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Chapter13
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Coma and astigmatism

ARG

13.1 introduction

I eH

This chapter will continue the program started in chapter 10. the
ZEMAX aberration table is reprised as here as figure 13.1. this
time, however, attention focuses on the transverse spherical
aberration, coma, and astigmatism (indicated the boxed-in
regions). The aberration formulation contained in table 10.1 will
be utilized to compute Seidel and wavefront coefficients for the
singlet introduced in section 10.3. in this way we will obtain
some insight as to the manner in which ZEMAX generates the
aberration numbers displayed in the table.
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Listing of Aberration Coefficient Data

File : A:\Fscovpln.zmx
Title: Lens has no Litle.
ata : MON APR 24 2HHEE

Wavelength : f.6818 MICrans
Petzval radius : -71.53@13
Optical Invariant: §.35848

Sejdel Aberration Coefficients:

surf SPHA 51 |COMA S2|[ASTI 53 | FCUR 'S4 DIST S5 CLA (€LY CTR (CT)
570 0.004B6 | 0.6B23%(| @.00117 | 0.89171 9.p@142 0.00008 ©.00000

£ B.EP113 | -p.@@121)| 6.080130 | ©.00dER -0 0E130 9. 00007 ©.E0050
IMA  D.FPERE | O.0PBER|| O0.00FR3 | U.00088 0.09998 0.0000F ©.08000
TOT  6.@@589 | @.@8118|| @.08247 | 6.49171 0.pddd: @.0000d ©.80000

seidel Aberration Coefficients in Waves:

Surt HE48 W13l Weps W2zp W31l Weza Will
STO  16.11171 | 19.87822 || 9.76945 | 7.12195 11.80173 0©.0ggeR @ 00840
2 2.34180 (-19.85154 | [10.785B9 | ©9.0@000 -11.57388 @.09368 0.06088
IMA  §.0PP@0 | 0.AP000 || 0.0PPBe | Q.00088 O,.00000 ©.50898 0. 06ddd
TOT 12.45351 | 9.82667 | [28.55534 | 7.12195 9.22785 ©.0@6ed 0. 00946
Transverse Aberraticn Coefficients:
surf TSPH T5C0 TTCO TSFC TTFC TOIS TLAL
STO  @.82081 @.@1465 @.84396 0.0177¢ 0.03219 @.068/8 0.6808R
¢ B.80650 -B.@@7A1 -g.BPp23  B.@@7us O GP3BS  -0.9@853 0. GAGOR
TMA  A.70UPW 0.A@@B@ @.9pE0S U.gPPEE 0.G0PEE  Q.0UUMR B, 0d90d
ToT  [B.83677] @.80724 §.82173 B.82565 @ @5596 @.00817 ©.08000

Longitudinal Aberration Coefficients:

Surf LSPH LAST LFCP LFES LFCT LAXE
5T0 8.53316 B.25756 @.18776 ©.31654 @.5741¢ p.oPpee

7 B.BBAG9  @.19563 0.90009 d.@9752 B.79255 (. ARG
IMA  0.00808 ©C.0DESS ©_800@0 O.9¢80p B.GPPEE  0.E00ER
TOT B.45837 B.37168 @.1P878 @.31462 OG.68630 0.0RBRR

Fiu. 13.1 ZEMAX aberration coefficient dara fiss,



GENERAL LENS DATA:

aurfaces
Stop

System Aperture :

Ray aiming
Apadization
Eff. Focal Len.
Eff. Focal Len.
Back Focal Len.
Tatal Track

Image Space F/# :
Para. Wrkng F/# :

Working Fr/#

Image Space N,A.:

Obj. Space N.A.
stop Radijus

Parax. Ima. Hgt.:

Parax. Mag.
Entr. Pup. Dia.
Entr. Pup. Pos.
Exit Pupil Dia.
EXit Pupil Pos.
Field Type
Maximum Field
Primary Wave
Lans Units
Angular Mag.

%
1
Entrance Pupil Diameter = §
: OFF
:Uniform, factor = Q. E0BERE+aEa
- 46 _E6B42 (in air)
49.F6642 (in image space)

48.11323

49.49423

b.132552

6.132557

6. H6548]
f.@B815321

de-g18

4

4,.29221

g

g

g

8

. -40 o4y
: Angle in degrees
5

@.6681

Centimeters
1

Fig. 13.2 Svstem first order properties for singlel,

13.2 Transverse spherical aberration: SA3
R IR BRI 75 SA3
We saw in section 11.8 that the transverse ray aberration for

spherical aberration is given by:

FATE WAE 11.8 #57,

iEbineat Savass ST i)

2 R : 3
= (T )14Woup’] = SA3p (13.1)



From figure 13.1 we see that Wox0=12.4535 A =0.00074846¢cm.
from the first order properties shown in figure 13.2 we see that
the EFL=49.0604cm, and the EPD=8cm. since the object is at
infinity, R=EFL, and r=EPD/2. inserting these values into
equation 13.1:

M 13.1 FATTE H W040=12.4535 X =0.00074846cm . M
SRR BoRfE L 13.2 JAE W EFL=49.0604cm,
Jf H. EPD=8cm . [AAWAAE R4, R=EFL, Jf H.
r=EPD/2 . fliAfHiHEER 13.1:

(49 0604 \ :

=V 29,0604 [4(0.0007488)1 | (13.2)
Sl 55

T = -0.03672 cm = -367.2 um (13.3)

Except for the sign, this is the value shown in the boxed-in
region under the column TSPH. ZEMAX defines TSPH =
s1/(2n’ u' ), whereu’ 1is negative.
R T A5 BN, XA TGS RTE boxed—in XIAEL 22
'~ TSPHs1/(2n’ u’ )b . ZEMAX & X TSPH=s1/ (2n’u’),
MHEu’” 2N,

The ray fan plot is shown in figure 13. 3a, and the
magnitude at the pupil edge appears to correspond to
equation 13. 3. however, when the numbers are called up

(via “text” ), a discrepancy is seen (as indicated in



figure 13.3b). the value at the pupil edge in shown to
be 375.7um. this value is also seen as the geometric
radius in the spot diagram in figure 13.4. finally, when
the ray trace is called up (figure 13.6), the same
number appears once as the y—height in the image plane
for the real ray.

J62k RAY fan 7E[ 13.3.a Bon, I HAEREFLIALZ AN
XNV TAER 13,3 o (HE, HIRXAMEZS I GEE"3CR”),
I — w2 (FER 13, 3b H&H]) o Pl L& 8o &
375. Tum o XV AN LT PARE R G R 13,4
JE, AsmtotgaB ey (KB 13.6), [RIFERE— B HIE
Ny Bl PR e FEEAE AR T O LSRG R

The reason for the discrepancy is that the
calculation for SA3 considers only Seidel aberration
(fourth order in the exit pupil, third order in the
image plane). The real ray is affected by all orders
of aberration, and it is the real ray behavior that is
reflected in both the ray fan spot plots. In our case,
sixth order spherical aberration is the main culprit.

R PZTHE SA3 RS IE T Seidel 52 (5
PURYAE i, 56 —=Fr R, £l ehr G ER RSO
S, JF HIX R S G S AT D SEAR D) 0 U B B AE A
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Fig. 13.4 Spot diagram for singlet.
Real Ray Trace Data:
Surf ¥-coord ¥-coord Z-coord X-tangent VY-tangent
0BJ Infinity Tnfinity Infinity @.000000E @.9000040
1 0.000B@RF+E6F 4.000G@GE+A6R 3 588982E-0@1 ¢.0G@AG00 -8 A566292
2 @.000600E+EAD  3.942119E+000 O.P00AGRE+00E @.0000000 -¢.6827151
3 @.0PPPEAE+PER -3.757323E-002 0.000000E+000 @.0000000 -9.8827151

Fig., 13.53 Ray brace daia for real riy.
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Fig. VA6 Poravial convex-plane thin [ens.

13. 3 ZEMAX off-axis aberration calculations

13.3 ZEMAX BHIG 711

Figure 13.6 updates figure 10.4b to include the chief
ray. The PRT data for the chief ray is given in table
13. 1.

5 13.6 & 10. 4b FI4ME BERME G 0. PRT Hcdls b 35t
BTERR 13.1 451

o

Table 13,1
Surface ¥ 1 T
| 0 D.0RT480  0.060006
2 N.082868 [LOE000G 0L0BT459

The Lagrange invariant (section 5.6) is given by:

frkg M H ANZ (5. 6 #90) 45 -



L = nluy—uv] = iy = 0349955

We will also need some values previously determined in

Section 10.3. these are:
7E 10. 3 # ot e RN TP 77 2 — 2845, XL
A, = 0.178016
A, = —0.081531
Afu/n} = —0.038354
A, {u/n) -0.043177

1l

13.3.1 Coma (Wi31) via Seidel contributions

2= (W131) i Seidel 15211
From table 10.1, the surface-by-surface Seidel formulation for
coma is given by:

M 10.1, K KL Seidel Ay Z=45 H:

Sy = —EB.-A,.}-,.ﬂ.,{:—" . (13.4)

n
)

All the information is on-hand except for the Bi values. From

table 10.1:
i fE B EMAam BT Bi fihr. MK 10.1:

B = nlu+y() 13.5)

For surface 1:

ﬁ—:



B, = 1-[0.087489 + 0 - (0.044504)] = 0.087489
For surface2:
1T
B, = 1.4538[ 0.060006 + (0.082868) - 0] = (.087489
Now employing equation 13.4:
DA ] 13.4:
First surface:
C i}
Si = —(0.087489)(0.178016)4(—0.038354)
S = +0.002389
Second surface:
o]
Sps = =(0.087489)(-0.081531)(3.922774)(-0.043177)
Si» = —0.001208
Surface summation:

EJIHPSYI

Sir = LS + 521

S, = 0.001181 cm
This is the value seen in table 13.1 under the heading COMA
S2.
KR ER 13.1 BEMRB S2 T F .

Recalling that W1s1=Sn/2 we have:



I W131=S11/2 A 1f:
W5 = 0.0005904 cm
W, = 5904 um
Wi = 9.824 A

This is essentially the value seen in table 13.1 under the heading
Wi this is the magnitude of the aberration at the edge of the
pupil.
XACKIEFER 13.1 b5 W13L 2 FEERIM o XA G
FEAEME LA IR 6
13.3.2 Coma(wza1) via Thin Lens Formulation
13.3.2 7 (wian) I HE B I RIE A 5
From Table 10.1 we see that the thin lens formula for coma is
given by:
MR 101 Al FH W& 5 A X & % 4

Also from Table 10.1 we see that the structural aberration

coefficient for coma is given by:
I HE 10.1 FAVE WG E L R B S =4

G,; = eX—fY (13.7)

Since the object is at infinity, the magnification factor

Y=1. Since the lens is convex-plano, the shape factor X=1 as



well. Inserting the values for e and f from Table 10.1, Equation
13.7 reduces to:

AP TCRRR, OKRZE Y=1 . BC@ES T, B
R X=1 . A he AIf kEX10.1, FX13.7
a0

& g P { n+ 1 J_(E!’H—Ij i34
& S nln—1) n (idit)

Since the index is 1.458, & 11 becomes: 6 11=0.99507.
RN #2 1.458, 6 AFRN: 6 11=0.99507

We now have all the numbers needed to insert into S as

found in Equation 13.6.
ATIA P E LN S @553 13.6

Sy = %((}.349955}41(0.020355 ) (0.99507)

S = 0.001157 em

The wavefront aberration coefficient Waa1 is given by:

WG 22 2 Was 45

I §;; = 0.000579 cm

Hﬁ'ﬂi = i
Therefore: W1:1=9.63 A .
K. Wi31=9.63 A

This is close to the value found via the Seidel summation



method. The difference is due to the fact that lens thickness was
not taken into account.
KRB A ol Seidel BRIV, XOEH TR
ST G R REARAG FEF

13.3.3  Astigmatism(W222) via Seidel contributions
13.3.3 #06(W222) il Seidel k75

From Table 10.1, the surface-by-surface Buchdahl

formulation for astigmatism is given by:

% 10.1, K@K Buchdahl FHHEOGA X4 HoA:

1
S = —ZBiyA, { = } (13.9)

fl

All the information is on hand.
WATIEE R
First Surface:

el

Sy = —(0.087489)7(4)(~0.038354)

S, = +0.001174

Second Surface:

e



Syn = —(0.087489)(3.922774)(~0.043177)

Surface Summation:

Je T

S = 181+ 8yl
S, = 0.002470 cm
This is the value seen in Table 13.1 under the heading ASTI
S3.
XRAEMAER 13.1 F5@ ASTIS3 Z T 5
Recalling that:
HOHBAS -

£
Wy = E‘SH.F*

We have:
BT

Wors = 0.001235 cm

sl

This is the value seen in Table 13.1 under the heading Wa22. This
IS the magnitude of the aberration at the edge of the pupil.

XAMEINTER 13.1 A3 W222 2 T XN E BT



FLIAZHI RN
13.3.4 Astigmatism (W222) via Thin Lens Formulation
13.3.4 HOt (W)l it #3555 11 R 18 5
From Table 10.1 we see that the thin lens formula for
astigmatism is given by:
M 10.1 Fefi 1A R HEE S 2~ G5 H
|

~[120 G, (13.10)

I
Worp = §~5m = >

Also from table 10.1 we see that the value of 6 w=1. Therefore,

S becomes:

FHME 10.1 TATE W 6 w=1 5. BTLL, SHI J%H:

S, = (0.349955)°(0.020383) -1

Sﬁr'r = 0.002496 cm

The wavefront aberration coefficient is given by:
WEHTR 2= R4
Wasn = 0.001248 cm

W, = 20.76

Once again the difference between this and the summation

result is due to lens thickness.

PR X AR IZ AR AN 45 R 3 80 N T 5 R
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Fig. 13.7 Generic plot of 6,

13.4 Coma and Lens Bending

MBS

In Chapter 11, we saw how the structural aberration
coefficient 6 1 lent itself to exploring the effects of lens bending
to find the shape that minimized spherical aberration. A
similar procedure can be used with the structural aberration
coefficient for coma, © . Figure 13.7 shows a generic plot for
6 u. It is a linear function described by:

£ 11 B8, TATEN T2 DBRELMARE 61 AR
374 A AR T R A SR ZE B B/ o — AL A
TR ST AR S R, S 1 . 137 SR B uje—
ML E . R AR By

Gy = eX-1Y (13.11)

At the point where this plot crosses the abscissa, 6 u =0.

Therefore:

RN XSRS £, 811=0 o PrbL:



X = 2 bg (13.12)

For an object at infinity, X=(f/e). For an object at unit
magnification, X=0.

— MR, X=(fle) o JBCR—/Mfk, X=0 .
Consider a BK7 singlet with an object at infinity. Operating in d
light, n=1.5168. Consequently, e=3.2107 and f=2.6593.
Inserting these values into Equation 13.12:

# g BK7T HEHE U YR LR K. 1217 d O,
n=15168 . %iR,e=3.2107 Hf=2.6593 . FHAXLEfLHY
#5550 13.12:

X=0.8283
Recall from Section 11.3 that the shape factor for minimum
spherical was X=0.7397, which is not far from that for coma.
HOH 11.3 F o AR A 8 AR N BRAR A2 X=0.7397, AR ANE B
FRARZE 1) b ok B 2
13.5 Coma and Astigmatism vs. F-Number and Field
13.5 &2 MTHOGR Y. ) A8 BRI )

Both coma and astigmatism increase as field angle increases
and as aperture size grows. But now do coma and astigmatism
compete with each other in the same arena? Under what

conditions does one dominate the other? Consider the thin lens



forms for coma and astigmatism as given by Equations 13.6 and
13.10 respectively. For an object at infinity and stop at the lens,
the Lagrange invariant is L=uy. We will also use the relation
f-number=f/2y. Equations 13.6 and 13.10 become:

S ZEATHO G R M 88 001 AU R ok (Hitkin
M ZEMHOGH 2 AR RIFE 15?2 R AT O R —A
FEHI A2 BB AR 13.6 F1 13.10 & HHhH L%
B S ZENHOC. A IR TCIR AT b b EE B, f
M EH AL Leuy o AR A RE AL XA R &
f-number=f/2y . %3 13.6 F113.10 i A:

Sl L .(33)‘(9\ oAy 1
W = 4("”)[\_;'_; sl s i 30 -Lﬁff#J (13.13)
|l O i < s f'ﬁ‘&-']fﬁﬁrm [ 0y | e
Woss = —(y) —— = (liy)] = | = | —— | - FEo it 5
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Fig. 13.8 Differgnce factor plof of coma and astigmarism for a plano-convex thin lens.

From Equations 13.13 and 13.14 we see that coma and
astigmatism have been reformatted into two factors: one factor
IS common to both (unshaded); the other, the source of
difference (shaded). Assuming that 6 uand 6 m are constant,
then, relatively speaking, coma varies inversely with f-number
and astigmatism varies directly with u.

MAEIN 1313 1 13.14 A TH W EEMEOLH — A=
A E X A E A LA Y (unshaded); FoAth, [X
MAYE T (shaded) o i S 1land 8 11 2&fHE M, K5,
P, SRR EAN SOt AR T HAU s Bk u A2 4.

As an example, let us plot the difference part for a thin



plane-convex lens. The structural aberration coefficients become:
6 n=(e-f) and 6 w=1. as indicated in table 10.1, both e and f are
functions of the refractive index. Letting n=1.5, 6 11=0.667. the
resulting plot is shown in figure 13.8.

B, AR an FAT 1A B B DX 038 23 R — A R~
Bi. BESHAREEA: Sli=(e-f)and S1I=1 . KHEY
KWK 101, e M 2 RgMEM . ik n=15, &
11=0.667 . £ RHMOHPIENAER 13.8 -

The numbers along the x-axis represent either the chief ray
angle, u, in degrees or f-number (depending upon which
difference factor is being considered). Recall that:

XAV X FH AT — TR EE, u, FEMEER | fHr
(BT [E A XA )« 4t

i = tanU .

As an example, suppose we have an f/5 system. Considering
the x-axis as f-number, locate 5 and then move vertically until
you intercept the 0.667/(4f/#) curve. From this point, move
horizontally to the left until the chief ray curve is intercepted.
Then drop straight down to the x-axis, which is now read as 1.75
° .at this angle, coma and astigmatism have the same

magnitude. Below this angle, come is dominant. Above

this angle, astigmatism is dominant.



filtn, BRENAE— /56 MRS, BXHMmS/ERN
B, W& b JFHWRGEEEHBEIR 0. 667/ (4F/#) i
e, MR, KPR E) 300 1 2 F 0 th Sk sk i
SR A 1 LT R 21 X, IS IAE R R I B AE R 1,75
o AEIRXRANMARE, SEMBOGA IR . EXDMMEZT,
SEERGUAH . AERXNMAEZ L, HOLRSGI

13. 6 Homework

EN;X (A4

Using the paraxial ray trace data from the homework
for chapter 4 and the A-values computed in the homework
for chapter 10, calculate the amount of coma and
astigmatism (Wis and W) present for a 5° field.

550 AR ok B SE RN SRS 4 T HAFE A
ST B E R, THE R ZE RO I (W31 A
W222) A 5° [,

W, =2

25 E

Wop =7



