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1 General information

1.1 Purpose

This note compares the advantages and disadvantages of several possible configurations of beamsplitting and steering optics to divide light between the PALM-3000 adaptive optics system wavefront sensors and science instruments.  An optimal configuration is proposed and defended.

1.2 Definitions

None

1.3 Acronyms and Abbreviations

AO


Adaptive Optics

IRTT WFS

Infrared Tip/Tilt Wavefront Sensor

TWFS


Truth wavefront sensor

HOWFS

High-order wavefront sensor

LOWFS


Low-order wavefront sensor

LGS


Laser guide star

NGS


Natural guide star

PALM-3000

A 3000+ actuator upgrade to the Palomar AO system

1.4 Related Documents

CIN#620: PALM-3000 IRTT Dichroic Optimization

1.5 Point of Contact

Antonin Bouchez

Email: abouchez@astro.caltech.edu

Tel: (626) 395-8915

2 Background

2.1 Introduction

This note compares several possible configurations of beamsplitting and steering optics to divide light between the PALM-3000 adaptive optics system wavefront sensors and science instruments, including a possible phased implementation of low-order wavefront sensors.  It then seeks to make a recommendation based on the following priorities:

1. Maximize point source sensitivity of the science instruments (this implies optimizing the transmission to both the science instruments and wavefront sensors).

2. Optical coatings must be feasible.

3. Minimize of the number and size of optics required to be changed remotely when switching between LGS and NGS modes for a given instrument.

4. Minimize the number and size of optics required to be changed manually during instrument changes.

5. Minimize the number of acquisition cameras.

2.2 Assumptions

Tables 1 and 2 summarize the bandpasses of the PALM-3000 sensors and science instruments in various configurations.  We assume in this note that all configurations for a given science instrument must be possible without a manual change of optics.

	Sensor
	Bandpass
	FOV (" square)
	Patrol range

	NGS HOWFS
	400 - 1000
	2.4"
	45" radius

	LGS HOWFS
	589
	4.0"
	30" radius

	TWFS
	400 - 1000
	2.4"
	90" radius

	IRTT WFS
	900 - 1780
	90"
	N/A

	NGS acquisition camera
	400 - 1000
	60"
	N/A

	LGS acquisition camera
	589 nm
	60"
	N/A


Table 1: Bandpass, field of view, and patrol range of PALM-3000 sensors.  Note: Acquisition camera field of view requirements are not specified in the SRD.  They are proposed here.
	ID
	Science Config.
	Bandpass (nm)

	1
	LAMP g
	410 - 551

	2
	LAMP r
	556 - 695

	3
	LAMP i
	690 - 814

	4
	LAMP z
	814 - 982

	5
	SWIFT
	650 - 1000

	6
	PHARO Y
	970 - 1070

	7
	PHARO J
	1170 - 1330

	8
	PHARO H
	1490 - 1780

	9
	PHARO K'/Ks/K
	1950 - 2370

	10
	P1640
	1170 - 1780

& 400 - 1000 for TT


Table 2: Bandpass of PALM-3000 science instruments in various configurations. Sloan filter wavelengths are from Fukugita 1996.  Infrared filter wavelengths are from Tokunaga 2002.
3 Beamsplitter Configurations

3.1 Legend

The optical configurations discussed in this note fall into two general categories: serial and branching.  A serial configuration is one in which the light for each wavefront sensor or science instrument is picked off sequentially, with the beam to the science instrument passing through all of the beam-splitting optics.  In contrast, a branching configuration implies early splitting between the science beam and the beam leading to at least two of the wavefront sensors (see Figure 1).
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Figure 1: Schematics serial (top) and branching (bottom) optical configurations.  Optics are numbered as in the tables below.

In the descriptions which follow, optics are described in terms of reflectivity (R) over a given wavelength range, as narrow-band reflectors (NR), or as long-pass (LP) or short-pass (SP) dichroics.  All wavelengths are in nanometers.  The bandpass definitions given here are not complete: Unspecified spectral ranges could either indicate a requirement for high transmission, or no requirement at all.
3.2 Branching Configurations

A branching configuration was adopted for the PALMAO-LGS system, and thus may offer the minimal effort upgrade path to PALM-3000. The IRTT WFS pickoff can be located either upstream or downstream of the HOWFS/TWFS splitter with no effect on the wavelength specifications of the other optics.  We list the IRTT WFS pickoff in position 1 in the tables in this section and the next, and discuss this choice in detail in Section 3.4.

Configuration 1 is an example of an optimized branching configuration which, by making small compromises on performance, reduces the number of mechanical optics changers needed to only one. All branching configurations share the clear advantage that they minimize the number of optics in the path to the science instrument.  However, they share the disadvantage that bandpasses and possibly patrol ranges of the HOWFS and TWFS are coupled, leading to greater complexity of coatings and mechanisms (eg. a single coating must pick off light for the HOWFS in NGS and LGS modes, and the TWFS).

Configuration 1: (branching; IRTT followed by a HOWFS/TWFS split)

	Instrument
	NGS
	LGS

	Optic
	1
	2
	3
	1
	2
	3

	LAMP
	open
	50% vis R + 100% 589 NR
	open
	1000-1780 R
	50% vis R + 100% 589 NR
	589 NR

	SWIFT
	open
	650 LP
	open
	1000-1780 R
	650 LP
	589 NR

	PHARO
	open
	970 LP
	open
	30% 1100-1780 R
	970 LP
	589 NR

	P1640
	open
	1100 LP + vis leak
	open
	30% 1100-1780 R
	1100 LP + vis leak
	589 NR


· One mechanical changer is necessary, to switch optic 3 between a narrow-band 589 nm reflector and a clear (or fully reflective) optic used for NGS-AO.

· LAMP LGS optic 2 listed above may be difficult to procure.  A simpler alternative might be a long-pass 595nm dichroic, allowing LAMP science only redward of 595 nm on LGS-scheduled nights.
3.3 Serial Configurations

Serial configurations offer the attractive possibility of decoupling the HOWFS and TWFS patrol ranges and bandpasses.  As with the branching configurations, the IRTT WFS pickoff could be located either upstream or downstream of the HOWFS and TWFS dichroics.  In addition, one must choose the order of the visible sensors, and a second dedicated LGS HOWFS can be invoked to simplify the design.

The simplest serial configurations, and example of which is illustrated in configuration 2, require at least two mechanical changers to switch from LGS to NGS modes, and a duplication of optics (the optimum HOWFS-NGS pickoff is in most cases identical to the optimum TWFS pickoff).  This is the case regardless of wavefront sensor order.
Configuration 2: (serial; IRTT, HOWFS, TWFS)

	Instrument
	NGS
	LGS

	Optic
	1
	2
	3
	1
	2
	3

	LAMP
	open
	50% R
	open
	1000-1780 R
	589 NR
	50% R

	SWIFT
	open
	700 LP
	open
	1000-1780 R
	589 NR
	700 LP

	PHARO
	open
	970 LP
	open
	30% 1100-1780 R
	589 NR
	970 LP

	P1640
	open
	1100 LP + vis leak
	open
	30% 1100-1780 R
	589 NR
	1100 LP + vis leak


· Requires two mechanical changers.
· Requires duplication of NGS-HOWFS splitting optics (used to feed the TWFS in LGS mode).
· The indicated sensor order is preferable to the alternate IRTT-TWFS-HOWFS order, as the TWFS splitter (optic 3) is significantly simplified with no unusual transmission requirements at 589nm.
Configuration 3: (serial: IRTT, LGS-HOWFS, NGS-HOWFS/TWFS)

	Instrument
	NGS
	LGS

	Optic
	1
	2
	3
	1
	2
	3

	LAMP
	open
	589 NR
	50% R
	1000-1780 R
	589 NR
	50% R

	SWIFT
	open
	589 NR
	700 LP
	1000-1780 R
	589 NR
	700 LP

	PHARO
	open
	589 NR
	970 LP
	30% 1100-1780 R
	589 NR
	970 LP

	P1640
	open
	589 NR
	1170 LP + vis leak
	30% 1100-1780 R
	589 NR
	1100 LP + vis leak


· No mechanical optics changers are required.

· 589nm narrow-band LGS-HOWFS pickoff could be left in for NGS backup science, or removed on dedicated NGS nights.

· Two acquisition cameras are necessary, one sensitive only to 589nm and one broadband.

· A method of optically or mechanically switching between the NGS-HOWFS and TWFS, or combining them as one sensor, is necessary.

Including a dedicated LGS HOWFS provides an attractive solution to both the need for mechanical optics changers and the duplication of optics.  Such a design is illustrated in configuration 3.  The separate LGS HOWFS allows the NGS HOWFS and TWFS to share a single focal plane and set of NGS-optimized optics, and eliminates the need for one mechanical optics changer.  Allowing the narrow-band 589nm reflector to remain installed for NGS observations (on LGS-scheduled nights) removes the need for the final remaining mechanical changer.  Configuration 3 therefore provides the most attractive option among serial optical configurations.
3.4 Location of the Infrared Tip/Tilt Wavefront Sensor Dichroic

Whether in a serial or branching configuration, the beam to the IRTT WFS beam can be picked off either before or after the HOWFS and TWFS.  If picked off at the first optical surface, the large field of view of the IRTT WFS no longer drives the size of downstream optics, and the requirements on optical coatings may be looser.  If picked off last, the IRTT WFS can be physically located closer to the science instrument, minimizing non-common-path tip/tilt and image drift on the science camera (see Table 3).

	IRTT pickoff 
	Advantages
	Disadvantages

	first
	· Downstream optics specifications not driven by IRTT WFS field of view.

· IRTT Dichroic in common path to instrument and HOWFS.
	· Possibly greater non-common-path flexure between IRTT WFS and instrument.

· Additional requirement on visible transmission of IRTT infrared dichroic.

	last
	· Minimizes non-common-path flexure between IRTT WFS and instrument.

· No visible transmission requirements on IRTT J-H dichroic.
	· All upstream beamsplitters required to be >5" diameter to pass IRTT field.

· IRTT dichroic not in common path to instrument and HOWFS.


Table 3: Advantages and disadvantages of locating the IRTT WFS dichroic ahead or behind the HOWFS and TWFS pickoffs, in either serial or branching configurations.
CIN#620 specifies two dichroics (one for infrared and one for visible instruments) which allow all science bands of a given instrument to be observed with acceptable signal-to-noise and no needed optics changes during the night.  The proposed infrared dichroic reflects 30% of the J and H band light to the IRTT WFS, and transmits the K band.  The proposed visible dichroic fully reflects J and H, and transmits the visible.  These prescriptions assume the IRTT dichroic is located in position 3.  However, as noted in Table 3, if the IRTT dichroic were located at position 1, an additional requirement to transmit the visible would be imposed on the infrared dichroic.

The marginal cost of requiring visible transmission of a single IRTT infrared dichroic would likely be significantly less than that of oversizing all downstream optics (2 optics minimum).  While minimizing the non-common-path flexure between the IRTT WFS and instrument would be beneficial, our experience with the PALMAO system suggests that flexure of optical mounts is more significant than that of the bench itself.  The advantage afforded by moving the IRTT WFS closer to the instrument might therefore only be small.  I thus recommend an early pickoff of the IRTT WFS beam, with the dichroic located in position 1.

3.5 Optimal Branching and Serial Configurations Compared

Having identified the most promising compromise branching and serial designs, I compare them in more detail in this section.  Figure 2 displays possible implementations of configuration 1 and 3.  Several assumptions have been made here, such as adopting periscopes for wavefront sensor patrol motion, and the use of fixed (non-actuated) dichroics and beamsplitters.  Also indicated in Figure 2 is the minimum field which each splitter and periscope must pass or reflect.  Using fixed dichroics and beamsplitters allows the patrol range of the HOWFS and TWFS in configuration 1 to be decoupled, minimizing the required size of the transmitted field (and optics), at the expense of one extra reflection in the path of one or the other sensor.  Table 4 lists the advantages and disadvantages of these two optimized configurations.
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Figure 2: Possible implementations of configurations 1 (top) and 3 (bottom), using only fixed optics in the science path and periscopes for beam steering. The NGS-HOWFS and TWFS are combined as a single "NGS WFS" unit here.
	Config.
	Advantages
	Disadvantages

	Branching

(#1)
	· Only 2 optics in science path in LGS.

· Only one acquisition camera needed.

· Fewer optics to manually change in a daytime reconfiguration btw. NGS and LGS.
	· One mechanical optics changer required, between HOWFS and TWFS.

· LGS-HOWFS optimization for NGS and LGS may conflict (eg. field of view).

· All splitters must be sized to the large TWFS patrol field.

	Serial

(#3)
	· No optics changers required.

· LGS-HOWFS could be optimized for spot size and wavelength.

· Only IRTT WFS and LGS HOWFS splitters must pass TWFS patrol field.
	· 3 optics in science path in LGS.

· Additional costs of an LGS-HOWFS.

· Additional costs of an LGS acquisition camera.

· More optics to change btw. LGS and NGS

· Mechanical or optical switching between NGS-HOWFS and TWFS needed.


Table 4: Advantages and disadvantages of optimized branching and serial configurations.
3.6 Delayed implementation of the IRTT WFS

Budgetary constraints may delay the implementation of the IRTT WFS for PALM-3000.  I therefore consider here which optical configurations could most easily support operation LGS observations utilizing the current LOWFS, and provide for a simple transition to IRTT/TWFS operation at a later date.

Both optical configurations 1 and 3 could support operations with the LOWFS, in terms of field of regard, transmission, etc.  However, one difference stands out, in favor of the branching configuration:  In this case, as the TWFS location does not share a focal plane with another sensor, the current axially-symmetric LOWFS on x-y translation stages might be used unmodifed, in place of a periscope patrol system.  Regardless of the detailed implementation decisions, a dedicated focal plane for the TWFS (and LOWFS) would doubtless simplify the design task, and the transition to a new sensor.  Of the two canditate configurations, only the branching one provides this.

4 Conclusions

The conclusion of this study comes down to a choice between beam splitting configurations for PALM-3000 which both provide significant advantages and disadvantages, and possibly significant differences in cost.  On the balance, I believe branching configuration 1, as described in this document, is both the simplest and best choice.

I list first the significant advantages of the branching layout:

· Fewer optics in the science path will improve sensitivity and reduce thermal background in the infrared.

· Fewer optics to manually change during daytime transitions between NGS and LGS science will reduce risk (and provide some small operational cost savings.)

· The design lends itself to a more compact layout, as illustrated in Figure 2.  This is particularly important given the significant space constraints of the PALM-3000 optical bench.

· The branching design is undoubtedly less costly to implement, as it requires fewer wavefront sensors and acquisition cameras, and is more easily adapted to use with the current LOWFS.

The following rebuttals can also be provided to previous criticisms of this design:

· A single mechanical optics changer is unlikely to be very difficult or costly to implement if we are willing to reduce the TWFS patrol range requirement.  This should to be discussed.

· A single HOWFS, if already given multiple pupil sampling modes, could well have the 16x16 mode optimized for LGS rather than NGS.  This would very likely provide the lowest cost approach to an optimized LGS HOWFS capability.

· The coupling of patrol ranges between the HOWFS and TWFS (or LOWFS) is clearly not desirable, as it reduces the nodding precision of  the downstream sensor, while increasing the field of view requirements of the upstream patrol mechanism (a periscope in the PALMAO design).  However, by keeping splitting optics 2 and 3 fixed, as sketched in Figure 2, these potential probems are eliminated, which potentially improving the stiffness of mounts supporting the largest and most massive optics.

· The coating requirements for optic 2, the visible WFS splitter, may be costly if the full spectral range must be transmitted to a visible science instrument in LGS mode.  However, I believe it is extremely unlikely that we would want to observe at wavelengths shorter than 589nm in LGS mode in the early years of the project.  If we are willing to give up this capability, a far simpler dichroic would allow all wavelengths longer than 589nm to be transmitted to the science instrument.
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