
Hubble Trouble

1 Disussion

In the artoon version the inredibly expensive Hubble Spae Telesope (HST) was so awed that it

needed to wear glasses. What happened?

They say that history doesn't repeat itself, rather it rhymes. Jump bak entury: when George Rithey

was born (1864) the largest telesope in Ameria was a 18
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-inh refrator built by Alvan Clark & Sons.

When he died (1945) the great 200-inh reeting telesope �naned through the e�orts of George Hale

(1869{1938) was nearing ompletion atop Mt. Palomar. That hange in emphasis: from builder to

fund-raiser, is part of the odd history of how the disoveries of the most famous telesope designer and

builder (Rithey) were not inorporated in the \telesope of the entury": the Palomar 200-inh.

The simplest telesope mirror to make has a spherial urvature. The problem with suh a mirror is

that it has \spherial aberration:" rays near the axis ome to a fous further from the mirror than rays

near the edge of the tube:

Spherial Aberration: Solution: Paraboli Mirror

This problem of di�erent foal points for rays going through di�erent rings of the aperture, is solved

by grinding the mirror into a parabola of revolution: a paraboloid. However the paraboloid mirror has

another problem: oma. The image of objets not exatly in the enter of the �eld of view are distorted.

An o�-axis star looks like a omet:

O�-axis Star Images Su�er from Coma: Coma: Image of Star is Comet-like:

Eah dot in this piture represents a ray's inter-

setion with the foal plane. The rays far from

the enter of the aperture and near the sattering

plane end up in a omet-like envelope of a usp-like

fous.

It turns out that it is impossible to remove oma using just one mirror. But Rithey and Henri Chr�etien
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1879{1956, Frenh astronomer who �rst met Rithey while working at Mt. Wilson in 1910



disovered that slight hanges in the shapes of the two mirrors that make up the usual astronomial

telesope an anel both spherial aberration and oma. Exited by his disovery, Rithey tried to

onvine his boss Hale to allow him to inorporate the \new urve" in the mirrors of the Mt. Wilson

100-inh telesope then under onstrution. Hale found Rithey guilty of taking his plan to Hale's

patron for the projet (John Hooker), and then grousing that the old urve mirror he was onstruting

for Hale was inferior to what might have been. As soon as Rithey �nished the Mt. Wilson mirror,

Hale �red him and proeeded to use his great inuene to make Rithey an \un-person" in Amerian

astronomy. (E.g., he onvined historians to delete mention of Rithey's quite signi�ant ontributions

to astronomy [e.g., his disovery of novas in distant galaxies℄ and blakballed nomination of Rithey for

several prestigious awards.) Rithey never saw his great idea exeuted in a big telesope. It took nearly

�fty years for the e�ets of Hale's suppression to be undone. In 1958 Aden Meinel, �rst diretory of

the Kitt Peak national Observatory, modi�ed the original plan and deided to build the 84-inh as a

Rithey-Chr�etien. Sine that time essentially all big telesopes (e.g., the 10 m Kek) have been built to

the \new urves" alulated by Rithey and Chr�etien.

Return to the reent past: The Hubble Spae Telesope (a Rithey-Chr�etien, of ourse), the world's

most expensive telesope, is found to be perfetly ground to the wrong shape. The lassi instrution:

\measure twie, ut one" had been violated. With faulty measuring rod in hand, the folks at Perkin-

Elmer, ground the mirror until the faulty measuring rod said \stop!". As a result the primary mirror

was about a fator of �ve more hyperboli than the urve spei�ed by Rithey and Chr�etien.

Primary Mirror (as built)Secondary Mirror

focal plane

         c 	 = 1/11.04170 m

        e2	 = 1.0139

        R 	 = 1.2 m

         c 	 = 1/1.358065 m

        e2	 = 1.4960

        R 	 = 0.14 m

4.907010 m 1.500128 m
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The above is a diagram of HST. The light moves from the left, bounes o� the primary mirror and

heads bak towards a fous just beyond the seondary mirror. It never reahes that fous; instead it

bounes o� the seondary whih redues the onvergene of the beam, and sends the light bak through

a hole in the primary to a fous about 1.5 m behind the primary. Aording to Rithey and Chr�etien

the mirrors should be onstruted of hyperbolas of revolution|hyperboloids:
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whih an be solved as:
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z1[x ,e , ℄= x^2/(1+Sqrt[1+^2 x^2 (e^2-1)℄) . . . we'll be using x as our radial variable

z2[x ,e , ,d ℄= x^2/(1+Sqrt[1+^2 x^2 (e^2-1)℄)+d . . . The seondary hyperboloid is displaed a

distane d above the �rst

We seek to ray-trae the light from the stars. These rays are lines, and hene:
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where the veloity v should be the speed of light (but speed is of no aount in what follows|we seek

only the path of the light), and r

0

is the initial position. We an �nd the loation where the light ray

hits the primary mirror:

Solve[(vx t+ x0)^2==(vz t+z0)^2(e^2-1)+2 (vz t+z0)/,t℄

mirrort1[x0_,z0_,vx_,vz_,e_,_℄=t /. Last[%℄

normal[x_,z_,e_,_℄={-x,z(e^2-1)+1/}/Sqrt[x^2+(z(e^2-1)+1/)^2℄

The funtion mirrort1 now gives us the \time" the ray hits the mirror. (The Last is needed as there

are two intersetion points between a hyperboloid and line; Last piks out the orret one.) In order

to reet our ray, we need a vetor perpendiular (normal) to the surfae. r� is normal to onstant �

surfaes.

We seek a vetor desription for reetion rather than the usual

\angle of inidene equals angle of reetion". We note that the

omponent of v perpendiular to the normal is unhanged whereas

the omponent of v parallel to the normal is reversed. Thus:

v

0

= v � 2n(n � v)

{vxp,vzp}={vx,vz}-2 normal[x,z,e,℄( normal[x,z,e,℄.{vx,vz} )

n
v
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We take as our r

0

for the new line the boune point, i.e., the point of intersetion between the line and

the mirror.

tp=mirrort1[x0,z0,vx,vz,e,℄

x0p=vx tp+ x0

z0p=vz tp+ z0

Thus x0p, z0p, vxp, vzp desribe our outgoing line.

Following this logi through the seond mirror allows us to de�ne a funtion whih gives us the loation

of the ray when it passes through the foal plane.:

lineFP[x0_,z0_,vx_,vz_,e_,_,e2_,2_,d_℄:=(tp1=mirrort1[x0,z0,vx,vz,e,℄;

x0p=vx tp1+ x0; z0p=vz tp1+ z0;

{vxp,vzp}={vx,vz}-2 normal[x0p,z0p,e,℄( normal[x0p,z0p,e,℄.{vx,vz});

tp2=mirrort2[x0p,z0p,vxp,vzp,e2,2,d℄;

x0p2=vxp tp2+ x0p; z0p2=vzp tp2+ z0p;

{vxp2,vzp2}={vxp,vzp}-2 normal2[x0p2,z0p2,e2,2,d℄( normal2[x0p2,z0p2,e2,2,d℄.{vxp,vzp});

tp3=(-1.5-z0p2)/vzp2;

Return[vxp2 tp3+x0p2℄ )

2 Homework

Copy the above funtion on a sheet of paper and explain what every line does.

The following ommand will insert the Hubble funtion into Mathematia:

<<Hubble.m

With the given parameters, Hubble is out of fous. You need to �nd new mirror parameters to get the

rays to properly fous. With spherial aberration, rays far from the axis miss the foal plane.

lineFP[1.2,5,0,-1,e,,e2,2,d℄^2 + lineFP[-.9,5,0,-1,e,,e2,2,d℄^2 +

lineFP[.6,5,0,-1,e,,e2,2,d℄^2 + lineFP[-.3,5,0,-1,e,,e2,2,d℄^2



These rays are all going straight down the tube (vx=0) at various o�-axis loations (x0 = 1:2;�:9; :6;�:3)

and should ome to a fous at the origin of the foal plane. A miss (lineFP 6= 0) is an aberration; we

want to minimize the square of the miss distane.

(lineFP[0,5,0.001,-1,e,,e2,2,d℄-lineFP[1.2,5,0.001,-1,e,,e2,2,d℄)^2+

(lineFP[0,5,0.001,-1,e,,e2,2,d℄-lineFP[-.9,5,0.001,-1,e,,e2,2,d℄)^2+

(lineFP[0,5,0.001,-1,e,,e2,2,d℄-lineFP[.6,5,0.001,-1,e,,e2,2,d℄)^2+

(lineFP[0,5,0.001,-1,e,,e2,2,d℄-lineFP[-.3,5,0.001,-1,e,,e2,2,d℄)^2,

These rays are from a star near the edge of the �eld of view. The o�-axis rays ( with x0 = 1:2;�:9; :6;�:3))

should go the same plae as the the rays that start at the enter of the tube. We minimize the square

of the deviation. Thus I suggest:

FindMinimum[lineFP[-1.2,5,0,-1,e,,eH2,H2,dH℄^2+lineFP[-.9,5,0,-1,e,,eH2,H2,dH℄^2+

lineFP[-.6,5,0,-1,e,,eH2,H2,dH℄^2+lineFP[-.3,5,0,-1,e,,eH2,H2,dH℄^2+

(lineFP[0,5,0.001,-1,e,,eH2,H2,dH℄-lineFP[1.2,5,0.001,-1,e,,eH2,H2,dH℄)^2+

(lineFP[0,5,0.001,-1,e,,eH2,H2,dH℄-lineFP[.9,5,0.001,-1,e,,eH2,H2,dH℄)^2+

(lineFP[0,5,0.001,-1,e,,eH2,H2,dH℄-lineFP[.6,5,0.001,-1,e,,eH2,H2,dH℄)^2+

(lineFP[0,5,0.001,-1,e,,eH2,H2,dH℄-lineFP[.3,5,0.001,-1,e,,eH2,H2,dH℄)^2,

{,.99*H,1.01*H},{e,.99*eH,1.01*eH}℄

should �nd the needed orretion to the primary. eH, H, eH2, H2, dH are the as-built Hubble

parameters. We seek a minimum lose to the urrent values, whih should give us the design parameters

for the primary mirror.

3 Postsript

It is disheartening to know that the Hale \suess" story|suess in this very early e�ort at funding \big

siene"|has at its ore authoritarian suppression of real disovery. Hale sought disovery after \his"

telesopes went on-line, and suppressed inonvenient disovery. We see similar aws in the expensive

programs at n.a.s.a.

I'd like to lose on a happier note, and lukily this story has a happy ending, or perhaps one might say

a prequal. While Rithey and Chr�etien solved the problem of oma with mirrors, it was �rst solved

with lenses by Ernst Abbe (1840{1905). The solution is generally alled the Abbe sine rule. In 1866

Abbe, then a professor of physis at Jena (Germany), was approahed by Carl Zeiss with various optial

problems. The Carl Zeiss Foundation desribes Abbe's work at this time as follows:

One year after beginning the manufature of the Carl Zeiss ompound mirosope, in 1873,

Herr Abbe released a sienti� paper desribing the mathematis leading to the perfetion

of this wonderful invention. For the �rst time in optial design, aberration, di�ration and

oma were desribed and understood. . . As a reward for his e�orts Carl Zeiss made Abbe a

partner in his burgeoning business in 1876.

Beoming wealthy through his optial work and a partnership with Zeiss, Abbe set up and endowed

the Carl Zeiss Foundation for researh in siene and soial improvement in 1891.


