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SKW engine uses our patent pending Al based wavefront
sensing technology. The wavefront and related aberrations are
determined from a single defocused star even under seeing
limited condltlons

43.7969.36207 - G4BT,

~
“\Users\Gaston Baudat\Documents\SKSS\Code\WFS\WFA_Demo_GSO8
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- This presentation describes how to align a Ritchey—Chrétien
telescope (RCT) using SKW.

- First, we discuss basic concepts and definitions before looking
at an example (a 8” RCT).

- Telescope optical alignment requires two steps:

1. Alignment of the mirror optical axes. Both axes need to be
superimposed. Defined as congruence in this presentation.

2. Setting the correct distance between both mirror vertices.
Defined as spacing in this presentation.
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Incoming Starlight Parallel Beam
On Axis

<

Front of the Telescope

a M2 Optical Axis A2

Secondary Mirror M2 /

M1 Optical Axis Al

X Z

Axis Coordinate System

Some Definitions

Primary Mirror M1

Camera Sensor Plane S

/
/IR

Center of Sensor CS

Back of the Telescope
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The goal is to superimpose both optical axes A1 and A2 to
make them congruent.

Al is the reference axis. For an aspherical mirror, it is its axis of
revolution.

By definition, a star is on-axis when its incoming beam is
parallel to Al, even if its image is not located at CS.

When the axes are congruent, the star ima?e on the sensor
plane is the telescope’s optical center (OC) location.

In practice, when the axes are congruent, we can reasonably
assume that OC is close enough to CS.
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In general a mis-aligned A2 exhibits, relative to Al, offsets and
tilts in 2 directions X & Y for a total of 4 degrees of freedom.
Spacing omitted (2).

M2 Offset and Tilt Relative to M1 Optical Axis Al

M2

A2
Starlight Beam Tilt
Relative to Al ) M2 Offset Relative to Al
M2 Tilt
Relative to Al
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There is a point along Al, known as the coma free point (CFP),

such when A2 crosses Al at the CFP the RCT is 3 order coma

free across the all field, even if both axes are not congruent.

Therefore, a coma free RCT is not necessarily aligned yet, large
unbalanced off-axis astigmatism may still exist!

° Congruence
! < 3rd Order Coma Free Point

1

RCT third order coma free point CFP

Y

M2
Cg- Z
A2
X
CFP —I_
) M2 Offset Relative to Al

M2 Tilt
Relative to Al

When A2 crosses A1 at the CFP the telesocpe is 3rd order coma
free across the all field, even if A1 and A2 are not congruent!

Third order coma free point
Located along A1 usually behind M2
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When Al & A2 are congruent a RCT exhibits balanced off-axis
astigmatism. At a cI;iven off axis radius astigmatism is either
tangential or radial symmetric with a constant magnitude.
Field lenses (corrector) may reduce it to a minimum.

CS: Center of Sensor

OC: Optical Center
Roff: Off-axis radius
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When Al & A2 are not congruent. A RCT exhibits unbalanced off-
axis astigmatism. At a given off axis radius astigmatism is neither
tangential nor radial symmetric and it has variable magnitude.

Unbalanced Third Order
Off-Axis Astigmastim

OC: Optical Center
Roff: Off-axis radius

CS: Center of Sensor
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RCT telescopes are 3" order coma free across the all field when
aligned, the converse is not necessarily true.

Both M1 and M2 tilt/tip adjustments are necessary for reaching
congruence.

Failing to follow the proper alignment procedure leads to an
ever-increasing off-axis astigmatism even in the absence of
coma.

Step #1: Adjusting (tilt/tip) M1 to remove on-axis coma.
Step #2: Adjusting (tilt/tip) M2 to balance off-axis astigmatism.
Repeat step #1 and #2, in this order, until the on-axis coma is

removed, and the off-axis astigmatism is balanced.
Convergence takes usually 2 to 3 iterations.
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In this example A2 is tilted back vertically by 0.1° and offset up
by 0.5mm, not at scale. The star at the CS is overwhelming
dominated by alignment induced coma, here 0.2 wave rms.

Images at CS
RCT mis-aligned

Initial State

M2 vertical tilt
M2

M2 vertical offset Extra Focal Defocused Star Image

A
L

A1
% v

In Focus Star Image
(seeing limited)
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The SKW features a tool named collimator for alignment which
displays a score mark inside a target. Coma only should be
selected. The mark is oriented toward the point where M2 is
the most tilted forward (in this RCT example the +Y direction).

Opfical analysiss ——————— 65,115 ADU 0 px

SKW dCOIIIm atolr coma | astigmatsm | | spheica | SKW Collimator Tool . Le!vel Gauge
rovides anaular St e Ay score Miark X Star Offset (pixel)

ﬁwformation%n Goal

relation with the SR

axis coordinate Score > 8

system used in v

this presentation. | x;!

Corrective action: £ ff~|

Pull M1 at the

Bosition indicated s )
y the SKW score

mark angular direction
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The defocused star image is strongly affected by any M2 central
obstruction (CO) offset for any reason, while the in-focus image

is not. SKW provides quantitative aberrations independently o
such offset.

Extra Focal Defocused Image

Offset CO (vertical)
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Coma has been removed across the all field. Image at CS, near
the OC, is DL (S5R>99%). Al crosses A2 at the CFP.

However Al & A2 axes are not congruent yet, they are still
tilted leading to unbalanced off-axis astigmatism.

RCT mis-aligned after step #1 corrective action
Coma is removed, A2 crosses A1 at the CFP

Extra Focal Defocused Star Image




(o]
T 9N,

® ommmup Congruence
< |r! “ Understand SKW Astigmatism Score

Innovations Foresight

The astigmatism aberration used in SKW features two identical
maximums and minimums on the wavefront phase error.

As a result, the SKW collimator score mark, for a given
magnitude, could be at any of two opﬁosme positions along the
same axis. We shall mainly focus on the score magnitude for
the step #2 RCT congruence alignment.

Astigmatism " ' ° R E:I::IL I|::5|t|on are
Peaks
400 | /

Astigmatic PSF

SKW Collimator Tool
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Analyze stars at a given off-axis radius. Astigmatism only
should be selected. Corrective Action: Pull M2 at the angular
position indicated by the lowest SKW score (here at 90°, +Y)

Off-axis astigmatism after step #1 corrective action

Score = 3.0 Score =1.8 Score = 3.0

5% /4
0 .
‘ ’.r é

Score = 3.9 90 Score = 3.9
o» Off-Axis | Angles )
# _n
- .

Score = 6.4 - Score =4.5

Y @6 @?,;@
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For a given off-axis radius (here 14mm from CS) astigmatism has
been balanced by adjusting M2 only until the SKW off-axis scores
are close to each others. Some mixt of tangential & radial
astigmatism is acceptable if the scores are alike. This RCT does
not have a corrector leading to some native off-axis astigmatism
when Al & A2 are at, or near, congruence.

Off-Axis Astigmatism Scores

On-Axis Coma Score

135° off-axis

SCORE =4.8

90° off-axis

SCORE =4.8

450 off-axis

SCORE =4.8

180° off-axis

SCORE =4.9

“On-axis”
at CS near OC

SCORE =10.0

0° off-axis

SCORE =4.9

2250 off-axis

SCORE =5.0

2700 off-axis

SCORE =5.0

315° off-axis

SCORE =5.0

In Focus Star Image
(seeing limited)



t On
o

'Y o
< iFI 9 Part 2: Spacing
Innovations Foresight

The goal is to set the distance d between both mirror vertices
to its optimal value dO.

Departure from d0 leads to mainly primary spherical
aberration and defocus. The telescope focal plane moves.

For most telescope optical design prescriptions, the spherical
aberration increases quite slowly with d.

Therefore, a large primary spherical aberration may very well
be related to the scope optics itself not its alignment.

Since SKW retrieves and uses the wavefront data, the
sgherlcal aberration is computed independently of any other
aberrations, such as coma or astigmatism.
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In this example d<d0 by -11mm leading to -0.14 wave rms of
negative primary spherical aberration.
The focus shifts forward by 178mm with this RCT optical design.

RCT telescope

M2

In Focus Aberrated Star Image

Extra Focal Defocused Star Image
(Negative Primary Spherical)

Aberrated PSF
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The SKW collimator tool displays the score and the sign of the
primary spherical aberration. Spherical only should be selected.
A negative sign implies that d<dO0, a positive one that d>dO.

QOptical analysis: o
e SKW Collimator Tool

Coma Astigmatism | Spherica

44 px
. . /]
Aberration Selection Vi

Primary Spherical Sign

]

¥
Y Star Offset ‘l

FRAME: #3

3.5
POOR

Collimation Score

65,115 ADU 0 px

Signal Level Gauge
X Star Offset (pixel)
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- SKW determines wavefront allowing for an accurate and fast
quantitative optical alignment of telescopes using the relevant
aberrations. Score goal = 8, the green zone.

Step #1 Congruence using coma only

Pull M1 at the C‘J_ositi_on indicated by the SKW score
mark angular direction.

REPEAT

- Step #2 Congruence using astigmasim only

Pull M2 at the angular position indicated by the
lowest SKW score of the off axis defocused stars.

2. Spacing using spherical only

Increase the mirrors spacing if the SKW spherical
aberration sign is negative, decrease it if positive.
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