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ABSTRACT

Designing an adaptive optics (AO) system for extremely large telescopes (ELT’s) will
present new optical engineering challenges. Several of these challenges are addressed in
this work, including first-order design of multi-conjugate adaptive optics (MCAQ)
systems, pyramid wavefront sensors (PWFS’s), and laser guide star (LGS) spot

elongation.

MCAO systems need to be designed in consideration of various constraints, including

deformable mirror size and correction height. The y,y method of first-order optical
design is a graphical technique that uses a plot with marginal and chief ray heights as
coordinates; the optical system is represented as a segmented line. This method is shown
to be a powerful tool in designing MCAO systems. From these analyses, important

conclusions about configurations are derived.

PWES’s, which offer an alternative to Shack-Hartmann (SH) wavefront sensors (WFS’s),
are envisioned as the workhorse of layer-oriented adaptive optics. Current approaches
use a 4-faceted glass pyramid to create a WES analogous to a quad-cell SH WES.
PWES’s and SH WFS’s are compared and some newly-considered similarities and PWFS
advantages are presented. Techniques to extend PWFS’s are offered: First, PWFS’s can
be extended to more pixels in the image by tiling pyramids contiguously. Second,

pyramids, which are difficult to manufacture, can be replaced by less expensive lenslet
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arrays. An approach is outlined to convert existing SH WFS’s to PWFS’s for easy
evaluation of PWFS’s. Also, a demonstration of PWFS’s in sensing varying amounts of

an aberration is presented.

For ELT’s, the finite altitude and finite thickness of LGS’s means that the LGS will
appear elongated from the viewpoint of subapertures not directly under the telescope.
Two techniques for dealing with LGS spot elongation in SH WES’s are presented. One
method assumes that the laser will be pulsed and uses a segmented micro-
electromechanical system (MEMS) to track the LGS light subaperture by subaperture as
the light is returned from the upward-propagating laser pulse. A second method can be
used if the laser is not pulsed. A lenslet array is described which creates “pixels” which
are aligned with the axes of the elongated spot of each subaperture, without requiring

special charge-coupled devices (CCD’s).
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1. INTRODUCTION

In man’s insatiable quest to see ever-dimmer, ever more-distant, and ever-older objects in
the universe, he has built ever-bigger telescopes at an astonishing clip—increasing the
telescope diameter by about an order of magnitude every 100 years! This is 2 orders of

magnitude per century in terms of collecting area!

Largest Apertare Optical Telescopes

4.00 -
3.00
2.00 4 Keck N
Soviet
Hale & *
1.60 +
- &
eag: @ &
2 0.00 - Herschel o A‘
&
g ®
e ¢
& ® &
5 1.00 Lo
B
£ . .
g "
'é 260 + Newton
= . "
aD Calileo & u refractors
3 3004 B
Lippershey # reflectors - speculum
4.00 1 & refiectors - silver on glags
human eye o
-5.00 ¥ 3 t + ¥ 3 t + + t ¥ +
1500 1550 1600 1650 1700 1750 1800 1850 1500 1950 2000 2050 2100

year

Figure 1- 1: Collecting area of several telescopes versus commission date. Telescope
collecting areas have increased approximately 2 orders of magnitude each century.
(Nelson)
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As new, larger telescopes have been built, older telescopes have been threatened with
obsolescence. However, the advent of adaptive optics (AO) has breathed new life into
the smaller telescopes. AO systems correct for the deleterious effects of atmospheric
turbulence that would otherwise degrade images (Babcock); see figure 1-2. With AQ,
telescopes achieve diffraction-limited images (full-width, half maximum (FWHM) of
~A/D), rather than seeing-limited (~0.5-1.0 arcsec) images. For a telescope such as the
Lick 3 meter, the improvement from ~1 arcsec FWHM to ~0.14 arcsec at an observing
wavelength of 2.2u represents a dramatic increase in scientific throughput:
approximately a factor of 50! At this point, current AO systems for medium and large
telescopes are fairly mature—for example, the AO system on the Lick Observatory 3
meter telescope is on the telescope 30% of the time (Gavel), even with other potent

instruments available to the observer.

Astronomical
Science Telescope Tip-tilt
object Corrector |
® I
* Wave-
Reference ; Wavefront
S K:> front [ Reconstructor
ource sensor ]
Wavefront r
Turbulent Corrector /]
Layers _ﬂ_y. - T~
{ Compensated Servo Loops
L Image

Figure 1- 2: A typical astronomical adaptive optics system (from Hardy).
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The success of AO on smaller, existing telescopes has prompted planners of the next
generation of telescopes, dubbed “Extremely Large Telescopes” (ELT’s) to plan for a
more integral implementation of AQ, rather than as an “add-on”. Indeed, the promise of
“winning” at a D* rate (two powers of D for the collecting area, two powers of D for the
improved resolution) is impossible to ignore. Thus, it is commonly accepted that the next

generation of extremely large telescopes (ELT’s) will use AO.

In the past and present, AO systems have been single-conjugate (SCAOQO) as shown in
figure 2, i.e., they have one deformable mirror (DM) correcting at one height in the
atmosphere according to wavefront sensor measurements taken from one reference
source or “guide star” (GS). The guide star may be natural (NGS) or created by a laser
(LGS). Typically, the deformable mirror (DM) is placed conjugate to the telescope
primary (often called, “the ground layer”). This is done because most of the turbulence is
located near the ground. The WFS detects the wavefront from the GS. This measured

wavefront error is the integrated wavefront error over the entire height of the atmosphere.

If all of the turbulence were located at the ground layer and corrected with a DM
conjugate to the ground layer, then we could have an arbitrarily large corrected field. But
this is not what happens in reality—there are turbulence/refractive index changes at
altitudes above the ground and this means that the required correction is different at

different field angles; see figure 1-3. The angle over which the required correction is
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relatively good (i.e., root-mean-square (rms) wavefront error < 1 rad®) is termed the
isoplanatic angle (Fried 1982). In other words, beyond the isoplanatic angle, the
correction will be wrong because the light from that field angle will go through
atmosphere other than that which was measured. Not surprisingly, then, the isoplanatic
angle is fairly small (~10-20 arcseconds in diameter centered about the guide star, for an

observing wavelength of 2.2u). (California Association for Research in Astronomy

(CARA))

Beam A4 %

Telescope
aperture

Figure 1- 3: IHlustration of angular anisoplanatism. The wavefront measured within
Beam A (the guide star) is not valid for Beam B (the science object) since the two
volumes of atmosphere are different. Thus, a correction which is perfect for Beam A will
not be perfect for Beam B. (from Hardy)
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The isoplanatic angle can be calculated given statistical knowledge of the vertical

distribution of the refractive index variations (Fried 1982).

~3/5
6, =| 2.914k> (sec ()8’3jczh C2(h) h‘”{l
h

where k = 2—7[
A
¢ = zenith angle )
h = altitude

C; (k) = refractive index structure parameter

Given the isoplanatic angle, the wavefront variance (in radians®) due to anisoplanatism

can be calculated by equation 2 (Fried, Hardy):
6 5/3
0‘2 = — 2
< ’ > {90 ) ( )

The limited isoplanatic angle has an adverse effect on system performance in two ways:
first, the field that can be observed at any one moment with significant correction is
limited by this isoplanatic angle; this limits the scientific “throughput” (measured,

perhaps, in data points per second) of the AO system. The second effect is that the
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isoplanatic angle limits the fraction of the sky for which natural guide star (NGS) AO can
be used. This effect comes about because we need a relatively bright guide star
(typically, brighter than ~14™ magnitude), and stars this bright are, on average, much
“further apart than the isoplanatic angle. In fact, NGS SCAO can be used over only about
1% of the sky (CARA). These figures are for a science wavelength of 1.25u and a target
Strehl ratio of 3% under conditions with 0.5 arcsec seeing, 8p=4 arcsec, and Greenwood
frequency of 50Hz; the atmospheric parameters are measured at A=0.55p. Changing the
science wavelength to 2.2y improves the sky coverage by about a factor of 10-20. The

complete set of assumptions is given in CARA.

This limitation is somewhat overcome by the use of laser guide stars (LGS’s) (Foy, Max),
which allow placement of a GS in an arbitrary field position on the sky, nominally above
the atmosphere. In addition, a natural tip/tilt star of 17%-19% magnitude is required to
stabilize the scene, but these are 1-2 orders of magnitude more common than
appropriately-bright NGS’s for high-order correction (CARA). Furthermore, the
isokinetic angle (i.e., that angle over which the tip/tilt component of the atmosphere is
relatively constant) is considerably larger than the isoplanatic angle (~10 arcsec vs. ~60

arcsec). The end result is that the LGS AO system can be used over ~50% of the sky.

In order to expand the corrected field, Beckers proposed a multiconjugate adaptive optics

(MCAO) technique; see figure 1-4 for two variations on MCAO to be discussed below.
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MCAQO systems seek to correct over a larger field of view by correcting at multiple layers
in the atmosphere with multiple DM’s using wavefront measurements from multiple
guide stars. The appeal of MCAOQ is apparent: the scientific throughput of an MCAO
system is approximately (HO’MCAO /6 scao )2. There is another potential improvement: that
the PSF in an MCAO system may be more constant across the field of view than in an
SCAO system. This makes deconvolving a scene much easier. It is also provides more
opportunity to capture a well-corrected “PSF star” (i.e., a known “point source” whose
image is used to deconvolve the image from the science target) within the same frame as
the science target. Doing so eliminates the time-consuming and scientifically-ambiguous
process of imaging the PSF star, then the science field, and then back to the PSF star.
The strategy here is that if the PSF star’s image stays constant, then the observer is more
confident that the same PSF applies during the science image. But what happens if the
PSF’s image isn’t constant? It is then difficult to know how to deconvolve the image. A
larger field with a more consistent correction avoids this 1ssue as well as improves the

observing efficiency.
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Figure 1- 4: Two methods of MCAO-—star-oriented or tomographic MCAO (left) and
layer-oriented MCAO (right). Both methods correct at multiple heights in the
atmosphere using multiple DM’s and multiple WFS’s. Tomographic MCAO uses one
WES per guide star and brings all the information together in a computer, which issues
commands to the collection of DM’s. Layer-oriented AO combines the light from all
guide stars, with one WES per DM. In LOAO’s purest form, each WFS controls its
corresponding DM. Versions of LOAO have been suggested where the data from all
three WFS’s are brought together in one computer.
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With this promise, an MCAO system will be commissioned for the first time (on the
Gemini 8m telescope) shortly (Ellerbroek). But the question of how to implement
MCAO on ELT’s is one with many open issues. We know that an MCAO system will
require multiple DM’s but it is not clear what the best way is to lay out such a system.
We know that we do not currently have in hand DM’s with sufficient numbers of
actuators and sufficient size to implement MCAQO. Where should we put our limited
development money? The answer can be guided by an evaluation of the first-order optics

of such a system.

Once we have DM’s, what approach should we take to sensing wavefronts and
controlling the DM’s? Two approaches have been suggested: tomographic AO (a.k.a.
“star-oriented AQO”) and layer-oriented AO (LOAO) (Ragazzoni 2000b). Conventional
“tomographic” approaches to MCAO involve measuring wavefronts from a variety of
angles (basically, one WFS per guide star ), reconstructing the three-dimensional
aberration distribution function via tomography and assigning the resulting distribution
function to the various DM’s needed for MCAQO. In contrast, a LOAO scheme would use
a “confocal” technique to measure the wavefront aberration contribution from a

designated atmospheric layer (integrating the light from the several guide stars together,

* although it may be possible to “slice-and-dice” multiple guide star wavefront measurements onto one

physic’zﬂ camera; similar approaches can apply to LOAO as well.



23

so that there is one WES per layer); the measured wavefront would then be used to
control a DM conjugate to that designated layer. In this way, the control of an LOAO
system would be via a few independent control loops. Since there are likely to be many
fewer guide stars than layers, a LOAO system would yield fewer WFS’s than a
corresponding tomographic MCAO system. This is an important point — the smaller
number of WFS’s will result in important cost, complexity, and possibly performance
improvements. These performance improvements from fewer WFS’s derive from the

concomitant reduction in pixels and hence reduction in total read noise.

Now, in an LOAO scheme, there is a question of how should the light from several GS’s
be sensed and combined. Ragazzoni (1996) has proposed using a pyramid WES (figure
1-5). The PWFS, to be discussed in Chapter 3, is similar to the SH WES, but reverses the
order of aperture division and field division, and so produces 4 pupils on the CCD, each

one corresponding to a field quadrant.

The PWES is convenient for combining the light from several guide stars, as called for in

LOAO. Such a beam-combining scheme is depicted in figure 1-6 (Ragazzoni 2002b).
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Figure 1- 5: Schematic of a pyramid wavefront sensor (from Esposito). A converging
beam focuses on the apex of a 4-facet pyramid. The pyramid divides the light into 4
beams, one for each quadrant of the field, similar to a quad-cell. A subsequent field lens
re-images each beam’s pupil (I; I, I, Is) onto a CCD. A tip-tilt mirror in the pupil plane
enables a circular scan of the image around the apex of the pyramid; this enables
adjustment of the sensitivity of the wavefront slope measurement.

pyramids @
image plane

Y —

pupils

\ \L CCD

\__ field lens

Figure 1- 6: Beam-combining scheme for layer-oriented AO. Each guide star is imaged
onto its own pyramid that splits the light into 4 beams, as described in figure 1-5. A
subsequent field lens common to all of the pyramids combines the beams and creates 4
pupils on the CCD. In the figure above, the black lines represent chief rays; the gray
lines are marginal rays. The solid rays after the pyramids are directed to one pupil
corresponding to one field quadrant/facet; the dashed rays are directed to another pupil
corresponding to another field quadrant/facet.
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While it has been suggested that LGS’s may not be necessary for ELT’s (Ragazzoni,
2000a), some groups are planning for LGS’s for the same sky coverage reasons given
above. The fact that ELT apertures are so large means that the LGS will appear from
some subapertures to be quite elongated (~3.5 arcseconds for a center-launched LGS on a
30m telescope). While LGS spot elongation occurs on existing telescopes, the effect has

been negligible because the apertures are not nearly as large as for ELT’s.
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Figure 1- 7: (top) Schematic illustration of LGS spot elongation effect in a Shack-
Hartmann WFS (from Goncharov). (bottom) Geometry of laser guide star showing spot
elongation. The LGS, shown as a heavy line above the telescope, is located at an altitude
of h with a depth of Ah. The elongation varies with the distance of the subaperture from
the launch aperture (d); the left-most subaperture shown here. The angular elongation
from the perspective of this subaperture is AB=(Ah/h)(d/h)=Ahd/h’,

The purpose of this work is to consider some of the optical design issues in AO systems
in ELT’s. A complete discussion of all aspects of ELT AO system design is well beyond

the scope of this document, and well beyond the scope of any one person. The issues that
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we will consider are some of the ones that concern an optical engineer, as opposed to
astronomers or system designers. In particular, we will discuss the following issues:
first-order optical design of MCAO systems, wavefront sensing of LGS’s which appear
elongated due to their finite depth, and pyramid wavefront sensors. These topics are

introduced below.

In chapter 2, we will discuss the first-order design of a MCAO relay. It is a non-trivial
task to figure out how to design an AO system that meet requirements of DM mirror sizes
and altitudes at which they are placed, order of correction, and other constraints. It turns
out that the Delano, or y,y method of first-order optical design is the perfect tool for
considering these requirements. The y,y method 1s a graphical design technique that
represents an optical system as a trace of connected line segments in a Cartesian plot. The
(x,y) coordinates of the trace are given by, respectively, the chief and marginal ray
heights at the various optical elements in the system. Figure 1-5 shows a sample optical

system in the common side-view layout and as represented in a y,y diagram.
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Figure 1- 8: A sample optical system in a conventional side-view (top) and as

represented in a y,y diagram (bottom).
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In chapter 3, we will discuss the issues related to PWFS’s which are proposed as the
workhorse of LOAO (Ragazzoni 2000b). We will examine properties of PWFS’s and
extend the techniques to use multi-cell wavefront sensing. We will also propose a novel
method for constructing a PWFS and point out how existing SH WFS’s can be easily

turned into PWES’s.

Chapter 4 will deal with methods to combat LGS elongation. LGS elongation imposes
stiff penalties in laser power requirements and so is worth investigating (University of
California and California Institute of Technology). A method will be proposed to reduce
spot elongation for the case of pulsed lasers. A second method will be proposed for use

with non-pulsed lasers.

For concreteness, we will deal with a specific ELT design. The lessons learned here can

be extended to other currently contemplated ELT’s.

The ELT design to be used here is a Ritchey-Cretien telescope with a 30m diameter, /1.5
primary and an f/15 image located 15 m behind the primary (in an unfolded layout); this
is the design used in the conceptual design of the California Extremely Large Telescope
(CELT). The prescription is given below in Table 1-1. (University of California and

California Institute of Technology). A layout of the telescope is given in figure 1-4.
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Radius of | Thickness (m) | Diameter Conic constant
curvature (m)
primary -90 -39.545 30 -1.002716
secondary -12.121 54.545 3.64 -1.524629
image

Table I- 1: Optical prescription of ELT to be used in this work.

e
U —
e S

Figure 1- 9: Layout of ELT to be used in this work. The image is folded to the side of

the telescope with a flat mirror. The prescription is given in the text.

The resulting first-order properties of this ELT are listed in Table 1-2 below:




Primary diameter

Focal length @ cassegrain focus
Front focal point

Rear focal point

Field-of-view
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30m

450m

3.3km above telescope
19m behind primary

2 arcmin diameter

Table 1- 2: First-order properties of ELT to be used in this work.

The design of the CELT primary mirror calls for a large number (~1000) of hexagonal

segments tiled together to create a 30m diameter mirror. For purposes of this work, we

will neglect the non-circular nature of the aperture due to hexagonal segments.
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2. THE USE OF THE Y,Y DIAGRAM IN MCAO DESIGN

2.1. Introduction

The optical design of an MCAO system logically begins with a first-order design. This
allows us to identify key design issues to be answered and we will be able to state clearly

the penalties for imposing various constraints upon the design that impact science return.

In this chapter, we will use the y,y design technique (Delano, Shack 1973, Shack 1991,
Ditteon, Bauman 2001) for the MCAO relay design. As noted in Chapter I, the y,y
design technique is a graphical approach to first-order optical design; the method will be
sketched in section 2.3 and its principles reviewed in section 2.5. While the yy
technique is not new, its application to MCAO as a superior/elegant design and

communication method is new.

2.2.  Choices in first-order design techniques

An optical design task begins with a set of requirements and constraints. In proceeding
from these requirements to a first-order design, a designer traditionally follows one of the
following approaches:

e Take an already-developed first-order design and adapt or extend it to the current

application.
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e Solve (either by hand, by commercial or homegrown mathematical code, or via
commercial lens design code) sets of simultaneous equations where the variables are
element powers and distances between elements, and the constraint equations may
include desired focal length, magnification, and size constraints.

e Use an iterative, trial-and-error approach to satisfying the constraints and

requirements.

The first approach is useful for “conventional” applications that are at most evolutionary
from existing designs. The second and third approaches can be used for less
conventional designs, but do not yield much insight into the problem or the trade-offs or

opportunities therein.

2.3. They,y method

However, there is another design technique that uses the Delano, or “y,y” diagram to
represent the optical system. The y,y diagram is outlined below; the principles are

reviewed in more detail in section 2.5.

For any optical system, we can trace the marginal and chief rays through the system, as

shown in figure 2-1. We can then record the marginal ray and chief ray values (referred

[0S

to as “y” and y”, and pronounced “y” and “y-bar”, respectively, from here on) as shown

in Table 2-1.
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Figure 2- 1: Marginal and chief rays traced through an optical system with 3 optical

elements (1, 2, 3)

y (marginal ray height) | ¥ (chief ray height) (mm)
(mm)

Object 0 -17.6

Lens 1 (pupil) 25 0

Lens 2 | 20.8 8.8

Lens 3 37.5 26.5

Image 0 10.6

Table 2- 1: Marginal and chief ray heights at various surfaces in the optical system

Alternatively, we could display this same information as a series of connected line

segments in a Cartesian plot with y on the horizontal axis and y on the vertical axis, as

shown in figure 2-2. This plot, called the y,y diagram, is a graphical representation of the

system.
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Figure 2- 2: v,y diagram of optical system represented in figure 2-1 and table 2-1. The
y,y ray begins at the object and traces to the first optical element, labeled "1”. Each kink

in the y,y diagram represents a powered optical element. The y,y ray ends at the image
point.
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Comparing the y,y method to the previously-discussed first-order design techniques

(extrapolation of existing design, solving simultaneous equations, and trial-and-error), the

v,y method offers several technical benefits:

Graphical representation: the first-order properties of a system and of optical
elements can be represented graphically. This is a powerful aid to communicating to
the non-optical engineer, who often considers optical design to be a black art.

Physical realizability: The y,y method yields all and only physically-realizable
solutions (i.e., “if and only if”) as long as one simple graphical rule is obeyed. This is
one of the rare cases where an optical engineer can answer with certainty that a
design is or is not possible, i.e., the y,y method provides an “existence proof.”
Development of intuition and unorthodox solutions: The y,y method illuminates the
tradeoffs to be considered in an optical design and points out solutions to a design
task that do not use conventional optical blocks such as telescopes and afocal relays.
Further, these benefits are gained while learning intuition for the design, as opposed
to solving simultaneous equations or letting design codes run blindly to satisfy an
underconstrained problem.

Ease of use: No lens design software is required for y,y analysis. A spreadsheet or
CAD program (my usual preference) makes the method very easy to use. It is also

amenable to “white-board” discussions.
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2.4. y,y as communication tool

One of the strengths of the y,y method is that its graphical form and arguments are easily
accessible and appealing to non-optics experts. The stakeholders of leading-edge
telescope projects such as GSMT or CELT constitute a widely diverse group. The end-
users of systems are astronomers who often have little background in optical design or in
instrumentation; they often just want to know why their AO system must have so many
optical surfaces that are stealing precious photons from them and adding deleterious
infrared background photons. An unelaborated answer of “It can’t be done” does not
satiate the questioner—his response, whether stated or not, is likely to be, “Well, try

harder.”

At the other end of the spectrum are those that sponsor projects such as these — donors,
governmental program managers, and congressional staff members. They want to know
why the astronomers’ concerns are not being adequately addressed, and they feel
somewhat powerless in understanding issues or being able to contribute the resolution. A

method such as y,y offers would-be bystanders a chance to participate.

In sum, the fact that y,y design follows easily understood rules of geometry is valuable in

breaking down the barriers between users and engineers.
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It 1s perhaps unusual to consider concerns that one might dismiss as being “sociological
matters”, but these very issues are part of the reality of large telescope programs. A
thirty-meter telescope, along with its integral AO system, does not get built without a
successful reckoning with the complex sociology of such a project. To the extent that
technical issues can be aired and resolved in an inclusive manner, the project derives

strength from its wide ownership.

Finally for optical engineers, the geometric nature of the y,y technique offers great power
in grasping the complex first-order properties of an MCAO system. As will be seen, y,y
is well suited for considering the multiple layers of correction in MCAO, the order of
correction, sizes of optics (including deformable mirrors) and entrance/exit pupil
considerations. These considerations will be crystallized into well-defined trade-offs.
We will be able to state, for example, a requirement to correct atmospheric layers in order
of increasing altitude will result in additional optical surfaces, equal in number to the
number of DM’s, whereas waiving this requirement allows us to have only one surface
beyond the number of DM’s. This is the kind of statement which brings the resolution of

this question to front-burner status.

Just as important as any of these other points is the fact that a y,y discussion ends
arguments. An ELT project can be delayed and made more costly by concerns that are

not adequately addressed in the questioners’ view. As an example, the end-users would
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love to have an MCAO system which uses small (~300mm) DM’s and which does not
have any optics other than the DM’s themselves. We will be able to state without
question that this notion is simply not practical, and that no combination of money,

design effort, or DM development will change that answer.

2.5. Review of relevant v,y principles

We will now briefly review the common features and properties of y,y diagrams. Figure

2-3 provides an example y,y trace exhibiting many common features.
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Figure 2- 3: Sample of a y,y diagram with several common features illustrated.

Collimated light:

Real object/image:

For collimated light, the marginal ray height is constant, and so is
represented as a horizontal line on the diagram.

An image is formed where the marginal ray height is zero, i.e.,
where the y,y ray crosses the horizontal axis. The y coordinate at
that point gives the height of the image. Note that we can
interpret the horizontal axis (the y axis) in terms of an {/# for a

given system since the image size is proportional to the f#.



Virtual object/image:

Real pupil:

Virtual pupil:

Element powers:

Conjugate lines:

Distances:
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same as real image, but the y,y ray does not cross the horizontal
(y) axis; rather the extension of this ray crosses the horizontal
axis—this is the virtual image.

For a pupil, the chief ray height is zero, so a pupil is located
where the y, ray crosses the vertical (y) axis. The y coordinate
at that point gives the radius of the pupil.

Same as real pupil, but again the y,y ray in that optical space
does not itself intersect the vertical (y) axis; rather, the extension
of the y,y ray does.

A positive element will cause the y,y ray to “kink” and bend the
ray towards the origin. A negative element will bend the ray
away from the origin.

A line through the origin represents the locus of points that are
conjugate to each other. This would seem reasonable given that
the horizontal axis (which passes through the origin, of course)
represents images, which are all conjugate to each other, and that
the vertical axis represents pupils, which are all conjugate to each
other.

The distance between two points (A and B in figure 2-3) is

proportional to the area of the triangle consisting of the two



Diameter contours:

Focal length:
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points of interest, and the origin. The proportionality constant is

the Lagrange Invariant:

Distance between A&B = tap = 2 nA,o0as/ XK,
where XK=Lagrange Invariant= n(yu-yu)
A, 0ap = area of triangle OAB

n=index of refraction

The locus of points describing a constant optic diameter is
represented by a diamond such that 2(ly| + [y})=diameter.

The focal length of an element is obtained by finding the distance
between the element and its focal point; see figure 2-4. The focal
point is found by constructing a line through the origin that 1s
parallel to the y,y ray in the space before the element (i.e., the
object space of the element). The focal point is located where
the image space y,y ray crosses this construction line. The focal
length is then obtained by calculating the distance between the

element and the focal point.

If the y,y ray “kinks” towards the origin at the lens, then the area

is positive and the focal length is positive; this 1s in agreement
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with the “element powers” section above. If the y,y ray kinks

away from the origin at the lens, then the area is negative.

positive
element

focal length =
2¥hrea of triangles/H

ok ject

construction
line

Figure 2- 4: Finding the focal length of an optical element. Construct a line through the

origin parallel to the object space y,y ray. The image space y,y ray will intersect the
construction line at a point F. The focal length is 2 nA ,oar/ XK.

Physical realizability: An optical system is physically realizable if and only if the y,y ray

always maintains the same sense of rotation (i.e., clockwise or
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counterclockwise) about the origin. Physical realizability does

not contemplate aberrations nor prohibit extremely fast f#’s.

Under the definition of the Lagrange Invariant used here, the y,y
ray rotates clockwise around the origin if the Lagrange Invariant
is positive and counterclockwise if the Lagrange Invariant is

negative.

On occasion, we will need to display the y,y diagram on an anamorphic scale. This is
convenient when the marginal ray heights are very large (many meters) and the chief ray

heights (i.e., field angles) are very small, as with an ELT.

We state without proof that as long as the axes’ labeling remains unchanged, there is no
change in any y,y property, with a single exception: the “diamond” nature of the optic
diameter contour line (i.e., a square rotated at 45° to the axes) is distorted to a rhombus

where the angles are not 90°. Figure 2-5 demonstrates this.

2.6. v,y diagram of an extremely large telescope

For work presented later in this chapter, we will need the y,y diagram for our telescope.
The specifications, presented in Chapter 1, that we will use will be:

e 30m diameter, f/1.5 primary (aperture stop)
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¢ 4m diameter secondary

e /15 cassegrain focus

e Field of view (FOV) is *=300urad = = larcmin (the FOV of a Ritchey-
Cretién telescope is much larger, but the AO system will use this smaller

field)

In figure 2-5, we can see the resulting y,y diagram. As required, we have collimated
space (object at infinity), so the y,y ray is horizontal. We know that the marginal ray
height needs to be 15m (30m/2) and that at the primary, the chief ray height is zero
(because the primary is the aperture stop). The y,y ray following the primary is aimed at
y intercept of (1.5%30m)*(300urad)=13.5mm. The secondary intercepts the y,y ray at the

4m diameter diamond contour, and redirects it towards the /15 intercept (y=135mm).
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object space ™
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Figure 2- 5: v,y diagram of 30m, /15 ELT with /1.5 primary and 4m diameter
secondary. Note that the scaling is anamorphic.

2.7.  Application of y,y principles in MCAQ design

27.1. Introduction

In this section, we will apply the principles of y,y to MCAO design. In the rest of section
2.7, we will implement various constraints into the y,y diagram. Then in sections 2.8 and
2.9, we will engage in a “design study” where we change various assumptions and
evaluate the consequences. In section 2.8, we will perform the design study assuming no
requirement on the order of correction of DM’s; in section 2.9, we will assume that there
is an order-of-correction requirement, from lower altitudes to higher altitudes. We will

discuss this order-of-correction issue in section 2.7.6.






