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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?	  





ABCD	  Matrix	  Concepts	  

•  Ray	  Descrip@on	  
–  Posi@on	  
–  Angle	  

•  Basic	  Opera@ons	  
–  Transla@on	  
–  Refrac@on	  

•  Two-‐Dimensions	  
–  Extensible	  to	  Three	  

Ray Vector 

Matrix Operation 

System Matrix 



Cascading	  Matrices	  (1)	  

Generic Matrix: 

Determinant (You can show that 
this is true for cascaded matrices) 

V1 R1 T12 R2 V’2 

Light Travels Left to Right, but 
Build Matrix from Right to Left 



The	  Simple	  Lens	  (Matrix	  Way)	  

z12 

Front Vertex,V Back Vertex, V’ 

Index = n Index = nL Index = n’ 



Building	  The	  Simple	  Lens	  Matrix	  

Simple Lens Matrix 

z12 

V V’ 

n nL n’ 



The	  Equivalent	  Lens,	  Using	  the	  	  System	  
Matrix	  to	  get	  everything	  you	  need!	  

z12 

Front Vertex,V Back Vertex, V’ 

Index = n Index = nL Index = n’ 

Here	  is	  what	  we	  did	  last	  @me	  for	  a	  lens	  system	  



The	  Equivalent	  Lens,	  Using	  the	  	  System	  
Matrix	  to	  get	  everything	  you	  need!	  

z12 

Object plane Image Plane 

Index = n Index = nL Index = n’ 

Now	  consider	  going	  to/from	  object/image	  

Moi = τ 32R2τ 21R1τ1

αο 

x1 

O i 

αι 

xi 



The	  Equivalent	  Lens,	  Using	  the	  	  System	  
Matrix	  to	  get	  everything	  you	  need!	  

z12 

Object plane Image Plane 

Index = n System Matrix for 
 equivalent lens 

Index = n’ 

Now	  consider	  going	  to/from	  object/image	  

Moi = τ 32R2τ 21R1τ1

αο 

x1 

O i 

αι 

xi 



The	  Equivalent	  Lens,	  Using	  the	  	  System	  
Matrix	  to	  get	  everything	  you	  need!	  

Moi = τ 32R2τ 21R1τ1

M	  	  	  =	  
A	   B	  

D	  C	  



The	  Equivalent	  Lens,	  Using	  the	  	  System	  
Matrix	  to	  get	  everything	  you	  need!	  

Moi = τ 32R2τ 21R1τ1

M	  	  	  =	  
H	   G	  

E	  F	  
xn
' = Hx +Gγ

γn
' = Fx +Eγ



Where	  

H = A+ iC
G = −o− ioC +B+oD

F =C

E = D−Co



Using	  the	  	  System	  Matrix	  
Case	  1:	  E=0	  

xn
' = Hx +Gγ

γn
' = Fx +Eγ

Output	  angle	  independent	  of	  input	  angle	  

o = D
C

Front	  focal	  distance!	  



Using	  the	  	  System	  Matrix	  
Case	  2:	  H=0	  

xn
' = Hx +Gγ

γn
' = Fx +Eγ

Output	  height	  independent	  of	  input	  height	  
Output	  height	  propor@onal	  to	  input	  angle	  

i = −A
C

Back	  focal	  distance!	  



Using	  the	  	  System	  Matrix	  
Case	  3:	  F=0	  

xn
' = Hx +Gγ

γn
' = Fx +Eγ

Output	  angle	  independent	  of	  input	  height	  
Telescope	  condi@on!	  

E = γ
'

γ
Angular	  magnifica@on	  



Using	  the	  	  System	  Matrix	  
Case	  3:	  G=0	  

xn
' = Hx +Gγ

γn
' = Fx +Eγ

Rays	  emi_ed	  at	  a	  fixed	  height	  	  
arrive	  at	  a	  fixed	  height	  independent	  of	  angle	  

i = Ao−B
D−Co

Object	  and	  image	  distances!	  

o = B+Di
A+Ci



Aperture	  stop	  

Metal	  or	  glass	  

COLD	  for	  NIR	  

Entrance	  pupil	  

(image)	  
Exit	  pupil	  

(image)	  

Field	  stop	  

Object	  >	   <	  Image	  

Now	  you	  can	  use	  the	  matrix	  representa@on	  to	  solve	  	  
for	  Entrance	  Pupil	  and	  Exit	  Pupil	  for	  any	  system!	  



Now	  can	  calculate	  the	  exit	  pupil.	  



Geometric	  Theory	  of	  Aberra@ons	  
(Eikonal	  analysis,	  what’s	  an	  eikonal?)	  

Ideal	  	  

real	  Y	  

Z	  

Zreal

Zideal

Zreal − Zideal = Sρ
4 −CyYρ2 + Ay2Y 2 +Ky2ρ2 +Dy3Y

y	  

ρ = X 2 +Y 2

dΔZ
dρ

= slopeangle(radians)

Yintercept =
dΔZ
dρ

f



Geometric	  Theory	  of	  Aberra@ons	  
(Eikonal	  analysis)	  

Zreal − Zideal = Sρ
4 −CyYρ2 + Ay2Y 2 +Ky2ρ2 +Dy3Y

Where	  

S=	  Spherical	  	  
C=Coma	  
A=As@gma@sm	  
K=Field	  Curvature	  
D=Distor@on	  

Z =OPD
dΔZ
dρ

= slopeangle(radians)





















How	  to	  “fix”	  aberra@ons	  

•  On-‐axis	  >	  	  y=0	  

Zreal − Zideal = Sρ
4 −CyYρ2 + Ay2Y 2 +Ky2ρ2 +Dy3Y

0	   0	   0	   0	  

Zreal − Zideal = Sρ
4

Zreal
2 − A1Zreal − A2ρ

2 = A3

This	  is	  a	  parabola.	  	  Perfect	  image	  quality,	  zero	  field.	  



How	  to	  “fix”	  aberra@ons	  

f	  
c	  

Zreal − Zideal = Sρ
4



f	  
c	  

T	  

Zreal − Zideal = Sρ
4 = (n−1)T

T = ρ 4 / (S(n−1))

T = ρ2

2R
−

ρ 4

4R3(n−1)





End	  lecture	  2	  
	  


