is a ΔCTE of 
0.2ppm/K (9.1ppm/K to 8.9ppm/K) to minimize thermal stress. All the glasses are Ohara i-line 
glasses selected for their high blue internal transmittance. The largest element is 180mm. The 
element dimensions are compatible with the strip glass supply form (less than 300mm diameter and 
80mm thick). These glasses as strip supply are stock items in North America, available for 
immediate shipment. The blanks can be generated from strip stock with a 3 week lead time.  

 
Figure 59 - GHOST blue camera layout 

6.8.3.3 Red camera 
The red camera design is shown in Figure 60. The design is also non-achromatic with a tilted 
detector (~2 degrees) to control color and greatly simplifies the design, eliminating the need for 
exotic expensive glasses. The red camera has an N-BK7HT singlet, an F2 singlet, then two more N-
BK7HT singlets and then a silica field flattener which serves as the CCD window. The first surface 
of the first N-BK7HT element is a 6th order aspheric surface. The rest of the optical surfaces are 
spherical surfaces. All the glasses have been selected for the highest internal transmittance in the 
red. The largest element is 205mm. The element dimensions are compatible with the round plate 
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supply form. These are preferred Schott glasses and are included in the Schott Positive glass list. In 
event of a supply problem, design can be re-optimized for Ohara glasses with a small (~0.25%) 
decrease of internal transmittance. This design form can be used for the blue camera, eliminating 
the doublet, with a slight decrease in throughput because of the additional two air glass surfaces.  

 
Figure 60 - GHOST red camera layout 

6.8.3.4 Image quality 
Image quality has been computed across the echellograms in both arms. Table 21 and Table 22 list 
the diffraction ensquared energy for the blue and red cameras respectively. Spot diagrams are 
shown in Figure 61 and Figure 62 for the top, middle and bottom orders for the blue and red 
cameras. The image quality is well within REQ5313 (80% Ensquared energy within a pixel for < 
870nm and 80% Ensquared energy within a box width of 1.5 pixels for > 870nm). There is 
considerable margin for fabrication tolerances. 
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Figure 61 - Blue camera spot diagram (boxes are 2 pixels, order width is 1.12xFSR) 

 

Figure 62 - Red camera spot diagram (boxes are 2 pixels, order width is 1.12xFSR) 

6.8.4  Tolerance Analysis 
The spectrograph tolerances were analyzed via Zemax with a Monte-Carlo analysis of 1000 random 
system trials with each of the errors assumed as a uniform probability distribution. The objective of 
this PDR level tolerancing was to demonstrate that the design can fabricated with reasonable 
tolerances. 
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Figure 61 - Blue camera spot diagram (boxes are 2 pixels, order width is 1.12xFSR) 

 

Figure 62 - Red camera spot diagram (boxes are 2 pixels, order width is 1.12xFSR) 

6.8.4  Tolerance Analysis 
The spectrograph tolerances were analyzed via Zemax with a Monte-Carlo analysis of 1000 random 
system trials with each of the errors assumed as a uniform probability distribution. The objective of 
this PDR level tolerancing was to demonstrate that the design can fabricated with reasonable 
tolerances. 

Asymmetric white pupil is efficient 

Excellent image quality allows for hi resolution 
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Detectors(NRC-Herzberg) 
•  The detectors were ordered at the end of April, so the science 

devices are expected at 12 months (or earlier) for the blue 4kx4k, 
and 15 months (or earlier) for the red 6kx6k.   

•  The blue device is standard thickness silicon, with the thin-astro-
multi2 multi-layer coating (which gives a boost approx 
360-400nm). 

•  The red device is deep-depletion silicon, with the regular astro-
multi2 multi-layer coating.   
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8.16.2  Detector Quantum Efficiency 

 
Figure 216 - e2v QE curves for standard silicon at -100 °C 

 
Figure 217 - e2v QE curves for deep-depletion silicon at -100 °C 

Figure 216 shows the thin-astro-M2 coating on standard silicon (represented by a dashed green line) 
for the blue channel 4K × 4K, while Figure 217 shows the DD-astro-multi2 coating on deep-
depletion silicon (represented by a solid black line) for the red channel 6K × 6K.  Both of these are 
a significant improvement over the single layer anti-reflection coatings previously available (as 
shown by the other lines in the two figures). 
The thin-astro-multi2 coating is a variant of the standard astro-multi2 anti-reflection coating with 
the layers of the coating thickness set to the minimum end of the tolerance range.  This is expected 
to dramatically improve the blue sensitivity in the range of 360 – 380 nm. Compared to the standard 
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To fill the width of the 6kx6k detector a groove frequency of approximately 50 G/mm is required.  
The Richardson Grating Labs 424E R2 échelle with a line frequency of 52.67 grooves/mm is a 
close match and it affords us a choice from three available Masters. A review of the 
data/performance clearly reveals that the MR234 is the preferred selection. The availability of this 
grating, delivery schedule and cost has been confirmed with Richardson grating lab. The 
performance for this grating is nearly equal to the theoretical maximum with diffraction efficiencies 
of ~80% at order centers. For further reference, the measurement data for this grating is plotted in 
Figure 52 and Figure 53. Figure 52 includes the diffraction efficiencies for the other 424E masters. 
Figure 52 plots the diffraction efficiency of the MR234 master at order 76. 
The MR234 has an exceptional performance. The 31.6G/mm R4 MR160 master, one of the most 
common masters in high-resolution spectrographs has a mean diffraction efficiency of ~66% at 
order centers. The new master to replace the MR160, the MR263 has an efficiency of ~70%, ten 
percentage points below the MR234. 
The efficiency of an échelle is not as simple as the lower blaze angle of the R2 grating providing a 
greater efficiency, as the other two R2 gratings offer relatively poor performance. The most 
significant factor is the quality of the ruling, which admittedly is sometimes more attributable to 
‘luck of the draw’. As such, the challenge is to find a grating that meets the design requirements and 
is also available.  

 
Figure 52 - Measured Efficiencies for the candidate échelles (Richardson Gratings Lab) 

Hot Grating 
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Figure 53 - R2 échelle MR234 efficiency for order 76 

6.8.2.2 VPHG Cross-disperser 
A comprehensive investigation was taken into the optimal cross disperser configuration. The 
investigation included RCWA analysis, optimizing the grating design to determine the optimal 
thickness and modulation at each line frequency. The results of the study indicated the mean 
efficiency over the required GHOST bandwidth of a VPHG cross disperser is a weak function of 
line frequency.  A thinner dichromate layer, and lower line frequency will produce a wider 
bandwidth grating but with poor efficiency. The thickness of the dichromate must be sufficient to 
keep the grating in the Kogelnik-Bragg regime. With too thin of a grating the grating is no longer in 
the Kogelnik-Bragg regime and has entered into the Raman-Nath regime and the coupling into the 
first order will be poor as light enters other orders and the efficiency is poor.  

At low frequencies the grating requires a thick dichromate layer with low index modulation. For 
high frequencies a thin layer with high index modulation is required. Again, the mean efficiency 
over the bandwidth of the optimal grating is virtually constant. 
The important result of the study was the identification of a range of line frequencies where the 
thickness and modulation of the grating are able to be fabricated. The result was 400 l/mm to 600 
l/mm for the red VPHG and 800 l/mm to 1200 l/mm for the blue VPHG. Consultation with Jim 
Arns of KOSI  suggested focusing on the 500 l/mm to 600 l/mm for the red VPHG and 1100 to 
1200 l/mm for the blue VPHG and limiting the VPHG size to less than 127mm x 127mm.  

 
The final values of 565 G/mm and 1137 G/mm were selected to meet the required cross dispersion 
and VPHG size. The VPHGs were designed with a slant groove (an alpha of 30°) to introduce 
~13% of anamorphic magnification, equal to the anamorphic magnification of the R2 échelle. This 
increases the packing of the orders on the detectors without increasing the size of the camera optics. 
In the last few years slant groove is now a standard production order at KOSI and represents little 
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risk to the project. Preliminary efficiency curve are given in Figure 54 and Figure 55 for lines 
frequencies near the final number (525 l/mm and 1120 l/mm). Little improvement is expected for 
the average efficiency over the band during the finial optimization in the next phase but the 
efficiency curve can be tipped to improve the efficiency on one end of the band, at the cost of a loss 
at the other. This can be used to fine tune the science performance of the instrument. Unfortunately, 
this is also one of the most difficult parameters to control, and often the efficiency curve tips on the 
fabricated grating. Based on advice from KOSI, we have budgeted for a possible 5% dip in 
throughput at the edges of the VPHG performance curves.    

 

 
Figure 54 - Preliminary VPHG efficiency for the Blue VPHG 

 

Hot VPH 
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a 30nm transition zone width).  A plot of the preliminary dichroic performance is given in Figure 
56. The transition zone is ~15nm, well within the ±2.5 order overlap. 

A VPHG cross disperser is the only cross disperser option compatible with this spectrograph 
design. The optimization of the cross disperser is discussed in §6.8.2.2. The line frequencies of the 
VPHG cross dispersers were optimized for a minimum order separation of 1% greater than the 
3.54mm slit length. 

Slit rotation, less an average rotation of 0.4 degrees is ±2.4 degrees, within the 3 degree 
specification. In the current configuration the slit rotation of the échelle is not cancelled by the slit 
rotation of the cross-disperser. The configuration was selected with the blue arm angling outward 
for mechanical packaging. Switching the orientation of the cross-dispersers will reduce the slit 
rotation, but at the cost of clearance around the blue camera. 
Échellograms are shown for the blue and red detectors in Figure 57 and Figure 58. The box 
represents the size of the 4kx4k and 6kx6k detectors with the plotted order width of 1.12xFSR (the 
required order width). The detectors have been rotated ~2 degrees to bring the order tilt within the 
requirement of less than 1 degree. This order rotation slightly improves the packing of the 
Échellogram on the detector. 

 
Figure 56 - Preliminary Dichroic performance from Materion 

 
 

BS coatings 
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The ‘blue coating’ is a very common coating, but the red coating is slightly more advanced. The 
coating performance curves are plotted in Figure 64. We have obtained quotes from Thin Film Labs 
for red and blue coatings with R_ave < 0.25% for the blue and R_ave < 0.5% for the red. 
Unfortunately, Thin Film Labs has not provided the coating prescriptions. The performance curves 
of the Thin Film lab coatings is very similar to the Zemax coating models used.  
The beam splitter is assumed to have a reflectivity of 97% in the blue, and a transmission of 96% in 
the red based on estimates in our budgetary quote from Materion. The preliminary dichroic 
performance curve is shown in Figure 66. The theoretical VPHG diffraction efficiencies are 
provided by Jim Arns at Kaiser Optics and are shown previously in Figure 54 and Figure 55 for 
blue and red gratings respectively. We have also accounted for the additional coating and internal 
absorptions losses of the windows used to sandwich the VPHG in our computation.  
We have used Ohara i-line glasses in the ADC and blue camera to preserve UV transmittance. In 
the red camera we have selected glasses with very high internal transmittance over the red band. 
Internal transmittance losses are less than 2% for both the blue and red camera.  The predicted net 
camera transmittance greater is than 96% and 94% for the blue and red cameras respectively as 
shown in Figure 66. 

 
Figure 66 - predicted transmittance for the blue and red cameras 

Of particular interest is the mirror coating. The white pupil relay system (WPR) has four reflections 
and traditionally this has been a source of significant losses. We have adopted, as baseline, the 
UV350AG coating from Quantum, shown in Figure 65. This is a UV enhanced silver coating with a 
reflectivity of 95% at 363nm, increasing up to 97% at 400nm. Quantum, formerly Denton Coating, 
produces one of the most successful silver coatings (FSS99). This coating has been used in many 
astronomical instruments. The UVAG350 is more durable than the FSS99, passing the 24 hour salt 
fog test. We have had several discussions with Quantum on the performance of this coating. There 
is a risk of a drop in performance at 380nm due to a plasmon resonance. A plan is under 
development to tune the process using witness samples to peak the performance around the plasmon 
resonance. The mirrors will be coated after this tuning.   

Our budgeted transmittance uses the conservative UV350AG reflectivity.  In this model the 
reflectivity is reduced ~5% in the blue near to account for potential performance loss due to the 

Overall high transmission cameras 
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GHOST design features → advantages 
•  Focal-plane image-slicing → scale hence cost saving. 
•  Microlens-based IFUs → compact and high throughput.    
•  Miniature-ADCs → enhanced blue throughput.   
•  Dual slits and multiple-IFUs → enabling high resolution mode.  
•  Multi-object positioning system → double throughput for some science.  
•  Broadspectrum optical fibers → high throughput all wavelengths.  
•  Asymmetric white-pupil Echelle spectrograph → compact hence cost saving.  
•  Two-arm spectrograph design → high throughput over broad bandwidth. 
•  VPH grism cross-dispersers → high throughput.  
•  A&G camera → obviates OIWFS cost and complexity.  
•  Simultaneous wavelength calibration + slit viewing  → high radial velocity 

precision.  
•  Future Polarisation mode→ allows spectropolarimetry.     

HIGH THROUGHPUT, ENHANCED FUNCTIONALITY, AND LOW COST 
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GHOST design features → low risk design 

•  Focal-plane image-slicing → used in CYCLOPS. 
•  Microlens-based IFUs → used in MANIFEST and KOALA.    
•  Miniature-ADCs → modular design using small optics.   
•  Dual slits and multiple-IFUs → 1 additional mechanism.  
•  Multi-object positioning system → using COTS stages.  
•  Broadspectrum optical fibers → used in the SAMI and thoroughly tested.  
•  Asymmetric white-pupil Echelle spectrograph → many instances, .  
•  VPH grism cross-dispersers → HERMES experience. 
•  Slit-viewing camera → COTS detector and small optics, + low cost custom   
•  Simultaneous wavelength calibration → used in CYLCOPS2.  
•  Polarisation mode→ COTS components. 

LOW RISK 
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GEMINI HIGH-RESOLUTION SPECTROGRAPH   

AAO, HIA, ANU Looking 
forward to building GHOST 

over the next ~3 years! 
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“Science Cases” 
•  17 Science cases in the “Concept of Operations”, derived from white 

papers. 
•  Mostly abundances (e.g. metal-poor stars, GAIA follow-up, cool 

dwarfs, clusters). Mostly <900nm. 
•  Two polarimetric science cases (magnetic fields etc) 
•  Exoplanets added by AAO (2m/s, primarily transit follow-up). 
•  The only extragalactic cases are varying constants in the Universe 

and GRB follow-up (ToO, also added by AAO). 
•  About half the science cases had more than 1 object per 7 arcminute 

field of view. 
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astro-multi2 values, the thin-astro-multi2 improves the QE from 0.55 to 0.65 at 360 nm, 0.65 to 
0.75 at 370 nm, and 0.78 to 0.84 at 380 nm while maintaining similar QE out to 700 nm. 

Table 72: Summary of detector QE at REQ-5326 wavelengths 

 
 
Table 72 summarizes the detector QE at several wavelengths specified by REQ-5326. We have 
used the values for the astro-multi2 anti-reflection coating for our models in both the red and blue. 
As there is a 5% contingency in the throughput budget for the detectors, the QE requirements have 
been revised to 0.95 of the astro-multi2 value at those wavelengths. 

8.16.3  Detector properties and performance 
Table 73: Detector properties and performance 

 CCD231-84 CCD231-C6 

Number of pixels 4096 (H) × 4112 (V) 6144 (H) × 6160 (V) 

Pixel size 15 µm  15 µm 

Total image area 61.4 mm × 61.4 mm 92.2 mm × 92.4 mm 

Outputs 4 4 

Flatness < 20 µm (peak to valley) < 40 µm (peak to valley) 

Amplifier sensitivity 7 µV/e− 7 µV/e− 

Read noise 4.0 e− at 500 kHz 

2.0 e− at 50 kHz 

4.0 e− at 500 kHz 

2.0 e− at 50 kHz 

Full well 200,000 e− 200,000 e− 

Dark current 3 e−/pixel/hour (at −100 °C) 3 e−/pixel/hour (at 
−100 °C) 

Charge-transfer 
efficiency 

0.999995 (parallel) 
0.999995 (serial) 

0.999995 (parallel) 
0.999995 (serial) 

Readout time 45 seconds (100 kpix/s) 
25 seconds (200 kpix/s) 

90 seconds (100 kpix/s) 
45 seconds (200 kpix/s) 

Package Silicon carbide Silicon carbide 

Price $140,000 USD $236,000 USD 

Delivery up to 12 months up to 15 months 

 

Instrument Control 
Electronics 
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Polarimetry 
•  Two science cases requested a polarimetric mode (Magnetic 

fields in star formation/exoplanets, and precision 
spectropolarimetry) – an expansion option. 
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MULTI-IFU OBSERVING GAIN 

26 

Two-IFU gain factor is typically 1.5 - 2 
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GHOST  

Preliminary Design Review – December 2014  

INTERNATIONAL CONTEXT 

3 

HARPS is super-expensive and performs very well. The new kids on the block 
ESPRESSO, PFS, APF… even NRES promise to have their ultra-precise RV 
niches. Given that PRV almost always compromises efficiency, there is little room 
for GHOST to directly compete. But there is so much PRV work going on, surely 
there is room for GHOST PRV… 

Instrument Control 
Electronics 

27 of 23 
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bHROS format – not useful 

Gemini has not had a high-resolution 
spectrograph due to the Cassegrain 
design… bHROS had 2 critical flaws: 

Low blue throughput 
Very limited spectral range 
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Abundances 
•  Metal poor stars (individual, in dwarf Galaxies, in Globular 

clusters, for Nucleo-Chronometry) made up 5 of the 17 science 
cases. 5 other abundance cases 

•  Resolution requirement is modest (~30,000), but EW S/N 
improves as R1/2 for 

   photon-limited (i.e. high  
   S/N) observations up to 
   R~50,000. 
Right: the “oldest star” 
discovered by Keller et al, 
2014  
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Exoplanets 
•  Exoplanet science is a fast-moving target…  
•  Since 2011, the Transiting Exoplanet Survey 

Satellited (TESS) mission has been 
proposed and accepted. This will require lots 
of radial velocity follow-up, with a ~2m/s 
velocity requirement over ~month or smaller 
timescales.  

•  Transit spectroscopy is also frequently used 
exoplanet techniques.  
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INSTRUMENT DESCRIPTION 
TABLE 20 (GHOSD-06) 

31 

  AUSTRALIAN ASTRONOMICAL OBSERVATORY 

   GHOSD-06 PRELIMINARY DESIGN DOCUMENT 
 

Rev. 0.6 Page 112 of 435 Last Saved:12:09 PM, 03-Dec-2014 

Table 20: Spectrograph optical design parameters 

GHOST Spectrograph Parameters 
Wavelength range 363 nm – 1000 nm 
Échelle Grating Richardson Grating Labs 424E, master MR234 

65 degrees blaze  (R2) 
gamma = 0.56 degrees 
G= 52.67 grooves/mm 
Ruled area:  204mm x 410mm 

Collimator  1750.6mm f.l. @  f/10 
175.7mm beam diameter at échelle 

White pupil magnification  0.41  
Beam Splitter Cut on wavelength:  529.4nm ( center of order 65 ) 

Order Overlap:  ±2.5 orders  
Reflection Band:  
     R  > 97% ( goal 99% )  from 360nm to 514nm  
Transmission band:  
     R  > 96% ( goal  98%)  from 545nm to 1000nm   
Substrate:    N-BK7HT  160mm  x 130mm x15mm   

Cross dispersers  
 

Blue:  1137 G/mm VPHG, Alpha = 30 degrees 
Red:   565 G/mm VPHG,   Alpha = 30 degrees 
Substrate:    Fused Silica 127mm x 127mm x 10mm  x 2 
Beam Diameter at Cross disperser: 72mm 

Blue Camera Orders: 95 to 63 
Minimum order width: 1.12 x FSR 
wavelength range: 360nm to 551nm 
field of view: 17 degrees 
focal length: 265mm 
( CCD: 4kx4k pixel detector area, 15 µm pixels ) 

Red Camera  Orders: 67 to 34 
Minimum order width: 1.12 x FSR 
wavelength range: 509nm to 1000nm 
field of view: 29 degrees 
focal length: 265mm 
( CCD: 6kx6k pixel detector area on 15 µm pixels) 

6.8.2  Dispersers 

6.8.2.1 Échelle Grating 
The selection of the échelle is a process of matching the best detectors and gratings. The goal is to 
fill as much of the detector width as possible, to use the available detector space and minimize the 
cross dispersion with the highest efficiency components. The order width is chiefly dependent on 
groove frequency (it is weakly dependent on échelle R-number). The selection of the grating R-
number is less important. In principle, a higher R-number échelle will yield smaller optics but it 
does so at the cost of a greater anamorphic magnification affecting the sampling across the orders.  
With an asymmetric white pupil relay the échelle R-number can be decoupled from the camera 
optics sizes. With this in mind, the driving factor in selecting the échelle gratings is groove 
frequency and diffraction efficiency, if a sufficiently large Échelle is available to achieve the 
required resolution.  


