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Some	
  ques@ons:	
  
(which	
  you	
  should	
  be	
  able	
  to	
  answer	
  

at	
  the	
  end	
  of	
  the	
  course)	
  
	
  •  What	
  are	
  the	
  parts	
  of	
  a	
  spectrograph	
  

•  Why	
  are	
  spectrographs	
  so	
  big?	
  
•  What	
  sets	
  the	
  sensi@vity?	
  
•  How	
  do	
  I	
  es@mate	
  the	
  exposure	
  @me?	
  





How	
  do	
  you	
  really	
  build	
  an	
  
Instrument?	
  

What	
  is	
  the	
  process?	
  
•  Science:	
  determine	
  the	
  need.	
  	
  
•  (need	
  to	
  have	
  some	
  idea	
  what	
  is	
  possible	
  first	
  
though)	
  

•  iterate	
  between	
  first	
  order	
  design	
  and	
  science	
  
goals	
  

•  Get	
  community	
  buy	
  in	
  
•  End	
  result:	
  set	
  of	
  science	
  requirements:	
  
Func@onal	
  performance	
  requirements	
  
document.	
  (FPRD)	
  



Requirements�Matrix�(GHOSDͲ01) Rev.�1

Verification�Stage/Method: Verification�Matrix
Requirements�Entity ID Title Description Derivation� Version�History�Log Notes Assumptions� CoDR PDP FD BP PreD PostD Comm. Test�

Description
CoDR

Science REQͲ1000 Science
Science REQͲ1001.01 Wavelength�range GHOST�shall�provide�simultaneous�wavelength�coverage�from�363�nm�to�

1000�nm.
Science�white�papers 14May12:�Initial�version � � T

Science REQͲ1002.01 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 � � T

Science REQͲ1003.01 Sensitivity GHOST�shall�obtain�a�sensitivity�of�m=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�a�wavelength�of�500�nm.

Science�white�papers 14May12:�Initial�version � T

Science REQͲ1004.01 Targets�and�field�size GHOST�shall�have�the�capability�to�observe�2�targets�simultaneously�over�a�
7.5�arcmin�diameter�field�of�view.

Science�white�papers 14May12:�Initial�version � � T

Science REQͲ1005.01 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�2�m/s�over�the�full�wavelength�
range�for�the�high�spectral�resolution�mode.

Science�white�papers 14May12:�Initial�version � � T

Science REQͲ1006.01 Spatial�sampling GHOST�shall�spatially�sample�each�target�object�over�a�field�size�of�1.2�
arcsec.

Science�white�papers 14May12:�Initial�version � � T

Science REQͲ1007.01 SpectroͲpolarimetry GHOST�should�provide�a�spectropolarimetric�capability�that�can�distinguish�
all�Stokes�parameters.

Science�white�papers 14May12:�Initial�version � � T

Operational REQͲ2000 Operation
Operational REQͲ2001.01 Observing�Efficiency The�observing�time�(as�defined�as�science�instrument�acquiring�science�

target�photons)�shall�be�greater�than�90%,�exclusive�of�weather,�downͲtime�
attributed�to�other�systems,�or�telescope�acquisition�(i.e.�slew�and�settle�onͲ
target)�time,�with�exposure�times�of�60�minutes.�
This�is�interpreted�as�GHOST�requiring�less�than�6�minutes�to�acquire,�lock,�
calibrate�and�then�start�exposure,�including�overhead�between�individual�
subexposures�(exclusive�of�delays�between�subexposures�caused�by�the�
Gemini�DHS)

Gemini 6May11:�Initial�version � � T

Operational REQͲ2002.01 Downtime The�downtime�of�the�instrument�shall�be�less�than�2�%,�with�a�goal�of�less�
than�1%.�Downtime�is�defined�as�hours�of�available�nightͲtime�when�the�
instrument�or�any�of�its�subcomponents�are�incapable�of�gathering�data�
consistent�with�the�instrument’s�normal�operating�specifications.

Gemini 6May11:�Initial�version � � T

Operational REQͲ2003.01 Lifetime The�GHOST�instrument�shall�be�designed�to�operate�for�10�years,�without�a�
major�overhaul,�at�a�duty�cycle�of�10�hours/night�100�nights�per�year.

Gemini 6May11:�Initial�version � � A

Operational REQͲ2004.01 Seeing�Condition�Limits GHOST�shall�be�capable�of�operating�under�all�site�seeing�conditions. Gemini 14May12:�Initial�version � � T

Operational REQͲ2005.01 Zenith�Distance�Limits GHOST�shall�operate�under�all�operational�telescope�orientations�from�the�
horizon�to�the�zenith.

Gemini 14May12:�Initial�version � � T

Operational REQͲ2006.02 Thermal�Gradients�and�
Transients

GHOST�will�meet�performance�requirements�over�60�minute�observation�
sequence�operation�during�which�the�temperature�changes�by�the�standard�
Gemini�environmental�amount�(0.8ºC/hour�for�Cerro�Pachon)

Gemini 6May11:�Initial�version
14May12:�Added�time�
interval�and�temperature�
rate�of�change

� � T �

Operational REQͲ2007.02 Single�Point�Failures GHOST�components�failures�should�result�in�gradual�performance�
degradation.

Gemini 6May11:�Initial�version
14May12:�Reworded�for�
clarity

� A

Operational REQͲ2008.01 Installation The�GHOST�instrument�shall�allow�installation�by�trained�Gemini�staff. GHOSDͲ02 14May12:�Initial�version T

Operational REQͲ2009.01 Serviceability The�GHOST�instrument�shall�allow�servicing�by�trained�Gemini�staff. GHOSDͲ02 14May12:�Initial�version T

Operational REQͲ2010.01 Removal The�GHOST�instrument�shall�be�removable�from�the�telescope�
environment,�and�once�removed�shall�allow�normal�telescope�operations.�

GHOSDͲ02 14May12:�Initial�version

Operational REQͲ2011.01 Calibration�data Wavelength�calibration�data�shall�be�provided�for�GHOST. GHOSDͲ02 14May12:�Initial�version T
Operational REQͲ2012.01 FlatͲfielding�data FlatͲfield�data�shall�be�provided�for�GHOST. GHOSDͲ02 14May12:�Initial�version T
Operational REQͲ2013.01 Course�acquistion�and�

guiding
The�GHOST�instrument�shall�allow�acquisition�and�guiding�on�stars. GHOSDͲ02 14May12:�Initial�version T

Operational REQͲ2014.01 Operating�Modes GHOST�shall�have�four�selectable�operating�modes:�
i)�Standard�or�High�Resolution�Mode,
ii)�TwoͲobject�or�Object+Sky�Mode,
iii)�High�or�Low�Radial�Velocity�Precision�Mode,
iv)�Spectropolarimetry�or�NonͲpolarimetry�Mode.

GHOSDͲ02 14May12:�Initial�version T

Operational REQͲ2015.01 Bench�Mark�Tests It�shall�be�possible�to�perform�BenchͲmark�Tests�to�ensure�adequate�
performance�of�the�instrument:�
i)�After�mounting�the�instrument�on�the�telescope.
ii)�Before�each�block�of�GHOST�observations.

GHOSDͲ02 14May12:�Initial�version T

Operational REQͲ2016.01 Bench�Mark�Tests�1� It�shall�be�possible�for�an�operator�to�determine�if�all�GHOST�operating�
parameters�are�nominal�

GHOSDͲ02 14May12:�Initial�version T

Operational REQͲ2017.01 Bench�Mark�Tests�2 It�shall�be�possible�for�an�operator�to�determine�if�the�spectrograh�is�
aligned�and�focussed�within�nominal�tolerances

GHOSDͲ02 14May12:�Initial�version T

Operational REQͲ2018.01 Bench�Mark�Tests�3 It�shall�be�possible�for�an�operator�to�determine�if�the�positioning�system�is�
operating�within�nominal�parameters

GHOSDͲ02 14May12:�Initial�version T

Operational REQͲ2019.01 Bench�Mark�Tests�4� It�shall�be�possible�for�an�operator�to�determine�if�the�ADC�is�operating�
within�nominal�parameters

GHOSDͲ02 14May12:�Initial�version T

Page�1�of�20

Requirements�Matrix�(GHOSDͲ01) Rev.�1

Verification�Stage/Method: Verification�Matrix
Requirements�Entity ID Title Description Derivation� Version�History�Log Notes Assumptions� CoDR PDP FD BP PreD PostD Comm. Test�

Description
CoDR

Science REQͲ1000 Science
Science REQͲ1001.01 Wavelength�range GHOST�shall�provide�simultaneous�wavelength�coverage�from�363�nm�to�

1000�nm.
Science�white�papers 14May12:�Initial�version � � T

Science REQͲ1002.01 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 � � T

Science REQͲ1003.01 Sensitivity GHOST�shall�obtain�a�sensitivity�of�m=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�a�wavelength�of�500�nm.

Science�white�papers 14May12:�Initial�version � T

Science REQͲ1004.01 Targets�and�field�size GHOST�shall�have�the�capability�to�observe�2�targets�simultaneously�over�a�
7.5�arcmin�diameter�field�of�view.

Science�white�papers 14May12:�Initial�version � � T

Science REQͲ1005.01 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�2�m/s�over�the�full�wavelength�
range�for�the�high�spectral�resolution�mode.

Science�white�papers 14May12:�Initial�version � � T

Science REQͲ1006.01 Spatial�sampling GHOST�shall�spatially�sample�each�target�object�over�a�field�size�of�1.2�
arcsec.

Science�white�papers 14May12:�Initial�version � � T

Science REQͲ1007.01 SpectroͲpolarimetry GHOST�should�provide�a�spectropolarimetric�capability�that�can�distinguish�
all�Stokes�parameters.

Science�white�papers 14May12:�Initial�version � � T

Operational REQͲ2000 Operation
Operational REQͲ2001.01 Observing�Efficiency The�observing�time�(as�defined�as�science�instrument�acquiring�science�

target�photons)�shall�be�greater�than�90%,�exclusive�of�weather,�downͲtime�
attributed�to�other�systems,�or�telescope�acquisition�(i.e.�slew�and�settle�onͲ
target)�time,�with�exposure�times�of�60�minutes.�
This�is�interpreted�as�GHOST�requiring�less�than�6�minutes�to�acquire,�lock,�
calibrate�and�then�start�exposure,�including�overhead�between�individual�
subexposures�(exclusive�of�delays�between�subexposures�caused�by�the�
Gemini�DHS)

Gemini 6May11:�Initial�version � � T
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� � T �
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Design	
  and	
  Development	
  process	
  

•  RFP	
  >	
  science	
  requirements	
  
•  Telescope?	
  
•  Budget?	
  
•  First	
  order:	
  geometric	
  op@cs	
  
•  Second	
  order:	
  raytracing	
  (Zemax)	
  
•  Cos@ng	
  based	
  on	
  second	
  order	
  
•  CoDR	
  



Design	
  and	
  Development	
  process	
  

•  Win	
  CoDR!	
  
•  Update	
  the	
  2nd	
  order	
  design	
  
•  Ini@al	
  mechanical	
  layout	
  
•  Design	
  downselect	
  based	
  on	
  decision	
  matrix	
  
(cost,	
  peformance,	
  science,	
  risk,	
  reliability)	
  

•  Availability	
  of	
  glasses,	
  detectors	
  
•  Preliminary	
  electronics	
  design	
  
•  Preliminary	
  soUware	
  design	
  
•  PDR	
  



Design	
  and	
  Development	
  process	
  

•  Pass	
  PDR!	
  
•  Final	
  design	
  
•  Tolerance	
  analysis(monte	
  Carlo	
  simula@on	
  of	
  all	
  op@cal	
  
fabrica@on	
  and	
  assembly	
  errors),	
  >	
  expecta@on	
  of	
  real	
  
performance	
  

•  Final	
  drawings	
  >	
  final	
  price	
  quote	
  
•  Real	
  mechanical	
  design,	
  thermal	
  flexural	
  issues	
  
•  Final	
  electronics	
  design	
  
•  Final	
  soUware	
  design	
  
•  FDR	
  



Design	
  and	
  Development	
  process	
  

•  Pass	
  FDR!	
  Start	
  the	
  Build	
  
•  Vendor	
  selec@on	
  >	
  testplate	
  design	
  
•  Purchase	
  materials	
  >	
  melt	
  data	
  design	
  
•  Build,	
  vendor	
  test/verifica@on	
  
•  Take	
  component	
  delivery	
  and	
  begin	
  AIT	
  
•  Finish	
  >	
  customer	
  acceptance	
  tes@ng	
  
•  Deliver>	
  commission	
  >	
  publish	
  
•  Service	
  >	
  upgrade	
  



Design	
  Example	
  



Science	
  flow	
  down	
  to	
  constraints	
  
•  Telescope	
  diameter-­‐	
  F/#:	
  
•  Median	
  Seeing	
  >	
  slit	
  width:	
  
•  Detector:	
  
•  Detector	
  pitch	
  >	
  collimator/camera	
  ra@o:	
  
•  Science	
  >	
  

–  R>	
  Dcoll	
  tanθb	
  
–  FOV	
  >	
  camera	
  requirements	
  

•  Physical	
  size:	
  
	
  



constraints	
  
•  Telescope	
  diameter-­‐	
  F/#:	
  	
  10	
  meter,	
  F/15	
  
•  Median	
  Seeing	
  >	
  slit	
  width:	
  0.5”	
  	
  
•  Detector:	
  2K	
  x	
  4K	
  x	
  15um	
  pixels	
  
•  Detector	
  pitch	
  >	
  collimator/camera	
  ra@o:	
  1”	
  slit	
  onto	
  3	
  pixels	
  
•  Science	
  >	
  R=	
  8600/median	
  seeing	
  at	
  1	
  um,	
  FSR	
  =	
  0.4-­‐1um	
  

–  R>	
  Dcoll	
  tanθb	
  
–  FOV	
  >	
  camera	
  requirements:	
  20”	
  slit	
  length	
  

•  Physical	
  size:	
  	
  2.3	
  meter	
  box	
  
	
  

20	
  arcsec	
  long	
  X	
  0.5	
  arcsec	
  wide	
  



Telescope	
  and	
  seeing	
  

•  Telescope	
  plate	
  scale=206265/f(”/mm)	
  
Plate	
  scale	
  =	
  1.375	
  “/mm>727um/”	
  

•  Op@mal	
  sampling=	
  3	
  pixels	
  for	
  median	
  seeing	
  
	
  6	
  pixels/”>0.1667	
  “/pixel	
  

•  R=	
  8600/median	
  seeing	
  slit	
  at	
  1um	
  
•  >R=4300/”	
  
•  R=26000/pixel	
  



Telescope	
  

detector	
  

collimator	
  
disperser	
  

camera	
  

Ω0	



Ω0	
  
DTel	
  

Slit	
  (image)	
  
plane	
  

Spectrograph	
  

Dcam	
  Dcoll	
  

Anamorphic	
  factor,	
  	
  

r	
  =	
  Dcoll/	
  Dcam	
  

Spectrograph	
  magnificaPon	
  =	
  fcamera/fcollimator	
  



Collimator/camera	
  

•  Big	
  as	
  possible	
  make	
  gra@ng	
  work	
  less	
  hard	
  
•  Box=2.3meter:	
  collimator	
  f=2300mm	
  
•  Pupil	
  diameter=2300mm/15=153mm	
  
•  6	
  pixels/”	
  >	
  M=727um/90um=8.077	
  
•  Camera	
  focal	
  length=2300mm/8.077=285mm	
  

collimator	
  
disperser	
  

Dcam	
  Dcoll	
  



Collimator/camera	
  

•  Pupil	
  diameter=2300mm/15=153mm	
  
•  Camera	
  focal	
  length=2300mm/8.077=285mm	
  
•  Camera	
  speed	
  is	
  F/#=F/D=285/153=1.85	
  
•  Lenses	
  are	
  bigger	
  if	
  not	
  at	
  pupil	
  
•  Use	
  matrix	
  op@cs	
  to	
  determine	
  lens	
  size	
  

collimator	
  
disperser	
  

Dcam	
  Dcoll	
  



Telescope	
  

detector	
  

collimator	
  

gra@ng	
  

€ 

Dtelescope

camera	
  

Slit,	
  s	
  

€ 

DColl

€ 

DCam

€ 

Wgrating€ 

Ftelescope

€ 

Fcoll

€ 

FCam
Bingham	
  1979	
  

€ 

φ R=
d1
Dtel

2tan(θb )

Slit-­‐Width	
  resolu@on	
  product	
  



Blaze	
  angle	
  

•  Assume	
  Limrow	
  for	
  now	
  

•  Θ=arctan(4300*1e4/(206265*2*153)	
  
•  Θ=34.2	
  degrees	
  

€ 

φ R=
d1
Dtel

2tan(θb ) tan(θb ) = φ R
Dtel

2d1



Free	
  spectral	
  range	
  

•  FSR=0.4-­‐1.0	
  um	
  
•  Slit	
  length	
  =	
  20	
  “	
  
•  How	
  many	
  orders?	
  
•  Allow	
  10”	
  between	
  slit	
  images	
  =	
  30”/image	
  
•  2048	
  pixels/(6pix*30)=11	
  orders	
  



Free	
  spectral	
  range	
  and	
  order	
  
numbers?	
  

•  Longest	
  order	
  should	
  just	
  fit	
  on	
  detector	
  
=4096pix/26000um/pix=0.157um	
  

•  Higher	
  orders	
  will	
  use	
  detector	
  more	
  efficiently	
  

•  1um/0.157um=6	
  
•  N=6	
  

€ 

FSR = λ /n





α	
  

d1	
  
-­‐β	
  

n	
  

α	
  

-­‐β	
  

n	
  

W	
  

d	
  

€ 

n λ = d sin(α) + sin(β)( )

Gra@ng	
  equa@on:	
  



gra@ng	
  

•  Gra@ng	
  equa@on	
  

•  Limrow	
  

•  N=6,	
  λ=1um,	
  Θ=34.25,	
  d=187.5l/mm	
  
•  Gra@ng	
  length=153/cos(34.25)=185mm	
  

€ 

n λ = d sin(α) + sin(β)( )

€ 

n λ = 2d sin(θ)( )



Put	
  it	
  all	
  together	
  

•  Collimator:	
  2300mm	
  f/15	
  
•  Camera:	
  285mm	
  f/1.86	
  
•  Gra@ng=185mm,	
  187.5l/mm	
  blazed	
  at	
  34.25	
  
degrees	
  

•  Opera@ng	
  in	
  limrow	
  
•  Orders	
  6-­‐17	
  



In	
  reality	
  many	
  things	
  are	
  missing	
  

•  Need	
  to	
  find	
  a	
  stock	
  gra@ng	
  and	
  adjust	
  design	
  
•  Need	
  to	
  consider	
  anamorphic	
  factor	
  
•  Need	
  camera	
  and	
  collimator	
  fields	
  
•  Can’t	
  usually	
  operate	
  at	
  Limrow	
  
•  Need	
  to	
  design	
  the	
  cross-­‐disperser	
  
•  Distor@on,	
  aberra@ons,	
  and	
  a	
  million	
  other	
  
things……	
  



End	
  lecture	
  5	
  
	
  


