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TECHNICAL SUPPORT FOR AXAF

This roport summarizes the results of a stiniy
aftort performed under contract No.: NASS-34Y/3.
The report Is divided into two parts. The first part de-
seribes the effets of ray aberrations due {0 various
surface orrors on the point image , and the second
part introduces a new method and rationale tfor opti-

mizing the performance of nested arrays of grauzing
incidence telescopes.

— “‘(1




L

s ¥

L. PAGE I

I. RAY ABERKATIONS DUE TO SURFACE ERRORS

of the AXAF teleucope

As puart of the overall error analysis
aurembly this ls an attempt lo describe and cateorize the low

froequency, aberration causing surface defuvets o the moat peneral

done by SAG/High bnergy

manner.
This work compliments the analysis

Avtrophysics Division which 1s based on assuming sclected geome-

teie deformations.
A half mr.oidional section of a two-mirror pgruzing incidence

configuration including the basic design parameters is shown in

fig.1.

f

/ Po1

Fig.1: Two~-mirror grazing incidence configuration
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A meridional section of a real, slightly deformed gurface

may be reprusented by the equation

padb%+2kz—wz2+eo+u1z+ezz2+...+eizi1... (1)

where the square root term represents the ideal design surface
and the remaining terms wmake up the surfuce error function. Siunce
tho distributions of surface defects will gencrally not be rotu-
tionally symmetric, they are also a function of the azimuth ungle,

(p; 1»@.,

- 2 J o
eyey tey, ¢+ ey, ¢ +...+eij¢ e ()

so that the complete set of error terms can be summarized as

follows:

- - o i s PN oA eme

Ap(Zld?): ‘i( ﬁoeij¢;))zi (3)

We now divide the total into three main categories of surface
errors:

1. Radial Error: Ap= Ap(z;ﬁ)
2. Axial Slope Error: Aa= -Aﬂiéxgl

3. Circumferential Slope Error: A¢= _é2é£$gl

b))
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I Radial Surface Brror

The radial error can be divided into two components:
a) 4 congtant component:Ap=Apo=coo
b) a variable component:Ap=Ap(z,d)=600
To determine the ray aberration caused by a local error in radius,

Ap, we refor to fig.2.

GAUSSIAN OBJECT
IMAGE PLANE PLANE

Fig.2: Ray aberration due to radial surface error

Since o is a small angle we have

(4)

a

3"0

and

q_-A-Q—:-—P-i'éL—- (5)
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BEliminating o by combining eqs. 4 and 5 yield

Do =82 (1 +221) (512) (0)

Using the surfuce equation,
p? mphtks (7)

and the lens equation

D
=
-

+m

~ _o!
STR- geT (m=5") (8)
one obtains pz=p%[i_(1+m)%'] (9)
oF oxpof1- LB 2 ] (10)
Eq. 10 inserted into eq.6 gives
' ! - ;
pstn EAR (14822) (1410 2 ) (1.2 ) (11)

" which yilelds after developing and neglec¢ting all non-linear

terms of %..
' .
be'mE= [k1+m)-(1-m)(3m+1)%;T]Ap (12)

Eg. 12 applied to primary and secondary gives to the first order

(-:—,'zo):

1. Primary (m1=0)

longitudinal aberration: As}= %t? Ap (13)
lateral aberration : Aroa= Ap (14)
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In the final focal plane the lateral aberration hocaomes
bro= mMalro1= 3—-"-
or,in angular units
Ay o= A2
A‘YO"' 2f [I‘ad]

2. Secondary (ma= %)

18

r
longitudinal aberration: As}= 3 E%Z Ap

lateral aberration ! Arpga= %Ap

or, in angular unite -

(15)

(16)

(17)

(18)

(19)

A special situation exists when Ap=Ap, is constant over the

entire surface. This results primarily in a focal shift and in

a small amount of gpherical aberration.

The longitudihal aberration is formed by the two marginal

rays reflected at z=-z0 and z=+z9. Using eq. 12 we obtain

AAs'=As" (-zo).,Asl (tZo)': -ﬁz;'!g'('l-m) (3m+1)8p0

(see fig.3)

(20)
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Mg.3: Focal ghift and circle of least c¢onfusioun due to a
constant radial error

Applied to the two surfaces we obtain:

1. Primary (m,=0)

— !
Mean focal shift (for z:=0, p1=po1): As!= %ﬁ: Apo (21)
longitudinal aberration thAAs )= %%f‘ﬁpo (22)

f
radius of circle of least confusion:Arixa A%Q*‘”%§+’%il Apo
“5

= %g% Apo (23)

For best performance the first focus of the secondary must coin-

clde with the location of the circle of least confusion. This is
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azhleoved by adjusting the mirror geparvation, Jd, by the amount

S

1
! 3 )
Ad=Agy=—=dt An ol
81 Oo1 o (24)

Then the diamoeter of the eircele of loast contrusivn in the final
focal plune 1s

2Ar= m25§+ Apg= %%% Ap o (%)
1 ‘i

In angular units 1t is

RAy= %gi é%& [rad] (R6)

or, since s!=f/m, and m2=§,

QZ\.’Y:"(%#QA;)Q [I'E.d] (27)

2. Secondary (m,=3)

Mean focal shift(z2=0, pz=poz): As)= % %%; Apo (28)

longitudinal aberration tAAG = % %ﬁf Ap o (29)

radius of circle of least confusion: Ar,= g 5&# Apo (30)
, i

The diameter of the cirdle of least confusion is then

-5z
2or= 7 5} aeo (31)
or in angular units *
= 2 Z . ;
20v= ¢ 5H po [xad] (32)
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IT Axiul plope Error
The uxial slope error cun also be divided into two cumponunts:
) o cunviant componentide=Ang=01g
?

b) a variable componnnt;Aaaﬁéu-olo

To delermine the longitudinal and laterul rauy aberration cuusoed

by a Inceul axial slopo orror we rcfer to fis.d.

Aa
—— g/r
\S‘;\&:’géa
~
: T
NN
'Y N
~ \
S Aro\‘*7$<;t-2aa
A~ .
N Ay RS- Ag’

GAUSSIAN
IMAGE PLANE

Fig.4: Ray aberration due to an axial slope error

It is
a-200= Sr=triey (32)
or A
As'za—-s—A-&- -(S'-Z)z%(1+2—a)-(3"2) (33)
It 1
is also a=s$-z (34)
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By. 34 incertod into ey. 33 gives
As'ag%ﬁ (3'-2)% (<)

Finully, wafter roplacing p by ¢q.10 wne vhialin..

Y 2 [/ .
a9 =222 14 (n-3) | no (40)

Hg. 3¢ applled to primary and secondary gives Lo the firat opdeps

1. Primary(m;=0)

t 2
lengitudinal aberration: Aslg Q%tT Au (47)
lateral aberration t Argg= 25§Aa (18)

In the final focal plane the lateral ray aberration becomes

Ar g = mgAr01=s;Aa (39)
In angular units
5!
A*{o=-f.-l- Aa [rad] (40)
or, since 51=f/m2=2f

AY o=2Aq [fa@] (41)

2. Secondary (m.=#)

12
longitudinal aberration: As;= 2%%;— Aa (42)
o
lateral aberration : Arga= 28; Ao (43)
'
or, in angular units : Ayo = 2%3 Aa (44)
= Q.Q-A.ZAQ
Por
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A spovinl oltuatlon exlebs again when Aw Aay io cumibant v p
the entipe surface, Thio regults aluoo primarit, o a fveu:
ghift and in & swall amount of sphorical abwerration,

The orror fauection cauglng a conptant axial Siope crrar oo
Ap-Awg%, i.¢., there dp o radlul crror of bLhe apmount daga
aadsosiated with the slope orror which resultyy uecording be g 1y
in an addibional foeal phift of %;(1+m)zhao. Ty ameunt st

be addaed to eyg, 36 for the total focal shif't.

1 28 4 8 e
dn' =S 1+(m-3)23, Aao+po(1%m)“,Auo

2
=287 44 (pet)2

) X Aag (45)

The longitudinal aberration is formed by the two marginal raya
roflected at z=-z9 off the surface, Using eq. 45 one obtalns

for the longitudinal aberration, (see fig.5)
AAa'=Ae'(-zo)-As'(+zo)=gﬁégk(1-m)Aao (46)

Applied to the two surfaces we obtain:

1. Primary (m,=0)

— 2
Mean focal shift(z;=0,p1=ppl):Asi=2§%7 Aa g (47)
longitudinal aberration :AAs§=A§%%f* Adg (48)
radius of circle of least ]
confusion =AP1=A%§1 =22 ¢ 1A, (49)

10
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Pig.5: Focal shift and circle of Least confusion due to
& constant axial slope error

To match the first focus of the secondary with the location
of the circle of least confusion the mirror separation,d,nust

be adjusted by the amount
—_— A2
sa=35} =32 —4pq, (50)

Thus the diameter of the circle of least confusion in the final

focal plane is
RAr=4mazo1Aa0=220140, (51)

or in angular units, ”

2Ay=3%&Aaa [rad] (52)

11
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4. Seconduary (mgaé)

— =312
Mean foonl shift (ZlQO.ﬂlgﬂol)3L55J26%;‘Amg (h3)
 oabies
longitudinal aberration :AASZRQ‘D;Z‘ Ay (54)
radiuse of cirele of leagt Ads!
. 2 n’a e . ., B,
vonfugion LAY 2 i @iy, My (nh)
The diameter of the circle of Lleapt confuvion 1. thoo
RAr=2%92A00 (50)

or in angular units
2Ay=23%3 At g (57)

It may be mentioned here that ray trace results showed that the
spherical aberration due to a constant axial slope error can be
completely compensated by an appropriate separation change,Ad.

For the primary this is

=aAgl =PS54

Ad=3As # T Ao (58)
— 2

and for the secondary Ad:%ﬁz sg=’§%;ano (59)

A similar compensation cannot be made for a constant radial

surface error.

III Circumferential Slope Error

A small local circumferential slope error may be represen-

ted by a corresponding decenter. Slope error,Ad, and decenter,

12



ORIGINAL PAGE !5
OF POOR QUALITY

Ax, in accordance with fig.6 related by

are,

Ax=pAd
A
o "'L -
) ) :“ ar‘;‘rﬁ.'n"’:* "7-! o

/'. - \ e .

I rd )
PR \ oo
T | A o
/ ~ v A

| y o
P \p X

\
Y

i
1

H

1

!

Ax !

Fig.6: Circumferential Slope error

Applied to primary and secondary we have:
1. Primary

The ray aberration in the primary focal plane is

Ar 1=0x=p 140
snd in the final focal plane

- = pi
Ar~m2Ar1- P A?
or in angular units

Ay=ﬂl

r .
2fA¢ Lrad]
2. Secondary

The ray aberration in the secondary and final focal plane

13

(61)

(62)

(63)

is

(60)
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A?z=(m+1)ﬁzﬁ$“%mzA¢ (64)
or Lr anpgular units
ay=gp o0 (05)

A constant circumferential slope error amounts tou a constant

radial change which has been treated in section L.

Thig work will be continucd by applying bthe results to thhe

AXAF telescope assembly.

Yo

14
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SUMMARY OF RAY ABERRATIONS DUE TO SURFACE ERROW:

This is a summary of the calculated effcechs of varioup
surface errors on the peint image of grazing ineidence toule-
scopes applied to the aix subsystems of theo AXAI Tolescopo
Aggsembly. In order to write the equations as functlionsof tihe
following system parameters,

te system foeal lTonglh (- 4001in, )

b: back focal distance (b=3801in.)

poitcenter radius of first gsurface (pey - 3,88, 000, 149,04
16.94,14.7¢, 1,63 iu.)

Zo1:half length of first surface (201=15.8 t.i.)

we make use of the followiny relstions:

S’1=f/2. g—ﬁ='ib-. and Z02=%Zog .

1., Local Radial Surface Error

A local error in the mirror radius, Ap, causes the following
ray aberrations in the final Gaussian focal plane:
on the primary: Ay,= %% =0.001254p rad

on the secondary:dye= 2%% =0,003754p rad

2. Constant Radial Surface Ei1 >r

A constant radial surface error,Apo, over the entire surface
causes a focal shift as well as a small amount of spherical
aberration. '

On the primary:

diameter of circle of least confusion:2Ay=T%%f7Apo=2.5-10'5Aporad

separation change to compensate focal shift:Ad=%§ Apo=%99Apo
01 01

15
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on the secondary:
Iy N
dlameter of elrele of least aonfuuiuu:ﬁAY*Jﬁf 200 110" Apgrad
[N

. ” v o O f 24 U0
separation echunge to compensate focul Shlit:Ad'ﬁ%IAuo>L%;TApo

3. Logal illope Error

A local axiul slope error,Aq, causes the followiug angular ray
aberrations in the final Gaussian focal plane:
on the primary:Ayy,=2Aa rad

on the secondary:Awo=2%Aa=1.9Au rad

L. Constant Axial Slope Error

A constunt axial glope error, Aoy, over the entire surface causaes
a foecal shift and spherical abesrration. The spherical aberration
can be completely compensated by an appropriate separation change.
This results, however, in a final focal plane shift, Ab.

On the primary: 2

compensating mirror separation:Ad=4§?1Aao=6.4'1Osﬁ%%
f2 500

resulting focal shift :Ab=-3;1Aao=1.6'10 E;f

On the secondary:
compensating mirror separation:Ad=-4§%1Aao=6.1'105931

Poa
resulting focal shift :Ab=%%1Aa°=1'5'105%%f

5. Circumferential Slope Error

A local circumferential slope error, A¢, causes the following
angular ray aberrations in the final Gaussian focal plane:

16



ORIGINAL PAGE i3
OF POOR QUALITY

on the primary: AYO=941 Ap=0.00125pe 109  rad
2f

on the secondury:AYo=2%%%l =0,003%56p¢ 140 rad

A congtant circumferential slope error is equivalenl Lo u
constant radlul surface error.

17
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II. OPTIMIZING THE GRAZING INCIDENCE TELESCOIE

Slnew any attempt Lo improve tne pert.riuance of
the convoentional Wolter-type telescops turns out to be
futile, it may be interesting Lo see what an "ideal”
grazing incidence telegcope would look like,

The condlition for such a system is found by
examining its aberrations. The primary aberration of
a grazing incidence two-mirror telescope is ptiven by
a eingle bterm,

861 =-55- (4-22.1)0%c0su

where A&' is the lateral ray aberrvation,f the system
focal length, ¢ the half field angle and w the polar
angle in the entrance plane. The remaining quantities
areé given in fig.1.

v

By — 22

Fig.1: Two-mirror grazing incidence geometry

The aberration term controls the lateral
aberration as well as the field curvature; i.e., both

18
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decreasc linearly toward the intersection of primary
and secondary, and disappear for z;md/g. Optimum
performance is, therefore, obtained in the vieinity
where the two surfaces adjoin. The concept of such

a short element system is shown in fig. 2. Obviously,
the shorter the element length, the less the collecting
area per element, and a large number of rings are
required for a sufficiently large total collecting
aroa.

L 2R 20 AR

Fig.2: Conceptual drawing of“a short element
grazing lncidence telescope.

As an example a system was analyzed consisting of

100 4 in. long elements with radii between 14 in. and
24 in. yielding about the same accumulative
collecting area as AXAF,

A performance comparison between the AXAF telescope

anéd the optimum configuration is given in fig.3.

o o~
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Figure /4 shows tho approximate number of elements (pub-
systems) and the performance trend »f u nusted syabem of
prazing incidence telescopes as o funetlon of Lhe yubon
Length,

Common system paramoters are:

OQuter Hadius: 24 in.
Inner Radius: 14 in.
Focal Length: 400 in.

R1
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the system length
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