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ALMA Band 9 mirror system
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1:Introduction

The Atacama Large Millimeter Array, ALMA, is an international project, whose goal is the construction of a millimeter/ sub millimeter interferometer in the Atacama Desert in Chile.  This array will consist of 64 twelve-meter diameter Cassegrain telescopes operating in the frequency range between 30GHz and 1THz.  This range is divided into 10 frequency bands.  Each telescope will incorporate10 dual polarization receivers giving riser to ten frequency bands within 30GHz to 1THz frequency range.  Each cooled receiver is of module cartridge construction designed in such a way as to fit into a single closed cycle cryostat.

This report describes the optics part of the ALMA receiver cryostat for each frequency band.  This will be coupled with the physical optics calculations that have been carried for the majority of the bands.  Measurements of the prototype optics for first 4 bands 3,6 7 and 9 will be given.   A description of the tolerances for each frequency band is given with respect to the mechanical precision required.  The windows and the infrared filters are described with the measured and calculated performances.  Finally a description of the widget space is given. 

This report is also the continuation of the first optics ALMA report, which was published as ALMA Memo 362 Ref 1.

The Receiver arrangement

The receivers, as have already been reported, are built in cartridges, which are fitted into the base of the cryostat.  A.Orlowska et al have reported the design of the cryostat and cartridges in the ALMA Project Book chapter 5. The design of the cryostat and window and cartridge displacement can be seen in, RAL drawing FEND-40.00.00.00.00-16, by M.Harman Appendix A.  The window and cartridge positions are summarised in table 1 below and can be seen in figure 1 and 2.  From these 2 drawings the coordinates for cryostat and the optics can be seen.  The position 0,0,0 is at the machined surface at the centre of the top plate of the cryostat.
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Figure 1: Cryostat cross section
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Figure 2: ALMA cryostat top

	 
	 
	 
	 
	ALMA cryostat: windows and filters dimensions
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Band 
	Freq. (GHz)
	Wavelength. (mm)
	Cartridge Dia. (mm)
	Cartridge Radial Loc. (mm)
	Beam Radial Loc (mm)
	Difference between centres
	Window

X offset
	 Window Y offset
	300K hole diameter
	90K hole diameter
	12K hole diameter

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	1
	31.3-45
	7.89
	170
	295
	255
	40
	-180.3
	180.3
	110
	60
	60

	2
	67-90
	3.85
	170
	295
	255
	40
	-180.3
	-180.3
	92
	50
	50

	3
	84-116
	3.00
	140
	335
	181
	154
	54
	-306
	70
	95
	65

	4
	125-163
	2.08
	140
	335
	181
	154
	54
	306
	66
	74
	44

	5
	163-211
	1.60
	170
	295
	245
	50
	173.2
	-173.2
	66
	70
	75

	6
	211-275
	1.23
	170
	295
	245
	50
	173.2
	173.2
	50
	60
	65

	7
	275-370
	0.93
	170
	150
	100
	50
	100
	0
	40
	45
	50

	8
	385-500
	0.68
	170
	150
	100
	50
	0
	-103.3
	35
	35
	40

	9
	602-720
	0.45
	170
	150
	100
	50
	0
	100
	20
	25
	30

	10
	787-950
	0.35
	170
	150
	100
	50
	-100
	0
	20
	25
	30


Table 1: Optics and cartridge geometry

Table 1 gives the physical coordinates of each cartridge and output window with respect to the Cartridge.  The receiver consists of a cartridge, which is fixed to the bottom of the cryostat.  There are three different constructions of the cartridge, which are as follows:

1. Bands 1 and 2:The diameter is 170mm and a cartridge length is 200mm to the 15K plate. This will give a volume of 290mm length by 170mm below the 15K shield to make the optics and receivers.
2. Bands 3 and 4:The diameter is 140mm and the cartridge length is 280mm.  This give a volume of 140mm diameter and 210 mm length below the 15K shield.  This was found to be insufficient so that the horn extends past the 15K shield.
3. Bands 5-10: The diameter is 170mm with a length of 280mm.  This gives a volume of 170mm diameter and 210mm in length for the optics and the receiver.
The polarization of the receivers will have 2 orthogonal polarizations, but the E-vector of one of these polarizations, A, will point to the centre of the cryostat.

The different frequency bands due to the large variation in wavelength have a large diversity of designs.

The optics of the each band can be summarised into 5 different styles, which are as follows and will be described later in this report:

1. Bands 1 and 2 are cooled horns with an ambient lens. The polarisation and local oscillator, LO, injection is done by waveguide couplers and orthomode transducers, OMT.

2. Bands 3 and 4 are as 1, but with cooled horns and an ambient offset mirror combination.

3. Bands 5 and 6 are cooled horn with cooled twinned elliptical mirrors, but with the LO and polarisation as before.

4. Band 7 is as band 6, but the polarisation diplexing is done quasi-optically with a grid.

5. Bands 8 –10 have cooled mirrors but both the LO injection and the polarisation diplexing is done quasi-optically with mirrors.

The top plate of the cryostat with its ambient temperature optics is shown in figure 3.  As it can be seen on the right hand side we have the 2 low band frequencies that will be furthest away from the refrigerator.  These are the 2 lensed systems.  In the center we have the 4 high frequency windows for bands 7 –10.  Above and below we have the windows mirror systems for bands 3 and 4.  The windows for bands 5 and 6 are hidden behind the mirror systems.
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Figure 3: ALMA cryostat front plate assembly
The optics package not only deals with the optics of each frequency band, but also the optics above the cryostat in the area known as the ‘Widget Space’.  This area is a cylinder of about 1200mm in diameter and 600mm high.  In this space the optics for the water vapour radiometer, WVR, the quarter wave plate for band 7, the solar filter and the amplitude calibration system have to be mounted.  Figure 4 shows the possible set up for the calibration unit and WVR.
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Figure 4: Cryostat with common optics

Optical alignment budget

To ensure that the ALMA front end meets the demanding alignment requirements of ALMA it is necessary that a study be made of the various factors that may influence the alignment of the optical chain.

The purpose of this study is to provide an alignment budget for the different groups who will be supplying components within the optical chain so that this alignment criterion may be met. This budget will then be apportioned to the specific interface control documents (ICD). The provider of these optical components will be expected to adhere to the relevant ICD.

Study

A prerequisite in understanding this document is a basic knowledge of the components in the optical chain in each band. 

As a point of common reference a common co-ordinate system should be utilised to avoid confusion. It is recommended that a similar coordinate system be adopted that is common with the Antenna. For further details about this co-ordinate system please refer to the European or North American antenna ICD titled ‘Basic Antenna definitions’. The illustration below has been extracted from this document for reference, figure 5.
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Figure 5: Telescope coordinates

The main elements that affect alignment are as follows

· Mechanical

· Thermal

· Manufacturing

We shall address these items separately for evaluation

Mechanical 

Deformations due to the gravity vector will be induced into the optical chain when antenna is rotated the over the full range of azimuth and elevation. The peak loading condition occurs when a plane normal to the horizon shall be parallel to the optical axis, figure 6.
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Figure 6: Cartridge gravity deformation, the scale is in millimeters

The evacuation of the vacuum vessel of the cryostat will cause considerable deformations of the optical mounting surfaces. This has been recognised by the Cryogenics group whom have undertaken a finite element study of the vacuum vessel. As a result of this study various structural members, who provide re-enforcement of the vacuum case, have been added.

The predicted loads on the vacuum case are shown below, figures 7 and 8.
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Figure 7: View of vacuum vessel top plate, the scale is in meters
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Figure 8: View of vacuum vessel base plate, the scale is in meters
These vacuum deformations will mainly cause an angular error on those bands with ambient temperature optics, i.e. bands 1-4.  Bands 1 and 2 have lenses as there refocusing element and therefore an angular error is not a major problem.  However bands 3 and 4 have mirrors as the refocusing element and the problems of angular deformation will have a large in pact on the beam alignment.  The correction of this misalignment of this misalignment will be done at the integration centres.  This is discussed later in the section on bands 3 and 4.

Thermal

Thermal contraction will affect the alignment of the optical chain.

Components that have been identified where thermal affects may affect alignment are within the cryostat since this is the area with the largest temperature gradient following alignment and during operation.

Since all components within the cold optical chain are mounted on the cartridge this is the area which requires evaluation. 

The internal configuration of the front-end cryostat which utilises individual thermal clamping mechanism on each heat lift stage allows the decoupling of the cartridge structure from the cryostat in the X & Y directions.  The design of the thermal clamps will accommodate approximately 1.5 - 2mm of axial misalignment (in the X & Y directions) on all of the heat lift stages. The Cartridges, which are on the greatest pitch circle radius, are the Band 3 and 4 Cartridges. The Band 3 and 4 Cartridges are on a PCR of 335mm. The thermal links are mounted on copper plate on the 4K stage. The contraction rate of copper from 290K to 4K is approximately 0.04%. From this we can predict that the contraction of the 4K heat stage from the cartridge centre to the cryostat centre will be approximately 1.34mm. Since the Cryostat contracts uniformly about its axis we can conclude that thermal link can accommodate the thermal contraction of the shield and so not affect the alignment of the cartridge pointing.

The thermal contraction along the axis of the cartridge (Z direction) should be evaluated.

There are three different types of cartridges. The cartridges differ in construction in the following manner 

Bands 1 & 2 Cartridges are diameter 170 and have 2 Heat lift stages at 90K and 15K

Bands 3 & 4 Cartridges are diameter 140 and have 3 Heat lift stages at 90K, 15K and 4K.

Bands 5 to 10 Cartridges are diameter 170 and have 3 Heat lift stages at 90K, 15K and 4K.

Since we are only interested in the contraction along the axis of the cartridge we need evaluate only the bands 1 & 2 cartridges and band 3 to 10 cartridges separately.

In Figure 9 below we can see the band 6 cartridge.  We can take this as an example of the problems with the tolerancing of the cartridge system, which is explained by the schematic in figure 10.  The cartridge manufacturers must reference their optics to the 4K plate.  However the cryostat reference is the bottom plate and the telescope to cryostat reference is the FESS.  There is a cylinder of 280mm long, made in 3 sections that separate these two references.
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Figure 9: ALMA band 6 Cartridge, receiver and Optics
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Figure 10: Schematic of the ALMA front end

	Tolerances for optics band 1
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	 
	 
	 
	Telescope to FESS (A1)
	FESS to cryostat  (A1-A2)
	300K cartridge to cryostat (A2-A3)
	300K cartridge to 15K cartridge (A3-A4)
	Cartridge (Cold optics internal budget.) (A4-A5)
	Cryostat to Warm optics interface (A2-A6)
	Warm optics internal budget (A6-A7)

	Linear
	Coefficient
	Radians/mm
	 
	 
	5.30E-03
	5.30E-03
	5.30E-03
	5.30E-03
	5.30E-03

	 
	Positional Tolerance
	mm
	 
	 
	0.05
	0.125
	0.04
	0.5
	0.6

	 
	Contribution
	radian
	 
	 
	2.65E-04
	6.63E-04
	2.12E-04
	2.65E-03
	3.18E-03

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Angular
	Coefficient
	rd/rd
	1
	1
	1
	1
	1
	1
	1

	 
	Angular Tolerance
	radian
	9.00E-04
	1.82E-04
	4.02E-04
	2.97E-04
	0.00E+00
	2.22E-04
	2.97E-04

	 
	Angular Tolerance
	degree
	5.16E-02
	1.04E-02
	2.30E-02
	1.70E-02
	0.00E+00
	1.27E-02
	1.70E-02

	 
	Contribution
	radian
	9.00E-04
	1.82E-04
	4.02E-04
	2.97E-04
	0.00E+00
	2.22E-04
	2.97E-04

	 
	Pitch circle radius
	mm
	N/A
	550.00
	295.00
	85.00
	 
	450.00
	 

	 
	Co-planarity (Flatness)
	mm
	N/A
	0.10
	0.10
	0.10
	 
	0.10
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Cartridge
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Worst case
	 
	2.12E-04
	 
	Goal
	4.00E-03
	 
	 
	 
	 

	RMS
	 
	1.50E-04
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	System
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Worst-Case
	 
	9.27E-03
	 
	Goal
	6.00E-03
	 
	 
	 
	 

	RMS
	 
	4.35E-03
	 
	 
	 
	 
	 
	 
	 


Table 2

	Tolerances for optics band 2
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	 
	 
	 
	Telescope to FESS (A1)
	FESS to cryostat  (A1-A2)
	300K cartridge to cryostat (A2-A3)
	300K cartridge to 15K cartridge (A3-A4)
	Cartridge (Cold optics internal budget.) (A4-A5)
	Cryostat to Warm optics interface (A2-A6)
	Warm optics internal budget (A6-A7)

	Linear
	Coeff
	rd/mm
	 
	 
	0.011
	0.011
	0.022
	0.011
	 

	 
	Positional Tolerance
	mm
	 
	0.2
	0.05
	0.05
	0.04
	0.5
	 

	 
	Contribution
	radian
	 
	 
	5.50E-04
	5.50E-04
	8.80E-04
	5.50E-03
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Angular
	Coeff
	rd/rd
	1
	1
	1
	1
	1
	1
	1

	 
	Angular Tolerance
	radian
	9.00E-04
	1.82E-04
	4.02E-04
	2.97E-04
	0.00E+00
	2.22E-04
	2.97E-04

	 
	Angular Tolerance
	degree
	5.16E-02
	1.04E-02
	2.30E-02
	1.70E-02
	0.00E+00
	1.27E-02
	1.70E-02

	 
	Contribution
	radian
	9.00E-04
	1.82E-04
	4.02E-04
	2.97E-04
	0.00E+00
	2.22E-04
	2.97E-04

	 
	Pitch circle radius
	mm
	N/A
	550.00
	295.00
	85.00
	 
	450.00
	 

	 
	Co-planarity (Flatness)
	mm
	N/A
	0.10
	0.10
	0.10
	 
	0.10
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Cartridge
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Worst case
	 
	4.40E-04
	 
	Goal
	4.00E-03
	 
	 
	 
	 

	RMS
	 
	3.11E-04
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	System
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Worst-Case
	 
	9.78E-03
	 
	Goal
	6.00E-03
	 
	 
	 
	 

	RMS
	 
	5.73E-03
	 
	 
	 
	 
	 
	 
	 


TABLE 3

	Tolerances for optics band 3
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	 
	 
	 
	Telescope to FESS (A1)
	FESS to cryostat  (A1-A2)
	300K cartridge to cryostat (A2-A3)
	300K cartridge to 4K cartridge (A3-A4)
	Cartridge (Cold optics internal budget.) (A4-A5)
	Cryostat to Warm optics interface (A2-A6)
	Warm optics internal budget (A6-A7)

	Linear
	Coefficient
	Rd/mm
	 
	 
	0.0067
	0.0067
	0.0134
	0.0067
	6.70E-03

	 
	Positional Tolerance
	mm
	 
	0.2
	0.05
	0.1
	0.06
	0.05
	0.05

	 
	Contribution
	radian
	 
	 
	3.35E-04
	6.70E-04
	8.04E-04
	3.35E-04
	3.35E-04

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Angular
	Coefficient
	rd/rd
	1
	1
	2
	1
	0.048
	2
	2

	 
	Angular Tolerance
	radian
	9.00E-04
	1.82E-04
	8.74E-04
	2.97E-04
	5.93E-04
	2.22E-04
	1.75E-03

	 
	Angular Tolerance
	degree
	5.16E-02
	1.04E-02
	5.00E-02
	1.70E-02
	3.40E-02
	1.27E-02
	1.00E-01

	 
	Contribution
	radian
	9.00E-04
	1.82E-04
	1.75E-03
	2.97E-04
	2.85E-05
	4.44E-04
	3.49E-03

	 
	Pitch circle radius
	mm
	N/A
	550.00
	345.00
	70.00
	 
	450.00
	 

	 
	Co-planarity (Flatness)
	mm
	N/A
	0.10
	0.10
	0.10
	 
	0.10
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Cartridge
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Worst case
	 
	4.16E-04
	 
	Goal
	4.00E-03
	 
	 
	 
	 

	RMS
	 
	3.00E-04
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	System
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Worst-Case
	 
	9.57E-03
	 
	Goal
	6.00E-03
	 
	 
	 
	 

	RMS
	 
	4.22E-03
	 
	 
	 
	 
	 
	 
	 


Table 4

	Tolerances for optics band 4
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	 
	 
	 
	Telescope to FESS (A1)
	FESS to cryostat  (A1-A2)
	300K cartridge to cryostat (A2-A3)
	300K cartridge to 4K cartridge (A3-A4)
	Cartridge (Cold optics internal budget.) (A4-A5)
	Cryostat to Warm optics interface (A2-A6)
	Warm optics internal budget (A6-A7)

	Linear
	Coefficient
	rd/mm
	 
	 
	0.0067
	0.0067
	0
	0.0067
	6.70E-03

	 
	Positional Tolerance
	mm
	 
	0.2
	0.05
	0.1
	0
	0.05
	0.07

	 
	Contribution
	radian
	 
	 
	3.35E-04
	6.70E-04
	0.00E+00
	3.35E-04
	4.69E-04

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Angular
	Coefficient
	rd/rd
	1
	1
	1
	1
	0
	2
	4

	 
	Angular Tolerance
	radian
	9.00E-04
	1.82E-04
	4.02E-04
	2.97E-04
	0.00E+00
	2.22E-04
	2.97E-04

	 
	Angular Tolerance
	degree
	5.16E-02
	1.04E-02
	2.30E-02
	1.70E-02
	0.00E+00
	1.27E-02
	1.70E-02

	 
	Contribution
	radian
	9.00E-04
	1.82E-04
	4.02E-04
	2.97E-04
	0.00E+00
	4.44E-04
	1.19E-03

	 
	Pitch circle radius
	mm
	N/A
	550.00
	345.00
	70.00
	 
	450.00
	 

	 
	Co-planarity (Flatness)
	mm
	N/A
	0.10
	0.10
	0.10
	 
	0.10
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Cartridge
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Worst case
	 
	0.00E+00
	 
	Goal
	4.00E-03
	 
	 
	 
	 

	RMS
	 
	#VALUE!
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	System
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Worst-Case
	 
	4.11E-03
	 
	Goal
	6.00E-03
	 
	 
	 
	 

	RMS
	 
	1.90E-03
	 
	 
	 
	 
	 
	 
	


TABLE 5

	Tolerances for optics band 6
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	Cold optics internal budget break down (A5)

	 
	 
	 
	Telescope to FESS (A1)
	FESS to cryostat  (A1-A2)
	300K cartridge to cryostat (A2-A3)
	300K cartridge to 4K cartridge (A3-A4)
	Cartridge (Cold optics internal budget.) (A4-A5)
	Mirror 2
w/r Optical mount
	Upper Assembly w/r to M2
	Mirror 1
w/r to Roof
	Horn
w/r to Mirr.1
	Optical mount
to cartridge

	Linear
	Coefficient
	rd/mm
	 
	 
	 
	 
	0.087
	0.013
	0.013
	0.038
	0.023
	 

	 
	Positional Tolerance
	mm
	 
	0.2
	0.2
	0.05
	0.14
	0.02
	0.08
	0.02
	0.02
	 

	 
	Contribution
	radian
	 
	 
	 
	 
	2.52E-03
	2.60E-04
	1.04E-03
	7.60E-04
	4.60E-04
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Angular
	Coefficient
	rd/rd
	1
	1
	1
	1
	5.11
	2
	1.034
	2.07
	0.006
	1

	 
	Angular Tolerance
	radian
	9.00E-04
	1.82E-04
	4.02E-04
	2.97E-04
	1.49E-03
	2.97E-04
	2.97E-04
	2.97E-04
	2.97E-04
	2.97E-04

	 
	Angular Tolerance
	degree
	5.16E-02
	1.04E-02
	2.30E-02
	1.70E-02
	8.51E-02
	1.70E-02
	1.70E-02
	1.70E-02
	1.70E-02
	1.70E-02

	 
	Contribution
	radian
	9.00E-04
	1.82E-04
	4.02E-04
	2.97E-04
	1.81E-03
	5.94E-04
	3.07E-04
	6.15E-04
	1.78E-06
	2.97E-04

	 
	Pitch circle radius
	mm
	N/A
	550.00
	295.00
	85.00
	 
	 
	 
	 
	 
	 

	 
	Co-planarity (Flatness)
	mm
	N/A
	0.10
	0.10
	0.10
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Cartridge
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Worst case
	 
	4.33E-03
	 
	Goal
	4.00E-03
	 
	 
	 
	 
	 
	 
	 

	RMS
	 
	1.69E-03
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	System
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Worst-Case
	 
	5.79E-03
	 
	Goal
	6.00E-03
	 
	 
	 
	 
	 
	 
	 

	RMS
	 
	3.28E-03
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 


Table 6

	Tolerances for optics band 7
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	Cold optics internal budget break down (A5)

	 
	 
	 
	Telescope to FESS (A1)
	FESS to cryostat  (A1-A2)
	300K cartridge to cryostat (A2-A3)
	300K cartridge to 4K cartridge (A3-A4)
	Cartridge (Cold optics internal budget.) (A4-A5)
	Mirror 2
w/r Baseplate
	Upper Assembly w/r to M2
	Grid 
w/r to roof
	Mirror 1
w/r to Roof
	Horn
w/r to Mirr.1
	Optical mount
to cartridge

	Linear
	Coefficient
	Rd/mm
	 
	 
	 
	 
	0.114
	0.013
	0.013
	0.024
	0.037
	0.027
	 

	 
	Positional Tolerance
	mm
	 
	0.2
	0.2
	0.05
	0.16
	0.02
	0.08
	0.02
	0.02
	0.02
	 

	 
	Contribution
	radian
	 
	 
	 
	 
	3.06E-03
	2.60E-04
	1.04E-03
	4.80E-04
	7.40E-04
	5.40E-04
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Angular
	Coefficient
	rd/rd
	1
	1
	1
	1
	5.735
	2
	1.034
	0.625
	2.07
	0.006
	1

	 
	Angular Tolerance
	radian
	9.00E-04
	1.82E-04
	4.02E-04
	2.97E-04
	1.78E-03
	2.97E-04
	2.97E-04
	2.97E-04
	2.97E-04
	2.97E-04
	2.97E-04

	 
	Angular Tolerance
	degree
	5.16E-02
	1.04E-02
	2.30E-02
	1.70E-02
	1.02E-01
	1.70E-02
	1.70E-02
	1.70E-02
	1.70E-02
	1.70E-02
	1.70E-02

	 
	Contribution
	radian
	9.00E-04
	1.82E-04
	4.02E-04
	2.97E-04
	2.00E-03
	5.94E-04
	3.07E-04
	1.86E-04
	6.15E-04
	1.78E-06
	2.97E-04

	 
	Pitch circle radius
	mm
	N/A
	550.00
	150.00
	85.00
	 
	 
	 
	 
	 
	 
	 

	 
	Co-planarity (Flatness)
	mm
	N/A
	0.10
	0.10
	0.10
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Cartridge
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Worst case
	 
	5.06E-03
	 
	Goal
	4.00E-03
	 
	 
	 
	 
	 
	 
	 
	 

	RMS
	 
	1.78E-03
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	System
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Worst-Case
	 
	6.84E-03
	 
	Goal
	6.00E-03
	 
	 
	 
	 
	 
	 
	 
	 

	RMS
	 
	3.80E-03
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 


TABLE 7

	Tolerances for optics band 9
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	Cold optics internal budget break down (A5)

	 
	 
	 
	Telescope to FESS (A1)
	FESS to cryostat  (A1-A2)
	300K cartridge to cryostat (A2-A3)
	300K cartridge to 4K cartridge (A3-A4)
	Cartridge (Cold optics internal budget.) (A4-A5)
	Mirror 2
w/r Baseplate
	Upper Assembly w/r to M2
	Grid 
w/r to roof
	Mirror 1
w/r to Roof
	Horn
w/r to Mirr.1
	Baseplate
to cartridge

	Linear
	Coefficient
	Rd/mm
	 
	 
	 
	 
	0.205
	0.039
	0.039
	0.024
	0.064
	0.039
	 

	 
	Positional Tolerance
	mm
	 
	0.2
	0.2
	0.05
	0.16
	0.02
	0.08
	0.02
	0.02
	0.02
	 

	 
	Contribution
	radian
	 
	 
	 
	 
	6.44E-03
	7.80E-04
	3.12E-03
	4.80E-04
	1.28E-03
	7.80E-04
	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Angular
	Coefficient
	Rd/rd
	1
	1
	1
	1
	9.098
	2
	1.034
	4.43
	1.63
	0.004
	1

	 
	Angular Tolerance
	radian
	9.00E-04
	1.82E-04
	4.02E-04
	2.97E-04
	1.78E-03
	2.97E-04
	2.97E-04
	2.97E-04
	2.97E-04
	2.97E-04
	2.97E-04

	 
	Angular Tolerance
	degree
	5.16E-02
	1.04E-02
	2.30E-02
	1.70E-02
	1.02E-01
	1.70E-02
	1.70E-02
	1.70E-02
	1.70E-02
	1.70E-02
	1.70E-02

	 
	Contribution
	radian
	9.00E-04
	1.82E-04
	4.02E-04
	2.97E-04
	3.00E-03
	5.94E-04
	3.07E-04
	1.32E-03
	4.84E-04
	1.19E-06
	2.97E-04

	 
	Pitch circle radius
	mm
	N/A
	550.00
	150.00
	85.00
	 
	
	
	
	
	
	

	 
	Co-planarity (Flatness)
	mm
	N/A
	0.10
	0.10
	0.10
	 
	
	
	
	
	
	

	 
	 
	 
	 
	 
	 
	 
	 
	
	
	
	
	
	

	Cartridge
	 
	 
	 
	 
	 
	 
	 
	
	
	
	
	
	

	Worst case
	 
	9.44E-03
	 
	Goal
	4.00E-03
	 
	 
	
	
	
	
	
	

	RMS
	 
	3.91E-03
	 
	 
	 
	 
	 
	
	
	
	
	
	

	 
	 
	 
	 
	 
	 
	 
	 
	
	
	
	
	
	

	System
	 
	 
	 
	 
	 
	 
	 
	
	
	
	
	
	

	Worst-Case
	 
	1.12E-02
	 
	Goal
	6.00E-03
	 
	 
	
	
	
	
	
	

	RMS
	 
	7.18E-03
	 
	 
	 
	 
	 
	
	
	
	
	
	


Table 8

Band 1: 

Band 1 is a horn lens combination.  The horn is attached to the 15K plate of the cartridge.  The lens acts as the window.  The lens is attached to the support, which is proud of the cryostat top plate.  The beam needs to be inclined inwards towards the center of the cryostat by 2.5°.
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Table 9
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Band 1 Schematic

Figure 11: Band 1 Optics design

R.Nesti of ARCETRI designed the horn.  This design can be seen below.  He has varied the pitch, heights and widths of the teeth to improve the overall bandwidth of the horn.  The changes and the expected and measured return loss of the horn are given in figures 3 and 4.  The horn with its counterpart for band 2 are shown in figure x.  The horn was machined out of an aluminium block.  The horn and measurements are shown in appendix 1.
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Figure 12: Band 1 horn design
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Figure 13: Band 1 horn mismatch

Window: The window is the high density polyethylene, HDPE lens with an average thickness of ~ 50mm 

Infrared Filter is attached to the 90K shield.  This is solid grooved Teflon with a thickness of 10.9mm.

Optics calculations

Gaussian beam simulations Appendix E

Physical optics TBD

Optics measurements

TBD

Band 2: 

R.Nesti of ARCETRI designed the horn.  This is a similar horn lens combination that has already been reported in reference 1.  The horn is attached to the 15K plate of the cartridge.  The lens acts as the window.  The lens is attached to the top of the cryostat.  The beam needs to be inclined inwards towards the center of the cryostat by 2.5°.
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Table 10 Band 2 optics parameters
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Figure 14: Band 2 Optics Design

The horn was redesigned by R.Nesti of Arcetri.  He has varied the pitch, heights and widths of the teeth to improve the overall bandwidth of the horn.  The changes and the expected and measured return loss of the horn are given in figures 5 and 6.  The horn with its counterpart for band 1 is shown in figure 7.  The horn was machined directly out of an aluminium block.  The horn and measurements are shown in appendix 2.
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Figure 15: Band 2 horn design
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Figure 16: Band 2 horn mismatch

Optics calculations

Gaussian beam simulations Appendix E

Physical optics TBD

Optics measurements

TBD
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Figure 17: and 1 and 2 horns

Bands 3 and 4

Bands 3 and 4 are made on the small 140mm diameter cartridges, and are offset from the cryostat centre by 335mm.  There is not enough room inside the cartridges to have cold optics as for bands 5 and above.  The technique of using ambient temperature lenses, as bands 1 and 2, would have too much loss at these frequencies, and further to this the telescope beam wants to be brought closer to the center of the cryostat.  The system chosen is to have ambient temperature mirrors.  The beam coming from the telescope is incident on a flat mirror, which reflects the beam out to an elliptical mirror and then the beam is focused down into the cryostat onto the horn.  The precise designs of the optics of the 2 designs for these cartridges will be given later. Figure 8 shows the mirror assembly.
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Figure 18: Mirror Assembly bands 3 with alignment tool

As shown in the section 3 dealing with the alignment budget, it can be seen that these mirrors cannot be aligned accurately enough against the horn by means of machining tolerances alone.  This is mainly due to two reasons:

1. Overall alignment tolerances.  The alignment reference for the horn is the 4K plate of the cartridge.  This is then referenced to the rear face of the cryostat.  The cryostat sides to the front plate of the cryostat in turn reference this.  The overall increase in tolerances in this train is found to be too great to arrive within the accepted tolerance budget.

2. The deformation of the cryostat front and back plates due to vacuum is too large, to compensate by manufacturing tolerances alone, figure 9.  These deformations are of the order of 0.35mm for each surface.

To overcome these problems, the mirror assembly will have to be aligned to the cryostat at the integration centres.  A mirror alignment tool has been designed and made, figure 10.  At the integration centres the beam pattern will be measured, the alignment tool will adjust the mirror position to have the correct beam profile etc..   The mirror assembly will then be screwed and pinned securely.
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Figure 19: Band 3 and 4 Optics alignment tool

Band 3

The design of the band 3 optics was changed from that given in Memo 362.  The former design had the horn protruding above the cryostat top plate.  This made the cryostat manufacture complicated with respect to the filters and windows.  It was decided that a modification to the design change was required.

To improve the design, but to keep the overall optics concept of a horn feeding external mirrors, the waist of the horn had to be increased and moved to the horn mouth.  Two different design were considered:

1. A phase corrected lensed horn proposed by J-A.Lopez Fernandez and F.Tercero of Yebes Observatory

2. A profiled horn proposed by R.Nesti of Arcetri.

After preliminary studies the lensed horn was accepted.  This horn, figures 20 and 22, is an open horn with an 18º flare half angle.  The horn design is by M.Carter, figure 20.  The horn is machined directly out of an aluminium block. 

Built into this horn is a round to square waveguide, which can be machined directly into the aluminium block. A 0.9mm long square section with the corners chamfered is machined into the 3mm diameter circular waveguide.  This transition was designed by A-L. Fontana and can be seen in figure 16.  The theoretical curves for the mismatch for the horn and transition are shown in figure 23 and 24.

The lens is made out of high density polyethylene, HDPE.  The horn shown and measured used a dielectric constant of 2.32.  This number is modified to 2.44 for the use at 4K temperatures.  The reasons for the was given by A.Kerr of NRAO in a private correspondence, base on the work of J.Lamb.  “We realized that there was a change in the refractive index and geometry of the lens when cooled.  The contraction δ (=δL/L) from room temperature to 4K for Teflon and polyethylene is 2.1% and 2.4%, respectively.  The contraction alone (at constant dielectric constant) will shorten the focal length of the lens by the same percentage δ.  The relative increase in density of the lens of the lens (~3δ) causes the refractive index to increase, as one might expect.  According to the Clausius-Mossotti equation, (εr-1)/(εr+2)α density.  The resulting change in focal length on cooling due to both effects f295/f4 = 1.095 (Teflon) and 1.14 (polyethylene).  About 80% is due to the change in the refractive index alone.

F.Tercero and J-A. Lopez Fernandez have done a study to try and improve the mismatch of the horn lens combination from that shown below in figure 24.  As it can be seen the mismatch rises to about –20dB at the bottom of the band.  This study can be seen in annex c.
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Figure 20: Horn 3b design
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Figure 21: Round to square waveguide transition
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Figure 22: Band 3 Horn
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Figure 23:Theoretical and measured mismatch of the horn
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Figure 24 Theoretical mismatch of the horn with lens

The polar diagrams for the horn, with and without the lens were measured.  An example of the measurements are shown below.  The cross polar performance was better than –20dB across the frequency band.
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figure 25: Horn bandand lens combination polar diagram2

The schematic of the optics can be seen in Figure 19 below and the parameters are given in table 5.  This is a design by F.Tercero of Yebes Observatory.  As can be seen the horn is now well below the window and both of the 90K and 15K filters can be fitted.
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Figure 26: design of the band 3b optics

	Frequency [GHz]
	
	84
	89
	100
	116

	( [mm]


	
	3.568958
	3.368455
	2.997925
	2.584418

	
	
	
	
	
	

	Horn diameter
	29.800
	
	
	
	

	Horn axial length
	45.857
	
	
	
	

	Horn slant length
	48.217
	
	
	
	

	Horn waist, w0
	
	4.727
	4.522
	4.121
	3.640

	Horn waist offset, (z(w0)
	
	-34.711
	-35.658
	-37.386
	-39.249

	Waist at horn aperture
	
	9.588
	9.588
	9.588
	9.588

	flens
	53.589
	
	
	
	

	Waist at lens aperture
	
	10.388
	10.388
	10.388
	10.388

	d1
	209.779
	
	
	
	

	Rs1
	190.745
	252.795
	258.068
	270.743
	291.812

	f1
	203.000
	
	
	
	

	Ri1
	811.315
	1030.570
	951.322
	811.315
	667.003

	Waist at mirror 1
	(dia. = 130)
	25.183
	24.015
	21.892
	19.593

	d2
	160.025
	
	
	
	

	Waist at mirror 2
	(dia. = 115)
	22.464
	21.215
	18.908
	16.338

	zw(Cass.)
	287.459
	233.802
	230.453
	224.766
	219.191

	wCass.
	
	22.143
	20.905
	18.614
	16.054

	dmirror-subrefl
	
	6281.65
	6281.65
	6281.65
	6281.65

	wsubrefl
	(dia. = 750)
	318.795
	318.795
	318.795
	318.795

	Rsubrefl
	5994.20
	6078.65
	6078.65
	6078.65
	6078.65

	Edge Taper (dB)
	12.00
	12.62
	12.62
	12.62
	12.62

	Multimode Truncation (dB)
	10.00
	9.93
	9.93
	9.93
	9.93


Table 8

Optics Calculations 

Appendix I

Measurements

TBD

Band 4 

Band 4, as with band 3 has been modified, from the design given in the ALMA Memo 362.  The redesign was for the same reasons as for band 3.  The band 4 optics design was done by K.Kimura and H.Ogawa can be seen in figure 27 and the parameters are given in table 9. the horn design is shown in figure 28.  Their work was in close collaboration with C-Y. Tham with the  physical optics calculations.
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Figure 27: Band 4 design
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Figure 28: band 4 horn design
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Table 9

Optics calculation

Appendix H

Optics Measurements:  

Measurements for this band have not yet been made.

Band 5

This is a low priority band.  The design has not been changed, since the Lamb report, reference 1.  This design can be seen in figure 21 below and the parameters are given in table 9.  The design essentially is the same, as that will be given for band 6.  There has not been any physical optics calculations made on this band.
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Table 10 ALMA band 5 Quasi-optics parameters

[image: image37.png]



Figure 29: Band 5 Schematic

Optics calculations

Gaussian beam simulations Appendix E

Physical optics TBD

Optics measurements

TBD
Band 6

This band is essentially the same as stated in the previous report, which is a single horn being fed by a pair elliptical mirrors.  However after the physical optics study, it was felt that a better performance is attained with slight changes. The optics parameters for this band are given below in table 7 and the optics on the built cartridge is shown in figure 30.

[image: image38.png]Frequency (GHz) 11 243 275

2 (mm) 1420817 1233714 1.090154
Horn diameter 7.08
Horn axial length 46,5373
Horn slant length 46.6717
Horn waist. 2212 2192 2169
Horn waist offset. Az(w) 26601 34637 43454
Waist at hom aperture. Wiy 2278 2278 2278
dy 46.00
Ra 52489 51066 52489 53.999
h 2937
Ra 66681 69.128 66.681 64394
Waist at mirror 1. wan (dia. = 64) 10.191 9.129 8340
o 30.0°
P 633852 60.6897 583706
w 2938 2736 2551
dy 158.00
Ro 101047 98462 101.047 103158
A 76.611
Ra 316802 345210 316802 297697
Waist at mirror 2, vy (dia. = 85) 14.860 14230 13.791
& 323848°
Zucms) 2300 230162 229996 229.884
Weas 8.579 7449 6582
[Un—— 622575 622667 622728
Wabret (dia.=750) 316197 316224 316243
Rapren 6000.00 6000000 6000.000  6000.000
Multimode truncation (dB) 10.00 9.99 10.00 9.99
Edge Taper (dB) 12.00 1222 1221 1221





Table 11
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 Figure 30: Band 6 system design
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Figure 31: Band 6 horn
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Figure 32: Band 6 horn design

M.Carter designed the horn as shown in figures 31 and 32.  The horn is made by conventional electroforming techniques by Custom Microwave.  The horn mismatch is shown in figure 33, and it is compared to the mismatch of a Custom Microwave Ltd. Standard conical horn.  The mismatch of the horn is better than shown, due to a degradation of the measurements caused by the use of a non standard waveguide being used in the circular to rectangular transition.  However as can be seen the horn will have a better than –20dB return loss over the frequency band.  
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Figure 33: Band 6 horn mismatch

The return losses of the horns were measured on a vector analyzer to cover the frequency 210 to 275Ghz.  The problems with the measurements were change of standard in the waveguide, which put an increased mismatch in the measurements. As can be seen the measured mismatch is equivalent to that of a WR3 conical horn.  From this the mismatch is probably better than –20dB across the frequency range.  

The polar diagram horn was measured across the band was measure across the frequency band of 210-275GHz.  As can be seen in figure 34 for 240Ghz beam is clean and symmetric.
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Figure 34 Horn polar diagram at 240GHz

Optics Calculation

Appendix F

Optics Measurements

The measurements of the entire optics for band 6 were made over the frequency band.  The resume of these measurements show that the beam waist is approximately at the correct position, with the required inclinations in the 2 planes to point to the center of the secondary.  The waist also has a size which gives a –12dB edge taper on the secondary.
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Figure 35:Band 6 optics results
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Figure 36 Amplitude (left) and Phase (right) measurements at 240GHZ

Band 7  

Band 7 is the lowest frequency band that does not use an orthomode transducer but a grid as a polarization splitter.  The conventional technique of putting the grid between the 2 horns was not possible.  The grid had to be put between the 2 mirrors, which means that:

1. The mirrors M1 and M2 could not compensate each other with respect to cross-polar performance. 

2. Two M1 mirrors were required to illuminate both horns.

3.  The reflection angle on mirror 2 was kept small at 25º and the focal length comparatively long to ensure a low cross polar return.
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Figure 36: Band 7 optics design
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Figure 37: ALMA band 7 optics
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Table 12

The horn design is shown below with the horn.  This horn was designed by. M.Carter, and can be seen in figure27 and 28.  To reduce the length of the horn the circular to rectangular waveguide transition was made using a step transition designed by A-L.Fontana.  This also helped in the manufacture of the horns since it was found that the earlier tapered transition tended to bend in the electroforming process.
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Figure 38: Band 7 horn design
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Figure 39: band 7 horn
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Figure 40: Return loss band 7 horn

The return loss of the horn is shown above against the theoretical curve.  These measurements were made on a newly modified vector analyzer.  At the time of the measurement it could not cover the frequencies above 360GHz and the measurements between about 285-305Ghz are falsely high.  The polar diagrams were measured for the horns and an example can be seen in figure 30.  The lobes are symmetric over the whole frequency band, the side lobes are about –25dB below the main beam and the cross polar diagrams are also of the same order.
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Figure 41: Co and cross polar band 7 horn measurements at 309GHz

Optics Calculations

Appendix F

Optics Measurements

The system measurements were made on the antenna test range across the frequency band.  Two measurements are shown below.  In figure 42 a cross scan giving the co and cross polar measurements can be seen.  The cross polarisation is of the order of –30dB on axis.  In figure 43 a 2D scan at 324GHZ show that the beam is symmetrical in both amplitude and phase with an angle in the direction of the sub-reflector.  The resume of the measurements are given in figure 44.
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Figure 42: co and crosspolar system measurement at 276GHz
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Figure 43: Band 7 2D scan at 324GHz
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Figures 44: A,B,C, and D a resume of the band 7 antenna measurements.

As can be seen in the figures 44 above the inclination angle was correct with in experimental error for both horns and orientation of the measurements.  The sub-reflector edge taper is about –11.5dB.  There seems to be wider than expected variation in waist position at the bottom end of the frequency band.  This should be inspected.
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Figure 45: Complete band 7 cartridge

In figure 45 the completed band 7 cartridge is shown.  The 2 horns with the two mirrors above can be seen.  Also the grid separating the 2 polarisations.

Band 8

Band 8 uses one focusing mirror in stead of the normal two. It is so simple that it is easy to align the mirror and the horn and easy to fabricate the optics block. Optics parameters are given in Table 6.
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Table 13 Band 8 optical parameters

The polarization splitter is a wire grid. The signal path is symmetrical for vertical and horizontal polarization. The reflection angle at the focusing mirror is 20 degree.

Optical block was designed mechanically by Naohisa Satou of NAOJ. It is machined from a pure Aluminum block with some anchor points to measure easily with a CNC coordinated measuring machine. The weight of optics block excluding the wire grid and 2SB mixer block is 0.8 kg.

Local oscillator signal is injected to SIS mixers with a waveguide coupler designed by Shinichiro Asayama of NAOJ.

The optics block has an inclination angle of 1.20 degree for the subreflector.
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Figure 45:　Band 8 optics block design

The band 8 horn was designed by M. Matsunaga of Ehime University and can be seen in figure 30 below.
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Figure 46: Band 8 horn design

Beam pattern of band 8 optics (engineering model) was measured with a vector network analyzer at NAOJ. The engineering model is similar to preproduction model, but difference is that the reflection angle is 22.5 degree. 
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Figure 47: Beam pattern of Band 8 Engineering Model (EM).
Cryostat Modifications:

We changed band 8 optics design to accommodate 2SB mixer scheme. We would like to request to change window poison for band 8 to [X 0.0, Y -129.4] with assuming that the center of band 8 cartridge body is [X 0.0, Y -150.0].

Optics calculations

Appendix H

Optics Measurements

TBD

Band 9

Band 9 has undergone a major redesign since the PDR.  There was a problem with the local oscillator scheme in the previous design.  The design chosen is similar to that described for band 7 with the polarization grid between the 2 elliptical mirrors.  The design has to be more complicated than band 7 to allow the injection of the local oscillator into each of the mixers.  This design is undergoing a physical optics study, and the horn has been designed and is being manufactured.

The new design can be seen in a report by A.Baryshev below

This documents describes detailed optical layout of ALMA band 9 cartridge. It mainly contains the data missing in the band 9 optics presentation from ALMA week in Granada. The document “band9_optics.pdf” is essential for complete understanding of band 9 optical layout.
Quasi-optics Gaussian beam parameters.

	Frequency [GHz]
	
	602
	661
	720

	( [mm]


	
	0.497994
	0.453544
	0.416378

	
	
	
	
	

	Horn diameter
	5.066
	
	
	

	Horn axial length
	15.516
	
	
	

	Horn slant length
	15.722
	
	
	

	Horn waist, w0
	
	1.115
	1.059
	1.006

	Horn waist offset, (z(w0)
	
	-8.364
	-9.089
	-9.735

	Waist at horn aperture, wha
	
	1.630
	1.630
	1.630

	d1
	44.484
	
	
	

	Rs1
	54.698
	54.012
	54.698
	55.293

	f1
	24.862
	
	
	

	Ri1
	45.579
	46.067
	45.579
	45.174

	Waist at mirror 1, wM1
	(dia. = 45)
	7.595
	7.381
	7.214

	(1
	50.0(
	
	
	

	zw1
	
	45.340
	44.924
	44.584

	w1
	
	0.954
	0.885
	0.824

	d2
	95.906
	
	
	

	Rs2
	51.559
	51.217
	51.559
	51.835

	f2
	39.410
	
	
	

	Ri2
	167.241
	170.942
	167.241
	164.410

	Waist at mirror 2, wM2
	(dia. = 40)
	8.457
	8.363
	8.291

	(2
	50.0(
	
	
	

	zw(Cass.)
	150.00
	149.482
	149.435
	149.399

	wCass.
	
	2.996
	2.729
	2.505

	dmirror-subrefl
	
	6148.95
	6148.99
	6149.03

	wsubrefl
	(dia. = 750)
	317.407
	317.409
	317.410

	Rsubrefl
	6000.00
	6000.000
	6000.000
	6000.000

	Edge Taper (dB)
	12.00
	12.12
	12.12
	12.12

	
	
	
	
	


Dimensions in mm.

Table 14 Band 9 parameters

ALMA band 9 optical layout

Abstract/Introduction

In this report a mm wave optics prototype for an Atacama Large Millimeter Array (ALMA) receiver cartridge is discussed. Mainly the ALMA frequency band 9 (602-720 GHz) is considered. However the same design approach is applicable to the receiver optics of any other ALMA bands.

The high frequency cartridges (bands 7-10) have been decided to have no intermediate optics between the telescope secondary mirror and the cartridge cold optics. (See notes of Tucson optics meeting). Consequently, in the optical design of band 9 cartridge full signal path with all focusing elements are considered as free design parameters.

In this report a concept of choosing and optimizing these parameters is discussed. The design starts from an optimal corrugated and diagonal horn field representation. A possibility of distortion compensation by a pair of ellipsoidal mirrors is discussed. A concept of frequency independent radiation coupling between the horn and the Cassegrain telescope system is presented. An expression for parameters of two elliptical mirrors giving rise to frequency independent matching of the horn to the telescope is given.

A practical corrugated horn for signal path of mixer and a practical diagonal horn for local oscillator (LO) part of mixer are proposed. Based on the horn and the ALMA prototype antenna design a two-mirror layout for ALMA band 9 is proposed.

The alignment accuracy of optical components within the cartridge is considered. The alignment accuracy between the cartridge and the secondary mirror is also considered. 

Design concept

In this part a few theoretical facts, used in the following practical design, are discussed.

 Corrugated and diagonal horn representation

The essential part of the quasi-optical design is the feeds. The corrugated horn has been shown to have a very good Gaussian beam over at least 1.5:1 frequency range. The possibility of machining of these horns has been shown for frequencies at least up to 1 THz. The coupling efficiency to the zero order Gaussian beam can exceed 98 % for this type of horn. That is why we will use it as feed in the signal path of band 9.

 Throughout this report we will be using the following expression for the electrical field distribution over the horn aperture:
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where 
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 is radius over the horn aperture, 
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is the radius of horn aperture and 
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R

is the horn slant length. We do not consider the cross polarization in this representation, so the formula is given for main polarization. Expression (1) is slightly different from the one given in [1]. It was modified for normalization purpose such as the beam coupling given by:
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(2)

is equal to 1 when 
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. The coupling between the horn and the fundamental Gaussian beam is then simply given by (2) where Gaussian beam distribution is used for 
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 and 
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is used for 
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. In this design we will use the fact that the radius of curvature of the beam in the horn aperture is very close to horn slant length. It can be found that Gaussian beam radius at the corrugated horn aperture should be 
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 (for aperture illumination taper 8.6 dB). Given this condition the optimum Gaussian beam will have a waist size 
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and distance from horn aperture (towards horn apex)
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are given in following expressions:
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(4)

More than 99% of power in the Gaussian beam with parameters given in (3) and (4) is coupled into the corrugated horn. For the geometrical optics limit (
[image: image83.wmf]0
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 in (4)) we find that geometrical optics image is located in the horn apex. This fact will be used for building an optical system for band 9 using geometrical optics. 

Equivalent diagonal horn

The band 9 mixers will use a quasi-optical LO injection. We propose to use the diagonal horn as a feed for the LO source. There are several reasons for this choice: the antenna beam pattern of such a horn is reasonably good, the optimum Gaussian beam coupling for this type of horn can be as high as 84 % and – quite important – a diagonal horn is much easier to produce than a corrugated horn. The overall coupling between optimum corrugated horn and optimum diagonal horn will be about 82 % that is enough to efficiently couple LO signal in a mixer.

The electrical field in the aperture plane of a diagonal horn is described by following equations:
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where 
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E

is the co-polar component (along axis v), 
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is the cross-polar component, 
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is aperture size, 
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is horn slant length, and 
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are orts of coordinate system as shown in Figure .
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Figure 49: Diagonal horn geometry.

An optimum Gaussian beam coupling of ~ 84 % to this type of horn is achieved when the fundamental mode beam radius 
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. The beam radius of curvature in this case is also equal to 
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. The waist position and size can be defined by the same set of equations (3) and (4). 

As it will be shown in sections Error! Reference source not found., 0 it is especially advantageous if corrugated and diagonal horns to match has the same optimal fundamental mode beam waist sizes and positions. This can be achieved if the diagonal horn size 
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is related to the corrugated horn radius 
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 and slant lengths of both radiators are equal. This symmetry allows to achieve frequency independent coupling and to avoid beam distortions when using two identical elliptical mirrors to couple one horn to another.

.

Frequency independent coupling between horn and telescope beam

The optical train layout is shown in Error! Reference source not found.. This is analogous to the layout shown in Error! Reference source not found.. Two elliptical mirrors M1, M2 are used to match the beam from a telescope secondary mirror to a horn. We will discuss here the choice of mirror parameters (R1, R2, R3 and R4) for providing frequency independent coupling between telescope and mixer.

As it was discussed in section 0 the optimal fundamental Gaussian mode beam should have the radius of curvature equal to horn slant and at the same time it must have beam radius 
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 is horn radius. In order to achieve that we use the known properties of an optical system. If the system is arranged in such a way, that it reimages the pupil (in our case the secondary mirror) onto the horn aperture with the required beam size and, at the same time, it reimages the focal point into the horn apex then beam radius of curvature and beam radius are independent on frequency. That allows to use geometrical optics relations to calculate main parameters of the system.

Above conditions can be satisfied by system of three mirrors. Two mirrors can determine the magnification of the system and the third mirror can be used as a field mirror, specifying the pupil image position at the aperture of the horn. However, for specific set of parameters field mirror is not necessary.

It can be shown, that based on two free parameters 
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the other parameters of system can be calculated using following expressions: 
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where 
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 is the system angle magnification, 
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is the horn length, 
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 are mirror focal distances. All other parameters are clear from Error! Reference source not found.. 

The beam radius at the horn aperture 
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 can be adjusted to realize different edge illumination of telescope secondary mirror. The following expression can be to calculate 
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A fundamental mode Gaussian beam propagation trough the system calculated by using (8) is shown in Figure . Gaussian beams are shown for 
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diameter beam in order to reduce truncation losses. The calculation was done for lowest band frequency 600 GHz assuming that 
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 mm and the horn.

The output waist position and size of this two-mirror system can be calculated using standard Gaussian optics formulae. As soon as a dependence of output beam waist position and size from frequency is known, equations (2), (3), (4) can be used to calculate final coupling between telescope and horn. Result of such calculation is presented in Figure  by solid line. The coupling appears to be frequency independent. The coupling for an equivalent Gaussian beam telescope system is shown in the same picture by the dashed line. It appears to be frequency dependent.
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Figure 50: Optical train for a practical system. Gaussian beam contours for 
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radius are indicated as well as geometrical optics beam. Calculations were made for frequency 600 GHz and edge taper of 12 dB.
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Figure 51: Optimized (solid line) and Gaussian beam telescope (dashed line) coupling between fundamental Gaussian mode beam illuminating the telescope secondary at 12 dB edge taper and a corrugated horn through two-mirror optical system.

Proposed layout

3.2
Design requirements and concept

The band 9 receiver optics has the following main design goals: a) all optics is mounted in the cartridge structure shown in fig. 2; b) the LO power source is located on the 90 K stage of the cartridge; c) most of the optics is located at 4 K level since SIS mixer technology is used; d) two orthogonal linear polarizations should be received from the sky; e) the secondary mirror edge illumination taper should be 12 dB and should not depend on frequency within ALMA band 9.; f) design should be based on the reflective optics elements and five waists size beam should be put through; g) Cross polarization signal level should be less than –20 dB from the power in the main polarization. 

ALMA antenna is a classical Cassegrain system. The primary mirror diameter is about 12 m, secondary mirror diameter is 0.75 m, and the distance from antenna secondary mirror to focus is 6 m. Antenna beam towards receiver is #f8 angular size. This is an input beam for band 9 receiver. The receiver position is 0.1 m offset from main symmetry axis of antenna.  

Additional attention should be paid to the small series production of the optics. ALMA project requires 64 receivers to be built. Because of this requirement it was decided to build all the optics using conventional CNC machining and make machining tolerances sufficiently tight to skip the additional alignment procedure by a laser beam. 

Since the frequency with band 9 is much lower than that of optical light only 7 micron RMS mirror roughness is required, and the tightest tolerance for this particular design is about 40 microns. These parameters are well within reach of conventional CNC machining techniques. Note that 7 micron RMS will not allow the optical checks for mirror alignment and therefore use of an submm wave antenna beam pattern measurement system is essential to asses the quality of optical system. In order to verify the design concept of using direct CNC machining for these frequencies, a simple model for a signal chain – a two-mirror block has been built, together with a mixer horn, the details of it will be presented later in the section about measurement results. 

Drawing of signal path is presented in fig. 3.1. Telescope focus is located in the point FP. Two elliptical mirrors (M3, M4) are used to reimage the secondary mirror of telescope (M2) into the mouth of a mixer horn with the size, that is appropriate for 12 dB edge taper. The quarterly focal point (the second focal point of mirror M4) coincides with an apex of the corrugated horn H1.  This construction allows for frequency independent coupling of the telescope beam to a corrugated horn feed. Mirror diameters are chosen to put through a 5 w size beam.
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Fig. 52: Layout of optics. Beam dumps and one of the signal polarizations are not shown. 

The second polarization beam is split off from the main beam at 90 degrees angle by means of a grid G1. The grid is located between mirrors M3 and M4 at the narrowest point of the beam (near tertiary focus).  M3 is used for both polarizations and an additional mirrors M4’, M5’, and M6’ are used for forming an orthogonal polarization beam arriving at second mixer horn H2. The cross polarization signals are absorbed by a special absorber plate mounted behind the grid G1 at 4K level. 

2.3
LO insertion
Local oscillator signal is inserted quasioptically using a beamsplitter B1 in fig. 3.1 It is mounted between signal horn and mirror M4. A 12 micron Mylar film is used as beamsplitter material that corresponds to approximately 7% of LO signal insertion. The LO signal is then reflected towards 90 K plate of the cartridge where additional mirror M6 and final local oscillator multiplier (quintupler) is located. The quintupler beam is formed by a horn H2. The system is designed to put through a  four waists size beam. Additional infrared heat filters are mounted on 12 K stage to decouple 4K and 90 K levels thermally.

The second polarization has its LO inserted in exactly the same way using mirrors M5’ and M6’ that are identical to M5 and M6 respectively. It has its own multiplier and horn H2’. This polarization is not shown in fig.  3.1 

An absorber plate is mounted behind each of beamsplitters for both polarizations to dump LO power that is not coupled into the beam.

The full unfolded band 9 optics layout schematic is presented in fig 3.2.
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Fig 53. Band 9 optics layout schematic.

Signal path details

The signal path is symmetrical for both vertical polarization (VP) and horizontal polarization (HP). For HP the path is as follows: a telescope focal point (FP in fig. 1) followed by mirror M3, grid, mirror M4, beam splitter for LO insertion and finally by the mixer horn U1. For VP the signal follow from FP to the same mirror M3 then, reflected by the grid, comes to mirror M4’, beam splitter, and mixer horn U1’.

The FP coincides with one of the focal points of the mirror M3 . The second focal point of mirror M3 coincides with first focal point of mirrors M4, M4’. The grid is placed in this point. The second focal point of ellipses of mirrors M4, M4’ coincides with apexes of horns U1, U1’, respectively. Mirrors M4, M2’ as well as horns U1,U1’ are identical.

Here is the table of all relevant distances for signal path:

	Distance indicator (fig. 3)
	Distance (mm)
	Comment

	D1*
	150
	Distance from FP to mirror M3

	D2*
	53.453
	Distance from foci of M3, M4, M4’ (point F1) to M3

	D3*
	42.453
	Distance from foci of M3, M4, M4’ (point F1) to M4’, M4

	D4*
	60
	Distance from horn U1, U1’ apex to mirror M4, M4’

	D5*
	50**
	Distance 

	Grid reflection angle projection
	125**(deg)
	Angle between of HP and VP beam paths after passing the grid, projected on horizontal plane (X-Y)


* All distances are measured along the beam path

** Free parameter (can be changed by designer)

The mirror description table:

	Mirror
	a  (mm)
	b (mm)
	e (mm)
	f (mm)
	Diameter
	Bending angle 2( (deg)

	M3
	101.727
	80.8407
	0.607022
	39.4096
	45
	50+0.94

	M4, M4’
	51.2266
	45.7411
	0.450222
	24.862
	40
	50


* Input beam comes in 0.96 deg off vertical direction, output beam of M3 comes 50 deg off vertical direction. See fig 4.1

table 15
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Fig 54: Sketch of a signal path for horizontal polarization. 

The corrugated horn description table:

	Horn
	Horn length (mm)
	Aperture diameter (mm)

	U1, U1’
	15.4407
	5.0628


The goal telescope illumination taper calculated using fundamental Gaussian mode beam is 12 dB. Optics is designed to put 5Waist beam diameter through.

LO path details

LO path is also the same for VP and HP. I will describe only VP LO path. It starts with mixer horn U1 apex than a Mylar beam splitter (12 micron currently) will follow. The beam splitter is rotated around direction of incoming E-vector by 45 degrees making the beam deflected by 90 degrees. Then beam comes to the mirror M3 and M4 and, finally, arrives into LO source corrugated (diagonal) horn (LO).

The mirrors and horns are joined by coinciding the focal points of appropriate ellipses that form the mirrors (similar to signal path). 

Table of relevant distance for LO path:

	Distance indicator (fig. 3)
	Distance (mm)
	Comment

	a1*
	28
	Distance from apex of horn U1 to beam splitter

	a2*
	37
	Distance from beam splitter to mirror M5

	a3*
	191.09
	Distance from mirror M5 to common focal point F2

	a4*
	84.5901
	Distance from mirror M6 to common focal point F2

	a5*
	27.6875
	Distance from LO horn to mirror M6


* All distances are measured along the beam path

The mirror description table:

	Mirror
	a  (mm)
	b (mm)
	e (mm)
	f (mm)
	Diameter
	Bending angle 2( (deg)

	M5, M5’
	128.045
	78.8062
	0.782684
	48.5019
	40
	90

	M6, M6’
	56.1388
	34.2205
	0.792732
	20.8598
	40
	90


The corrugated horn description table:

	Horn
	Horn length (mm)
	Aperture diameter (mm)

	LO, LO’
	7.0433
	2.4


Table 16

LO optics is designed to put 4Waist beam diameter through. The equivalent diagonal horn maybe used instead of LO, LO’ corrugated horns. 


[image: image127]
Fig 55: 3D drawing of all band 9 optics beams, showing final beam layout, taking into account beam sizes.

Fig. 5.2 shows the drawing of beams in 3D. The signal from the telescope comes for top right. The drawing is shown in scale. 

Mirror alignment tolerances

In this section an individual mirror and horn alignment tolerances are considered. Some mirror offsets can be compensated or by refocusing (shift in the telescope secondary mirror) or by calibrating pointing offsets. Some facts that are stated in [4] were used.

Let us consider the offset of mirror M4 in the optical train while all other elements are kept in the same absolute position. The output waist position can be calculated by using ray matrices of elements. The dependence of optical coupling vs. mirror offset is shown in Figure . The tolerances for 1% of efficiency loss are maximal for highest frequency of 720 GHz and correspond to the range of –1.63 … 1.88 mm.

However, if one allow for a in change the distance between focal plane and first mirror (it can be achieved by adjustment of the telescope secondary mirror) the position tolerances of this mirror offset becomes much less critical: -2.3 … >3 (or even >14) mm. This is illustrated by Figure . The same considerations can be applied to all relative movements making tolerances less critical.
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Figure 56: Coupling through the system vs. mirror M4 offset for different frequencies. Solid blue line corresponds to 600 GHz, dashed red line corresponds to 720 GHz, and dotted green line corresponds to 660 GHz. 
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Figure 57: Optical coupling versus telescope focal plane offset and mirror M2 offset. Distance between contours is 1%. Central white area corresponds to 100%. Additional truncation is not taken into account.
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Figure 58: Local coordinate system used for mirror tolerance calculations. X- and z-axes are in the plane of the beams. Z-axis is perpendicular to the mirror surface. 

For calculating of the actual alignment tolerances mirror bending angles should be taken in to account. Mirror offset can be described by shifts and rotations in three orthogonal axes as shown in Figure . The chief ray was propagated through the system and output waist offset due to movement of one mirror was calculated in the paraxial limit. Aberrations and distortions are not taken in to account in this calculation as an effect of second order. Results of calculations allowing for 1% of relative loss per degree of freedom are shown in table Table 1. The second column shows mirror/horn displacement when telescope secondary focus position is kept fixed. The third column shows the same tolerance provided that telescope can be defocused and focal plane offset is calibrated out. The fourth and fifth columns show optimized values and offsets. It can be seen that allowing for some adjustments makes some tolerances less strict. Most critical type of movement is therefore mirror rotations. 

Table 1 Alignment tolerances budget

	Misalignment type
	Offset (non compensated)
	Compensated offset
	Defocus (mm)
	Focal plane offset (mm)

	Mirror offsets

	Mirror M3 x-axis offset
	0.067 mm
	0.157 mm
	0.366
	-0.528

	Mirror M3 y-axis offset
	0.058 mm
	0.136 mm
	0.366
	-0.528

	Mirror M3 z-axis offset
	0.185 mm
	0.260 mm
	-1.19
	0.252

	Mirror M4 x-axis offset
	0.045 mm
	0.075 mm
	0.352
	0.331

	Mirror M4 y-axis offset
	0.041 mm
	0.068 mm
	0.352
	0.331

	Mirror M4 z-axis offset
	0.423 mm
	0.575 mm
	-2.05
	0.236

	Mirror rotations

	Mirror M3 x-axis rotation
	0.037 (
	0.088 (
	-0.303
	-0.534

	Mirror M3 y-axis rotation
	0.065 (
	0.153 (
	-0.303
	-0.534

	Mirror M3 z-axis rotation
	Inf
	Inf
	--
	--

	Mirror M4 x-axis rotation
	0.028 (
	0.044 (
	-0.31
	0.3

	Mirror M4 y-axis rotation
	0.051 (
	0.081 (
	-0.31
	0.3

	Mirror M4 z-axis rotation
	Inf
	Inf
	--
	--

	Horn offsets

	Horn lateral offset 
	0.093 mm
	0.137 mm
	0.341
	0.269

	Offset along the beam
	1.3 mm
	1.3 mm
	0.512
	0

	Horn rotations

	Horn tilt
	0.817  (
	1.11  (
	0.188
	-0.231

	Rotation about beam axis
	5.74  (
	--
	--
	--


Table 17

Optics design verification

In order to verify if a selected machining techniques or design approach works a simplified model of a signal path consisting of two mirrors M3, M4 and mixer horn mount has been built. It is shown in fig. 7.1
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Fig.59: A prototype two-mirror block for evaluating production techniques.

A prototype ALMA corrugated horn, suitable for room temperature has been made. It is mounted in the bottom block. The photograph of the two-mirror block arrangement is shown in fig 7.2


[image: image132]
Fig 60: Photograph of prototype two-mirror block

Two prototypes have been made by companies WITEC and MECON. These prototypes have been measured by using a alma prototype corrugated horn and following measurement technique.

7.2
Standing waves compensation method 
A Measurement System: The measurements were made in the near field of the optics under test and similar to that described in [6].  A small probe, which was the transmitter in front of the receiver in the X, Y and Z planes.  These movements were made in small discrete steps and at each point values of amplitude and phase were taken.  The transmitter was a phase locked Gunn oscillator working between 100-120 GHz, which fed a X6 multiplication chain to have a transmitted signal between 600 and 720GHz. A small part of the Gunn signal was coupled off to act as a reference for the phase.  The signal was received through the optics under test with a harmonic mixer.  A frequency about 20GHz was used from a synthesiser to mix both the reference and received signals so there was an IF of 4GHz and 4/6GHz respectively. The reference channel was multiplied by 6 so that 2 coherent signals of 4 GHz can be fed into a vector voltmeter, which gives the phase and amplitude information.  This system is essentially a homodyne system. 

For most of the measurements a network analyzer with an access to internal reference and signal  ports was used. This allows for using very small detection bandwidths up to 10 Hz (30 Hz was used in the measurements). 

7.3
Standing waves compensation method 
A standing wave in the setup was suppressed by using the following technique. Two data points were taken with lambda over four separation in z-axis. These two points were added up with correction of the phase of Pi over two. The forward signal is than added constructively, unlike the first order reflections, which has a phase difference of Pi. These reflections are added destructively.  This method allows effectively suppress parasitic effects due to first order reflections for beams, close to a parallel. Band 9 receiver f#8 beam is close enough to achieve good standing wave suppression without degrading the quality of measurement itself. Additionally, an absorber plate around the source was used to decrease the level of reflections.

A small approx 2 x 1 mm flared waveguide probe was used as a radiation source. Its antenna beam is much wader than receiver f#8. No correction for source beam pattern is needed for analyzing results of measurements. 
7.4
Room Temperature detector and saturation
An SLED (super lattice electronic device) was mounted instead of an SIS junction in one of our mixer holder. That allows for using it mechanically with exactly the system which is going to be cooled down. This detector potentially has better conversion efficiency as conventional diode. Although, no specific matching circuit was designed to couple the SLED to an RF environment, signal to noise ratio of 72-80 dB has been obtained for all frequencies in ALMA band 9, using about 50-70 microwatt as an input signal. All measurements were done at room temperature. The SLED was pumped subharmonically. 36th harmonics of LO was typically used.

Since SLED is relatively new detector device for this type of measurements, a special attention was paid for detector saturation by the input signal. To check this effect, a measurements were done for the same beam of corrugated horn and scanning ranges while changing source output power. Results of this measurement are presented in fig. 7.3 and 7.4 for amplitude and phase respectively.  No significant compression was found in the data as well as phase appears to be stable even for very significant drop (-33 dB) of input signal power.
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Fig.61: Normalized amplitude field distribution measured at different signal source levels to check for a detector saturation effects. (ALMA corrugated horn)
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Fig.62: Normalized phase field distribution measured at different signal source levels to check for detector saturation effects. (ALMA corrugated horn)

7.5
Laser beam propogation 
The two-mirror block, presented in fig. 7.1 was produced by a CNC machining technique in WITEC. Mirror surfaces were machined by a boll mill in the 5-axis CNC machine. After light polishing, the surface quality was good enough to put through a laser beam. The beam itself can be visualized by applying a water vapour fog during long time exposure of digital camera. The result is shown in fig. 7.5

[image: image135.jpg]



Fig.63: Laser beam sent through machined two-mirror block.

Intermediate (tertiary focus) and final (quarterly focus) are clearly visible. Some beam splitting can be visible at lower right corner of the picture. This is due to approximation errors that occur during milling of the mirror surface. Note that frequency, at which the effect occurs, is 1000 times higher than the required frequency.   

7.6
RF beam pattern measurement and analysis
A 2-D plot of amplitude and phase beam distributions are shown in fig.  7.7 and 7.8 respectively. The mirror symmetrical axis coincide with Y-axis of scanner.  One can see that a central maximum has a symmetrical shape both in phase and amplitude. A low levels of sidelobes is observed. A round ring structure at lower levels can be explained by periodical deviations of mirror shape from nominal curve due to machining strokes of the mill tool. 
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Fig.64: Measured near field beam amplitude distribution of the two-mirror block at -50 mm from the waist plain. Frequency is 672 GHz. (WITEC mirror)
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Fig.65:  Measured near field beam phase distribution of the two-mirror block at -50 mm from the waist plain. Frequency is 672 GHz. (WITEC mirror)

Amplitude and phase information allows to calculate an overlap integral of the measured data with fundamental mode Gaussian beam. Ideally, this beam has six parameters, which can be determined from the data by maximizing Gaussian beam coupling: beam waist size, waist position (X,Y,Z), and two beam tilt angles. If the scanning plane is referenced to a mirror surface by a calibration device, obtained parameters allow to conclude if the production errors are still 
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Fig.66: Normalized amplitude field distribution measured along mirror asymmetrical axis at different signal frequencies. 
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Fig.67: Normalized phase field distribution measured along mirror asymmetrical axis at different signal frequencies.
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Fig.68: Normalized amplitude field distribution measured along mirror symmetrical axis at different signal frequencies. 
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Fig.69: Normalized phase field distribution measured along mirror asymmetrical axis at different signal frequencies. 

acceptable and what the efficiency loss can be. The Gaussisity of the beam shown in fig. 7.7-8 is about 98%, which is very close to an ideal situation. The waist size, offsets and tilt angle are within the required tolerances. It produces less than 1% efficiency loss, compared with an ideal case.

Measured beam cross-sections both for symmetrical (Y) and asymmetrical (X) mirror axes are shown in fig. 7.9-12. These measurements were done for several frequencies in ALMA band 9. Note that beam quality maintains over whole frequency range except the lowest frequency. At the lowest frequency, some deviation can be explained by a corrugated horn beam pattern change. A new horn design is underway.  

As expected, the beam is largely symmetrical for symmetrical mirror axes. Visible operations effects are present in the cuts along the asymmetrical mirror axes. These effects, give rise to a beam tilt with respect to a nominal beam direction. Beam tilt, determined from measurements, is still within the required boundaries.

Finally, a far field antenna beam pattern can be determined from the 2-D data of fig. 7.8-9 by means of Fourier transform. The resulting amplitude angular distribution is shown in fig. 7.13 and central part of the distribution is shown in fig. 16 compared with the angular size of ALMA antenna secondary mirror. Since mirror is in the far field zone of the waist, this gives a good indication of the illumination edge taper.  From fig. 7.14 one can conclude that the edge taper is very close to the required 12 dB and illumination pattern of the secondary is well centred. A semi-round fringes are visible at the beam pattern at very low signal levels. These fringes are again due to approximation error of the CNC machine (and due to tool movement stroke direction). However, still visible, these effects do not degrade significantly the illumination pattern at the secondary mirror.

Periodical mirror surface deviations produce a various peaks at far field pattern, see fig. 7.13. The angle of these peaks allows to determine the period of these deviations. Random deviations with white spectrum result in increase of a spill over from the main beam towards all directions uniformly. Good signal to noise level obtained in the figure and low level of peaks due to periodical deviations suggests that the selected production technique is sufficient for application in ALMA band 9 receiver. 
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Fig.70: Calculated far field amplitude angular distribution of the two-mirror block. Frequency is 672 GHz. The boundary of secondary mirror and central blockage of antenna are presented by a dashed line. (WITEC mirror)
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Fig.71: Far field amplitude angular distribution of the two-mirror block calculated from near fireld pattern. Frequency is 672 GHz. (WITEC mirror) Zoom in from fig 7.13

7.7
WITEC vs MECON mirror system

Measurements of two mirror block prototype made by company were also performed in the same system. The far field pattern for MECON block is shown in fig 7.15. This picture should be compared with fig. 7.14  of the same measurements for MECON mirror block. Much more pronounced structure is visible off the main beam for MECON mirror block. The poorer quality of this mirror can also be seen by the visual inspection. A several maxima off beam are produced by a periodical deviation of mirror surface from a nominal one. However, if the amplitude of this off main beam peaks is considered, the MECON mirror would be quite acceptable as well. The illumination of the secondary in fig 7.15 is slightly off center, due to aberrations effect. One can also see, that secondary mirror edge taper (-9-10dB) is father from a desired value of (-12 dB) than one for WITEC mirror, fig 7.14. These two effects can only be caused by an inaccuracy of mirror positioning. 
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Fig 72 Far field antenna beam pattern of MECON mirror block. The whole available range is on top, the zoom out to the centre is at the bottom. Frequency is 672 GHz. 

7.8
WITEC vs MECON mirror system

A direct comparison of system with LO beamsplitter (Mylar 12 micron thickness) and without was made. The two mirror system was measured consecutively with and without LO beamsplitter. Results of this measurements are presented in fig. 7.16. Virtually no difference can be observed. A small tilt of the ouput beam can be detected by fitting measured patterns to a Gaussian beam. This tilt is well within 1% loss tolerance budget.
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Fig. 73 Far field antenna beam pattern measured for two mirror block at 654 GHz. Top picture is measured without beam splitter inserted, bottom picture is measured with beam splitter inserted.

Conclusions

1) Proposed layout is frequency independent

2) It is possible to compensate for cross-polar and distortion losses in two (in more than two mirrors) and attempt is made to implement this into this layout

3) Alignment tolerances must be considered together with possibility of pointing offset and refocusing of the telescope.

4) Proposed layout is physically smaller than Gaussian beam telescope

5) Verification of the layout by producing a prototype of a signal optics and making phase and amplitude measurements proved to be successful. Main parameters of the design are confirmed by a direct measurements.
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Band 10

This design will follow the design of that given for Band 8.
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Table 18
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Figure 74: ALMA band 10 optics

Optics calculations

Physical optics Appendix H

Optics measurements

TBD

Receiver Focus

The telescope focus for the different frequency bands were to be at the point Z = 0, which is the machined top surface of the cryostat top plate.  This was obviously not possible to follow considering the diversity of the different receiver designs with respect to frequency.  The different focal point with respect to frequency can be seen in the graph in figure 49.  The red line shows the different focal points for each band.  The black line shows the focuses for a fixed secondary at the telescope focus and the blue line shows the same for a refoused secondary.  As can be seen all of the bands fit easily into the blue curve, but not into the black.  This is due to the that all of the low frequency bands 1 to 4, have the focus above the cryostat topplate, due to the use of ambient optics.  However the high frequency channels, bands 5 to 10 have the focal points below the top plate.  The green curve is that shown for the focus moved by 50mm into the cryostat, and as can be seen accept for the bands 3 and 4 the majority now fall close.
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Figure 75 Telescope focus

Windows

The role of a cryostat window is fairly obvious, it must act as a good vacuum seal and a the same time let pass the signal frequency band with a minimal signal loss. An added complication to this is that heterodyne receivers require a low coefficient of reflection, which will cover the large band width of the ALMA frequency bands.  Different receiver engineers over the years have used a large variety of ideas for windows, which have been used for different astronomical projects.  The cryostat specification for the vacuum is severely strict.  This has meant that thin plastic windows made from materials like Mylar were not possible. This  final selection was narrowed down to different type of windows,  matched quartz windows, figure 32 and matched HDPE windows figure 33.  The quartz windows use Z-cut quartz as the window, which is a very low loss microwave material, and if thick enough acts as a perfect vacuum window.  However there are 3 main problems with this material:

1. A relatively high dielectric constant, which makes matching difficult over a large frequency bandwidth. To do this layers of progressively lower dielectric material are used at a matched thickness.  For most of the ALMA frequency bands 5 layer windows were required.ref.2.  

2. Quartz is brittle and easily broken, special care is required to avoid damage, which could result in catastrophic effects.  The fact that there is a matching layer would only hide the signs of telltale cracks.

3. Matched quartz windows are relatively expensive.  Although large orders can reduce the cost they still have to be hand built.
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Figure 76: Matched quartz windows
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Figure 77:F.T.S measurements of ALMA band 6 windows

The HDPE (high density polyethylene) is a plastic that has a low loss at millimetric and sub-millimetric frequencies, as a long with PTFE (polytetraflouroethylene) can make ideal plastic windows and filters.  The reason that HDPE was chosen over PTFE was that PTFE has a tendency to creep under the pressure of a vacuum.  To match a plastic like these the usual method to use is to cut grooves in the surface.  There are 2 types of grooves that can be used:

1. Rectangular grooves that are a quarter wavelength deep, and usually circular across the face of the window.  These types of grooves were not used since the ALMA frequency bands have a large percentage bandwidth, and they would not work over the whole band.

2. Triangular grooves, which are greater than a third of a wavelength at the lowest frequency in the band.  The groove spacing has to be less than ( to have no problems due to diffraction. 

3. These grooves have little effect on the cross polar as long as the grooves are aligned parallel or perpendicular to the E-field.

The main problem with these windows is that HDPE is a plastic so there is molecular migration through the plastic, which means that the windows need to be relatively thick to reach the tight specifications set by the ‘Cryogenic Group” on the cryostat vacuum integrity.  These windows will be 2 to 3times less in price than the quartz windows, if conventional machining of the grooves is used.  The final HDPE windows were moulded.  The quality of the windows has improved and the price reduced.  The triangular on each side of the cryostat were made perpendicular to each other to cancel any polarization effects that could exist.  B.Lazareff organized the work to mould the windows and filters.
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Figure 78: Matched HDPE window

Two types of tests were used on the windows:

1. Microwave loss, which is summarised in the table below as the effective increase in temperature of the receiver when a window was put in front of the receiver.  As can be seen 2 types of quartz windows were used.

	Window type
	HDPE
	QMC
	NRAO

	Vacuum
	7x10-7
	1x10-8
	1x10-8

	Temp. increase B3
	1K
	2K
	

	B6
	2K
	2.5K
	3K

	B7
	2K
	3K
	5K

	B9
	14K
	4K
	6K


Table 19: Receiver noise increase with different types of window  

The test was a vacuum test on the prototype ALMA cryostat that showed as thought that the use of all plastic windows would give too low a vacuum quality.  Shown in table 8 below are the recommended windows for the ALMA cryostat.  From bands 1 to 4 we would use HDPE windows, 2 of these being lenses, and from Bands 7 to 10 quartz windows would be a used.  For these frequencies there is a lower microwave loss for each of the chosen types of windows.  Bands 5 and 6, which have a relatively large area and would also need a relatively thin window to have a low loss, the only gain that could be attained with plastic windows is cost.  It is suggested that the choice for these 2 bands would be done on a vacuum basis only, and therefore either window could be used.

	Frequency band
	Position
	Diameter
	Window type

	Band 1
	-180.3,180.3
	
	HDPE lens

	Band 2
	-180.3,-180.3
	92
	HDPE Lens

	Band 3
	54,-306
	66
	HDPE Window

	Band 4
	54,306
	
	H DPE window

	Band 5
	173.2,-173.2
	
	Quartz

	Band 6
	173.2,173.2
	
	Quartz

	Band 7
	100,0
	
	Quartz

	Band 8
	0,-103.3
	
	Quartz

	Band 9
	0,100
	
	Quartz

	Band 10
	-100,0
	
	Quartz


Table 20 ALMA window selection
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Table 16

Filters

D.John and S.Navarro at IRAM Grenada in Spain carried out most of the filter work.  They had a lot of help from C.Cunningham at HIA for the FFT measurements and from A.Barychev at SRON for the sub-millimeter measurements.  A-L.Fontana, F.Mattiocco and B.Lazareff continued these measurements.  The filters are used to keep incident the infrared radiation from warming the cryostat and at the same time having a small loss on the relevant frequency bands.  The ALMA cryostat has 2 screens to fit these filters, the 90K and the 15K.  It was initially thought, that it would only be necessary to put filters on the 90K shield, where PTFE acts as a very good infrared filter.  The filter construction would be as shown below.  There would be a solid PTFE disk, which would be matched in the same way as the windows above, that are thermally fixed to the 90K shield.  The solid filters as with the windows need to be matched across the frequency bands.  The same matching technique of triangular grooves is used.  In the test cryostat PTFE was used, but for the production cryostats PFA(Tetraflouroethylene-perflouro(alkoxy vinyl ether)) replaces PTFE.  This material is mouldable Teflon, and so moulding techniques can make the filters.  The RF properties were measured by F.Mattiocco using a cavity resonator at ~240GHz and are shown in the table below.  Above the solid would be a floating filter for bands 5 and 6, which is a thin PTFE foam layer of Goretex, Mupor or Zitex, that is attached mechanically, but not thermally to the 90K shield.   Each of the floating filters would cut the incident infrared energy by about 50%, ALMA memo 269 Clarke and D’addario.  For the sub-millimeter bands 8,9 and 10 a series of floating filters are used.

[image: image154.png]Fiber glass disk

Floating filter

Copper disks

PTFE disk





Figure 79: 90K filter construction

Calculations and measurements indicated that the filters in table 10 below would be efficient enough to allow suitable cold measurements at the 4K stage.  However measurements on the ALMA prototype showed that the 90K shield was at 140K, which meant that these filters were not working effectively and added filters were required at the 15K shield.  The filters used were 1mm thick Mupor, which is a PTFE foam material.  The thickness and the choice of the material will have to be altered for the different frequency bands.  If the cryogenic group can lower the temperature of the 90K shield, it might be possible to remove these filters especially for the sub-millimeter bands.  The filters with the frequency bands are given in table 9.

	Dielectrics 
	F GHz 
	Q0 
	Qext 
	QL0 
	QLD 
	ε R 
	tan δ 
	T mm 

	HDPE 1999 
	240.16 
	164400 
	2.4 10 6 
	153860 
	38530 
	2.309 
	2.9 10 -4 
	9.86 

	HDPE 2001 
	242.21 
	164373 
	2.4 10 6 
	153860 
	42249 
	2.310 
	2.5 10 -4 
	9.765 

	HDPE 2003 
	245.75 
	175148 
	2.4 10 6 
	163946 
	38298 
	2.299 
	3.5 10 -4 
	8.02 

	PFA 
	241.169 
	188600 
	2.7610 6 
	176518 
	26878 
	2.049 
	4.6 10 -4 
	10.00 

	TEFLON 
	245.325 
	183781 
	2.7 10 6 
	172027 
	31844 
	2.037 
	6.2 10 -4 
	5.98 

	REXOLITE 
	232.422 
	216490 
	3.2 10 6 
	202644 
	30000 
	2.532 
	20 10 -4 
	2.02 


Table 15: RF properties of different plastics
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Table 30 Infrared filters

The Optics Calculations

A series of optics Gaussian and physical optics calculations were made at the Cavendish Laboratories by C-Y.Tham, with the help of S. Withington.  For band F.Tercero and J-A assisted 3 them. Fernandez Lopez of the Yebes Observatory.  These calculations and findings are too detailed to put into the main body of the text and are put in as appendices at the end of this report.

All of the bands with the exception of bands 1,2 and 5 have been calculated. Below in figure 53 can be seen.  These reports can be seen in appendices D, E, F, and G.
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Figure 81: Real corrugated horn antenna pattern on beam axis coordinates

Full line – E-plane (( = 0), dashed – H-plane (( = 90) co- and cross-polar.
The Optics measurements

To test the validity of the design of the optics for all of the cartridges a series of microwave measurements have been made.  These measurements have consisted of the following:

· The mismatch and polar diagram measurements for band 1,2,3, (4 horn now changed), 6,7 and 9(polar diagram only).

· The measurement of the cartridge and its optics for bands 3,6,7 and 9(2 mirror only).

These measurements were compared with the theory, supplied by the theoretical study and design of the optics.  With respect to the horns this has meant an iterative modifications for the designs for the bands 3,4,6,7 and 9, where the measurements have shown that the mismatch or the polar diagram have not agreed satisfactorily with the theory.

The measurements on the systems have shown that the design does follow theory with respect to the specification of the tolerances.  These measurements have been summerised in the receiver band chapters.

Common Optics

The common optics has become to be known as the optics above the cryostat in the ‘widget space’.  The actual common optics can be seen in figure 85, which are the 2 lenses for bands 1 and 2, and the mirror assembly for bands 3 and 4.  These will be attached to the top of the cryostat.  The height of the mirrors above the cryostat is 200mm.

The optics in the widget space has to incorporate the optics for the ALMA receivers, the water vapour radiometer optics, quartewave plate the solar filter and the calibration unit.  
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Fig82: Common optics side view (y-direction)

[image: image158.png]600

30

250

100

65

+

=240=

CAL UNIT

CIRCULAR POLARISER

A

‘J

H

WVR_MIRRORS

DOOOOR

5 [ODQOOD]





Figure 83: Common optics Front view (x-direction)
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Figure84: Cabin optic layout

Figure 84, 85, and 86 show the proposed optics in the widget space.  Attached to the cryostat will be the ambient optics for bands 1 through 4.  The maximum height of this will be 200mm above the cryostat.  Also fixed to the cryostat will be the WVR (water vapour radiometer) pick off mirror.  This will be a flat mirror fixed to the center of the cryostat and will reflect the beam back up in the direction X = 0, Y positive at an angle of 30 to 40 degrees.  The beam will be incident on an active mirror at a position of X = 0, Y = 550 and Z = + ~300. The beam will now be focused and reflected vertically down to the WVR, which is situated below the FESS (front-end support structure).

Quarter wave Plate

The quarter wave plate, which will change the band 7 beam from linear to circular polarization, will be a HDPE plate with triangular grooves machined into both faces.  These grooves will be set at 45º to the E vector.  The plate can be put in front of the band 7 window by means of a linear motor attached to the top plate of the cryostat in the X plane at Y = 0. 
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Figure 85: phase variation of a TPX quarter wave plate
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Figure 86: Design of 350GHz TPX quarter wave plate

A design of a triangular grooved quarter wave plate in TPX (polymethylpentene, ε =2.127, tan δ = ~ 5x 10-4) is shown in figure 89 and it’s experimental results in figure 88.  As can be seen for a +/- 1% phase error a band of about 1.7% is possible with this design.

Amplitude Calibrator
The amplitude calibration unit has not yet been designed.  However it consists of motorized tables that can put a calibration device in front of any of the 10 frequency band windows.  The type of calibration that is required has been discussed by the calibration group and can be summerised in reference 6.  The calibration system will probably consist of a device that requires 4 to 6 separate measurements, which will consist of Sky measurement Tambient, Thot and by the use of a semi- transparent vane Sky + Tambient and Sky + Thot.
For the calibration of bands 1 and 2 due to the size of the beam and that they are HEMT receivers, and therefore not susceptible to receiver saturation another 2-position calibration system could be used.  This is sky and Tambient.  The ambient load could be a foam absorber that rotated into place.

Solar Filter

At the time of writing this report there has been no work done on this subject.

Receiver Alignment

As can be seen in the tolerance section in chapter 3, there are 2 forms of error:

· The error that exists within the cryostat.  This could be either in the cartridge or with the cartridge and the common optics.

· The error that exists aligning the cryostat on to the telescope.
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Figure 85: Cabin alignment system

The former has been covered earlier in this report.  For the second, the system that is being used is as follows.  The cryostat is fixed in three point at 120º intervals starting at –500,0.  These fixations as can be see are M16 conical bolts, which are fixed into the 1mm thick invar FESS.  The use of conical bolts help with the alignment of the cryostat in the X, Y, and axial rotation planes.  However with respect to the cryostat rotation perpendicular to the telescope axis, the alignment will be made against the FESS at the integration centers.  Shimming the triangular supports on the sides of the cryostat can do this.

Conclusion

The receiver optics for the ALMA telescopes has been designed.  This has fit into the novel cartridge design of the ALMA cryostat.  The first 4 bands 3,6,7 and 9 have had a complete physical optics design with a optics measurements to support them.  These designs have been shown to be correct across the frequency ranges.  For the bands 4,8 and 10 the physical optics deign has been completed and the manufacture of the components is advanced enough that measurements could be made in the near future.  The horns for bands 1 and 2 have been designed and tested, but await system calculations and measurements.

The tolerances for most of the bands are shown in order to achieve less than a 1% loss across the sub-reflector.

The choice of the windows and filters are given with their dimensions.  These are followed by some of the measurements made to make these choices.

Finally the management of the ‘Widget Space’ is described.
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Technical note

ALMA band n.1 horn measurements

Author: Renzo Nesti

Summary

This document is intended to give pattern and return loss measurements of the ALMA band n.1
horn (31.3-45 GHz) produced by CLOEMA and designed by MECSA and Arcetri.

Return loss measurements have been made in Arcetri.

Pattern measurements have been made at IRAM.

We found that the measurements agree very well with simulations, concluding that the design
method and, in particular, the fabrication process is very good in this band.
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Reflection coefficient measurements:

The reflection coefficient measurements have been made in Arcetri with an Anritsu Vector Network

Analyser (VNA) ranging up to 50 GHz.

By measurements horn losses are about 0.1dB.

Graphs with reflection coefficient measurements are reported and compared with simulations.

Two calibrations have been applied, both giving a dynamic of about 40dB.

e Standard line/reflection/lineWR22 calibration. A first set-up is formed by the port 1 of the VNA
feeding the transition+horn radiating in free space. A second set-up is formed by two equal
transitions attached to the VNA ports and connected together by their circular opening. With the
first set-up we have a direct measure of the horn plus the circular to WR22 transition as a whole.
With the second set-up we are able to estimate the contribution of the transition to the horn plus
transition return loss. We found that the return loss of the single transition has probably the
predominant effect on the return loss of the horn plus transition arrangement.

e (Circular waveguide calibration. In this manner we have a direct measure of the stand alone horn
return loss because the transition is part of the calibrated subsystem. This type of calibration has
shown some minor problems at a few number of frequencies, but the principal results are quite
true and very promising compared with the simulations.

Horn profile and phase centre location (PCL):
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Horn reflection coefficient (WR22 calibration):
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Pattern measurements:

The pattern measurements have been made at the Institut de RadioAstronomie Millimétrique
(IRAM) in Grenoble (FR).

Tests have bee made on the field pattern different frequencies. In this note, amplitude and phase
patterns, for the E-plane and H-plane are given at 31, 38 and 46 GHz and compared with
simulations.

In the amplitude pattern plots are organised in two parts: the upper half part is related to the E-plane
while the lower half part to the H-plane. In all plots it has to be noticed the fair shape of the main
beam and quite good features in terms of azimuthal symmetry. The results agree very well with
simulations.

The phase diagrams are quite flat in the region corresponding to the maximum amplitude radiation.
Because the measurements have been made by rotating the horn under test on the expected phase
centre we conclude that the estimation of the phase centre position does agree well with tests.





Ref: ALMA band 1 horn measures

Date: 27/08/2002

Gain [dB]

-40

lane

31 GHz
Simulati

oms —<—

Experim

ents —+—

\af

N

lane

\

\

Phase patterns:

Phase [deg]

180
135
90

45

-135

-180

-20

0

20

Elevation angle [deg]

40

60

31 GHz

H-plane —<—

E-plane ——

60

-40

-20

0 20

Elevation angle [deg]

40

60





Ref: ALMA band 1 horn measures

Date: 27/08/2002

Gain [dB]

/ft
\
\
\

AR (FH 7

E-plane

JO U114

Simulati

oms —<—

Experim

ents —+—

H-plane

\o

Phase patterns:

Phase [deg]

180

135

90

N
W

-135

-180

-40

-20

0

20
Elevation angle [deg]

40

60

38 GHz

H-plane o

E-plane ——

60

-40

-20
Elevation angle [deg]

0

20

40

60





Ref: ALMA band 1 horn measures

Date: 27/08/2002

Gain [dB]

AG- (RH7

E-p

lane

U Jll4

Simulati

oms —<—

Experim

ents —+—

H-p

lane

+

/4,(

/

Phase patterns:

Phase [deg]

180

135

90

N
W

-135

-180

-40

-20

0
Elevation angle [deg]

20

60

46 GHz

60

-20

0

20

Elevation angle [deg]

60






_1142063715.bin

_1142075199.bin

_1142337892.bin

_1142752798.pdf
ALMA band 3 horn and lenses
F. Tercero, J.A. Lopez Fdez, M. Carter, A.L. Fontane

Centro Astronomico de Yebes
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As result of reflection measurements of the horn and the
lenses over all the ALMA band 3 bandwidth, new
designs of meniscus lenses have been made to improve
mismatch. Yebes proposed modifications in the
corrugations of the old lenses and a new PTFE meniscus
lens. In the other side IRAM has designed a plano-
convex PTFE lens with excellent mismatch
performance. All these lenses have been simulated
(FDTD). The results of the simulations do not follow
accurately the measurements but the plano-convex lens
is still the better of the simulated lenses. The problems
with this lens come from the fit to the layout of the
optical system. Finally a new optimisation of the
meniscus lens in HDPE is presented showing in
simulated results a mismatch of -21.7 dB like the worst
result, while the IRAM plano-convex lens shows a
mismatch of —23.0 dB.
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1 Introduction

After the Groningen All Hands Meeting a new optimisation of the band 3 optical
system was done. The optical design was really improved to an ideal aperture efficiency
of 81 % (blocking not included) and frequency independent system over the band of the
ALMA band 3 (84 GHz-116 GHz). The minimal changes in the layout was in the horn
aperture (new aperture radius to 14.900 mm fitted to 14.775 mm for horn design
requirements), new distance from horn aperture to elliptical mirror and new distance
from the elliptical mirror to the subreflector (done moving the flat mirror towards the
subreflector).

As result of the new horn aperture radius a new meniscus lens design in HDPE was
done (named in the document as horn02 lens02). This horn and lens were measured
showing a poor matching in the lower band. The alternatives to the lens measured were
the following:

e Improvement of corrugations, with a variable deepness of the corrugations
from the centre of the aperture to the edge (horn02 lens03)

e Improvement of corrugations and improvement of dielectric thickness of the
lens (horn02_lens03 b, horn02 lens03 d)

e Lower epsilon material, using PTFE in a design similar to horn02 lens03
(horn02_lens04)

e Lower epsilon material, using PTFE and improvement of dielectric
thickness of the lens in a design similar to horn02 lens03 b
(horn02 lens04 a)

e Change the shape of the lens to a plano-convex one (horn02 lens05)

These horn and lenses are summarized with all the available information of
dimensions, material, corrugations, simulations and measurements. Main advantages of
the horn and lenses arrangement in the optical layout is also commented.
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2 Horn

This section is a review of all the available information of the horn (named horn02)
of 14.775 mm of aperture radius designed by M.Carter.

name horn02
aperture radius a(mm) 14.775
semiangle 0.p0c (deg) 18
input waveguide diameter d (mm) 3
step corrugation p (mm) 1
IRAM has the design Yes
IRAM has made it Yes
IRAM measurement Yes
Yes™

HIA measurement
@ There is a measurement of HIA but we do not know if it is the same designed horn

Tabla 1. Horn data

2.1 Horn simulations

SParameter Magnisde in 8

20|

B h \\»\’_4_‘_‘_\

B0 o0 1K 1o 120

Frequency | GHz

Fig. 1. Horn simulation. Yebes

3de3
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S-Parameter Magnitude in dB

s1(1).101)

-10

-40

-50

75 80 90 100 1i0 120 125

Frequency | GHz

Fig. 2. Horn with square to circular transition simulation. Probably, the whole horn is not simulate,
only the first 10 or 15 slots. IRAM

2.2 Horn measurements

0
- | | | | | |
-5 horn(1) o
10 | horn(1) + plano-convexe lense PTFE
-15 ]

M\ ) oA\

S M N AN Y
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Return loss [ dB ]
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Fig. 3. Measurement from “lenses measurements 27012004.doc” sent to Yebes 28/01/04. IRAM
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Fig. 4. Measurement from “ALMA BAND 3 HORN MEASUREMENTS (1).doc” sent to Yebes 28/01/04.
IRAM
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Fig. 5. Measurement from “ALMA BAND 3 HORN MEASUREMENTS (1).doc” sent to Yebes 28/01/04.
IRAM
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$11 (dB) of Band 3 Corrugated Feedhorn
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Frequency (GHz)

Fig. 6. Measurement from “Comparison of Corrugated FH Measurements.doc” sent to Yebes 09/02/04.
HIA

2.3 Horn comments

e The design of the horn is really good over all the bandwidth

e The square to circular is perfectly designed as Fig. 1 and Fig. 2 shows that
the performance is quite good

e IRAM measurements do not agree to the simulations. Some problems with
measurements or construction of horn and transitions.

e HIA measurements shows a ripple but the envelope follows the simulations.

6deb6
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3 HDPE Meniscus Lenses

Two lenses have been designed in order to improve the reflection measurements.

3.1 horn02_lens03

3.1.1 Data

Changes in edge thickness to accommodate the corrugations and variable
corrugations from the axis to the edge of the lens.

name horn02 _lens03

aperture radius a(mm) 14.775
semiangle 0.p0c (deg) 18
dielectric & HDPE 2.32

edge thickness e (mm) 1.8
total thickness etotal (mm) 8.366
dielectric thickness @ ediel (mm) 6.026
lens focal distance f (mm) 53.839

corrugations center

p(mm), t(mm), s(mm)"”

0.8, 0.4, 0.607

corrugations edge

p(mm), t(mm), s(mm)m

0.8,04,0.713

IRAM has the design Yes 24/11/03
IRAM has made it No
IRAM measurement No
HIA measurement No’

@ Total thickness is since the aperture of the horn to the vertex of elliptical surface
@ Includes the corrugations and means the dielectric thickness in the axis before of the surface

corrugation

& p means step, t means dielectric teeth and s means deepness of corrugation

Tabla 2. Lens data
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3.1.2 Simulation

S-Parameter Magnitude in dB

-10 d=8.1967
! ' 511

As |

____________________________________

-19.72 e e — -

-25. d=0 448

-29.17

=35

-40

80 85 90 95 100 105 110 115 120
86.426 04,623
Frequency / GHz

Fig. 7. Simulation of horn02_lens03

3.1.3 Comments
e Low frequency behaviour near —20 dB
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3.2 horn02_lens03_b
Similar design to3.1 but optimising the dielectric thickness to minimize s;;
3.2.1 Data
name horn02 lens03 b
aperture radius a(mm) 14.775
semiangle 0.p0c (deg) 18
dielectric & HDPE 2.32
edge thickness e (mm) 2.5
total thickness etotal (mm) 8.974
dielectric thickness ediel (mm) 6.634
lens focal distance f (mm) 54.447

corrugations center

p(mm), t(mm), s(mm)

0.8, 0.4, 0.607

corrugations edge

p(mm), t(mm), s(mm)

0.8, 04,0711

IRAM has the design No
IRAM has made it No
IRAM measurement No
HIA measurement No’

Tabla 3. Lens data
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3.2.2 Simulation

S-Parameter Magnitude in dB
-10 d=11.934

S11

A5 |

----------------------------------------------

=20 . | 5 5 S N S R
2172 : : ' : : :

-25 .

d=8.621

=1y ]

-30.34

-35.

-40

80 85 90 95 100 105 110 115 120
86.492 98.426
Frequency / GHz

Fig. 8. Simulation of horn02_lens03_b

3.2.3 Comments

e 2 dB better in worst frequency than previous design
¢ (.6 mm increased dielectric thickness could affect noise
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3.3 horn02_lens03_d

Similar design to 3.2 but changing the step of the corrugation.

3.3.1 Data
name horn02 lens03 d
aperture radius a(mm) 14.775
semiangle 0.p0c (deg) 18
dielectric & HDPE 2.32
edge thickness e (mm) 2.5
total thickness etotal (mm) 8.974
dielectric thickness ediel (mm) 6.634
lens focal distance f (mm) 54.447

corrugations center

p(mm), t(mm), s(mm)

0.6, 0.3, 0.607

corrugations edge

p(mm), t(mm), s(mm)

0.6, 0.3, 0.725

IRAM has the design No
IRAM has made it No
IRAM measurement No
HIA measurement No’

Tabla 4. Lens data
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3.3.2 Simulation

S-Parameter Magnitude in dB
-10 d=13.333

S11

15 ' ' ' ' ' ' '
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20 | S S ] S S ]
-21.86 ' ' ' ' ' ; '

d=1.241

-23.1

LD U PR

-30 .

-35.

-40

80 85 90 95 100 105 110 115 120
03.333 106.67
Frequency / GHz

Fig. 9. Simulation of horn02_lens03_d

3.3.3 Comments
e [t improves the behaviour in the low frequency respect all the other lenses.
That is, in low frequency bands where the results of mismatch werenot very
good
e (.3 mm of cutting tool can be a problem in mechanisation.
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4 PTFE Meniscus Lenses

Two lenses have been designed in order to improve the reflection measurements.
The lower dielectric constant of the PTFE should improve the reflection within the other

actions

4.1 horn02_lens04

This lens is designed like lens of section 3.1. Variable deepness corrugations in

elliptical surface.

4.1.1 Data
name horn02_lens04
aperture radius a(mm) 14.775
semiangle 0.boc (deg) 18
dielectric & PTFE 2.10
edge thickness e (mm) 1.8
total thickness etotal (mm) 9.076
dielectric thickness ediel (mm) 6.736
lens focal distance f (mm) 54.549

corrugations center

p(mm), t(mm), s(mm)

0.8, 0.4, 0.623

corrugations edge

p(mm), t(mm), s(mm)

0.8, 0.4, 0.753

IRAM has the design Yes 21/11/03
IRAM has made it Yes
IRAM measurement Yes
HIA measurement No’

Tabla 5. Lens data
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4.1.2 Simulation

S-Parameter Magnitude in dB
10 d=11475

S1.1

-15

----------------------------------------------------------------------------------------------------

=20,
-21.72)

-25 .
d=9.034

-30.
-30.76

-35.

80 85 90 95 100 105 110 115 120
86.205 97.77
Frequency / GHz

Fig. 10. Simulation of horn02_lens04

4.1.3 Measurements

0 | | | |
5 Horn(1)
. Horn(1) + meniscus lens PTFE
-10
-15 ]
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BUERY.Y \

><
~——
=
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\
!

85 90 95 100 105 110 115

Frequency [ GHz ]
Fig. 11. Measurements of horn02_lens04 from “lenses measurements 27012004.doc” sent to Yebes

28/01/04. IRAM
4.1.4 Comments

e The choice of PTFE improves the mismatch performance
e The measurements do not follow to the simulations
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4.2 horn02_lens04_a
Similar design to 4.1 but optimising the dielectric thickness to minimize s;;
4.2.1 Data
name horn02 lens04_a
aperture radius a(mm) 14.775
semiangle 0.p0c (deg) 18
dielectric & PTFE 2.10
edge thickness e (mm) 2.0
total thickness " etotal (mm) 9.247
dielectric thickness @ ediel (mm) 6.907
lens focal distance f (mm) 54.720
corrugations center p(mm), t(mm), s(mm)®’ 0.8, 0.4, 0.623
corrugations edge p(mm), t(mm), s(mm)® 0.8, 0.4, 0.753
IRAM has the design No
IRAM has made it No
IRAM measurement No
HIA measurement No’
Tabla 6. Lens data
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4.2.2 Simulation

S-Parameter Magnitude in dB
-10 d=8.8525

S11
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86.426 95.279
Frequency / GHz

Fig. 12. Simulation of horn02_lens04_a

4.2.3 Comments

e The best meniscus lens for PTFE and HDPE meniscus lenses
e Moderate dielectric thickness
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4.3 horn02_lens05
Design of a plano-convex lens designed by IRAM
4.3.1 Data
name horn02_lens05
aperture radius a(mm) 14.775
semiangle 0.boc (deg) 18
dielectric & PTFE 2.10
edge thickness e (mm) 2.0
total thickness " etotal (mm) 7.318
dielectric thickness @ ediel (mm) 7.318
lens focal distance f (mm) -

corrugations center

p(mm), t(mm), s(mm)"”

0.8, 0.4, 0.624

corrugations edge

p(mm), t(mm), s(mm)m

0.8, 0.4, 0.624

IRAM has the design IRAM design
IRAM has made it Yes
IRAM measurement Yes
HIA measurement No’
Yebes has the design Yes (28/01/04)

Tabla 7. Lens data
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4.3.2 Simulation

S-Parameter Magnitude in dB
10 d=12.131

s1,1

-15.

-20 .

-23.03
=25,

d=5.862
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-35.
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96.262 108.39
Frequency / GHz

Fig. 13. Simulation of horn02_lens05

4.3.3 Measurements

0

5 horn(1)
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A s
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. WAL [

" i

-45
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Frequency [ GHz ]
Fig. 14. Measurement from “lenses measurements 27012004.doc” sent to Yebes 28/01/04. IRAM

4.3.4 Comments

e The horn and lens arrangement is the best since the simulations and
measurements in mistmatch

The difference with the best PTFE meniscus lens is 0.7 dB in the simulations
Measurements and simulations do not follow exactly

Moderate dielectric thickness

The fit of this lens in the optics must be done after the horn and lens
measurement of the radiation patterns
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5 Conclusions

The comparison of horn and lens measurements and simulations do not fit very well.
Really the reflection simulations are not as accurate as other simulations and are very
mesh dependent. However the measurements of the horn made in the HIA shows similar
behaviour than simulations but a little ripple is added. Construction and measurement is
extremely complicate at this frequencies and maybe some problems in these issues
could be investigated. As first main conclusion, the design of IRAM horn is excellent but
some problems could be found with construction or measurement system

The simulations of all lenses shows that PTFE is preferred to HDPE because the
lower dielectric constant makes the mismatch lower. However, in the electrical point of
view, higher dielectric thickness is found in PTFE thickness than in HDPE lenses. Other
points should be taken into account like, easiness for construction, tolerances in
construction, control in the dielectric constant of material at ambient and cryogenic
temperature, losses in dielectric...Electrical criteria for materials are not definitive, all
other criteria could be more important.

Any lens used in the system will never have a mismatch better that —23 dB. This
number is for the plano-convex PTFE lens designed by IRAM. The meniscus lens is
always worse than the plano-convex lens, but only 1 dB. There is an optimum meniscus
lens which has the lowest mismatch. It is designed with an optimum edge thickness.
These improvements are very slight. It is very difficult to detect such slight
improvements in the measurements, because any added mismatch of the horn,
transition, measurement system.... will mask the results. Simulations of meniscus and
plano-convex lenses shows differences less than 1 dB and could be difficult to find in the
measurement system.

The analysis of the radiation patterns of the whole system taking into account the
horn, lens, elliptical and flat mirror could be simulated with PO after the horn and lens
radiation pattern measurement. Previous calculations with theoretical models of horn
and lenses are not as accurate as needed now. Calculations with PO are better after the
radiation pattern measurements
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ABSTRACT

This option B modifies relative positions of horn and flat mirror respect
the eliptical mirror that it is still fixed in its current position. The aperture
of the horn is also reduced to 14.90 mm in order to decrease the taper to
the level of -10 dB

|. INTRODUCTION

The results of the PO simulations of the band 3 for Option A shows good results in aperture
efficiency but little worse noise tempterature is achieved due to spillover in the reflectors. This
option modifies the horn aperture in order to achieve ataper of about -10dB.

In this option, the mirror is fixed to the current values (focal distance of mirror is 203 mm). The
layout of the system is the same that Option A and the horn aperture is 14.90 mm

The whole system is simulated with PO in the actual antenna position (that is offset in the
cassegrain focus and tilted to hit the secundary mirror) reviewing the truncation levelsin the
eliptical and flat mirror in order to determine the accurate diameters of both mirrors. Complete
antenna analysis is available with the calculated values of aperture efficiency and noise temperature
due to spillover in mirrors





Il. RADIOTELESCOPE DATA

Data of the radiotelescope useful to synthetize the system and cal culate the coupling of the radiated
fields to the subreflector like an aperture efficiency measurement.

D := 1240° Main dish diameter
FED =8 Equivaent foca ratio
M2_2c := 6177 Distance between primary and secondary foci
exc = 110526 Secondary eccentricity
rs:= 375 Subreflector radius
[]
Lr = 5882.87 Cassegrain focus to hiperboloid vertex distance
prof =111.33 Thickness of the subreflector between edge and vertex
Fr=358 Semiangle of secundary

Beam radius in the subreflector in order to achieve the -12dB of taper in the

ws(12) = 319014 edge of the subreflector

[
[
[11. HORN AND LENS DATA
radio_boc := 14.9 Aperture radius
aboc_boc =18 Half flare angle (deg)
n:=232 Refraction index of HDPE at 300 K
tand:= 340 * Losses LAMB
e=1 Edge thickness
[
Horn only QO data
FD = 1.837 wo(1 0,FD,b) = 4.121 axia(FD, b) = 45.857
b = 5073 D(10,FD,b) = 37.3%6 slant(FD,b) = 48217

z(10,FD,b) = 17.796
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Horn plus lens data
f1 = 53589 focal distance of the lens

etotal(FD, b, n,f1,e) = 7.731 total thickness of the lens since the horn aperture to elipsoidal
vertex lens

wOout = 10.388 Beam waist in the vertex lens
[
Theoretical radiation pattern of the horn plus lens at central frequency
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V. CABIN OPTICS

The fundamental GBM of the system horn plus lens and ideal lens (elliptical mirror) is optimizied
with -12 dB goal in the edge of the subreflector. The radius of curvature is opmizied to be equa to
the distance between the cassegrain focus to the edge of the subreflector. That is Lr+prof.

The multimode analisys and the futher PO analysis shows that the actual edge taper in the
subreflector edge is higher (-9 dB / -10 dB).

T:=13 Taper goal
d30 := 287.46 Mirror to cassegrain focus distance goal
Fundamental GBM taper in subreflector Defocused in wavelengths
14 40
135
28
1
% 3
% 125 g 16
B 12 3
g 115 & 4
o
11
105 8
1084 88 92 96 100 104 108 112 116 —20
84 88 92 96 100 104 108 112 116
frequency (GHz)

frequency (GHz)

Rout(d2,d3 + Lr + prof,f2, wOout, | 0) =6.079" 103 Fundamental GBM curvature radius in subreflectc

waistout(d2,d3 + Lr + prof,f2, wOout,| 0) = 311.068 Fundamental GBM beam radius in subreflector

Feed horn data Lensdata System data
FD = 1.837 f1 = 53589 f1 = 53589

b =5.073 etotal(FD, b, n,f1,e) = 7.731 d2 = 209.779
radio(FD, b) = 14.9 e=1 f2 = 203
axid(FD,b) = 45.857 n=1523 d3 = 287.459
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Fundamental GBM propagation (5* beam radius). d2 is the position from horn to eliptical mirror and
d2+d3 is the position from the horn to cassegrain focus.

Beam propagation
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calculation.
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The truncation level in the
cryostat window is about -35
dB and in the dliptical mirror
is-30dB
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r:=0,20..800

20:=d2 + d3 + Lr + prof distance since the vertex lens to the edge of the subreflector

0 \ Peo(rs, 20,1 low) = - 9.926
5 rs
- 12 Pco(rs, 20,1 0) = - 9.926

Pco(rs,zO,I upp) =-9.926

45 /\ m
AW
0 200 400 600 800 1000

[
Efficiency is calculated as coupling to top-hat function in the subreflector

etaper(l Iow) =0923 etaper(l 0) =0923 etaper(l upp) =0923
espill(l low) = 0.97 espill(1 0) = 097 espill(l upp) = 0.97
eD(I low) = 0.994 eD(10) = 0991 eD(I upp) = 0.988
eblk(l low) = 0.988 eblk(1 0) = 0.989 eblk(l upp) = 0.989
eap(l low) = 0.879 eap(1 0) = 0877 eap(l upp) = 0.874
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V. GRASP DATA

The script is calculated using some inputs that define the layout. We supose that the eliptical
mirror has to be fixed in the clasical and alternative band 3 solution. It is one of the most
problematic mirror in the warn optics design. The inputs of the system are the following:

qi

d2 d3

x_dip, y_€ip, z dip
diam_dlip, diam flat

The outputs of the system will be:

Detailed geometry data

Clearance in cassegrain focus
Pointing angle of the antenna due to offset

GRASPfile

V-a. Input/Output data

gi := 25deg

d2 =209.779

d3 = 287.459

e dip 0 %40 0
Ey_elip T = g 3060 °
ezdipg e-245lg
diam_dllip := 130
diam_flat := 115

D

d31l §
¥ 460024947 &

¢ d2 + ¢ 5
: b;:c127.434445_,
SO0 T & 1792078 g
edeg g

B

cass_clearance = 60.806

gpointing
deg

= 0.10990914

gflat
deg

= 24104

Incidence angle

Horn to eliptical mirror distance

Elliptical mirror to cassegrain focus distance

: Incidence angle respect the normal (highly fixed to 25 deg)
: System distances defined aong this doc
: Central point of eliptical mirror

: Projected diameters of both mirrors

Position of the elliptical mirror (center or main ray incidence) referred

to cassegrain focus.

Projected diametre of eliptical mirror

Projected diametre of flat mirror

Elliptical to flat mirror distance
Flat mirror to cassegrain plane distance
Tilted angle of main ray

Radius of clearance in cass focus

New antenna pointing (deg)

Flat mirror angle respect the cryostat plane
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r eip =7172 Rim radius of dliptica mirror (large)

0.5diam_dllip = 65 Rim radius of eliptical mirror (short)
r_flat = 62.992 Rim radius of flat mirror (large)
0.5diam flat =575 Rim radius of flat mirror (short)

V-b. System layout

The system has been simulated off axis, in the actual position in the receiver's cabin.

<)

d_¥lat

[
V-c. GRASPfile

Click in areato see the detailled GRASP data

[*] GRASP data
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VI. DATA ADQUISITION

The analysis of several critical points of the optics is done for the frequencies 85, 100 and 115 GHz.
The analysis is done for the simulated horn. These results must be compared with the results of the
current band 3 optics related in the report2.pdf from Tham.

The points to be compared are the following:

Far field comparation of simulated/measured horn with the SWE

Radiation pattern in eliptical mirror, flat mirror and in cassegrain focus. Truncation levels
Radiation pattern in subreflector. Taper and coupling to top-hat function

Radiation pattern of antenna. Gain, aperture efficiency, SLL

Noise temperature of the system

VI-a Simulated Horn 85 GHz

[
[
NF in Elliptical Mirror 85 GHz
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NF in Subreflector
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The mean value of the taper in the edge of the subreflector

Taper = 10.103

R 0= 6021

R 90 = 6034

The coupling to the top hat function en the subreflector

etaper = 0.9089 espill = 0.9557 eD = 0.9925 eblk = 0.9883

eap = 0.8519
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Antenna Far Field 85 GHz. Beam Axis
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I

gain = 79.672

0.813
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Uil =L Equivalent noise temperature after main reflector
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VI1-b. Smulated Horn 100 GHz
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The mean value of the taper in the edge of the subreflector
Taper = 9.987

R _f0 = 5991

R f90 = 5970

The coupling to the top hat function en the subreflector

etaper = 0.9103 espill = 0.9627 eD = 0.9901 eblk = 0.9888

eap = 0.8579

D

Antenna Far Fiedld 100 GHz. Beam axis

85

. /1N
. [
. // \
o[ -
. N A
o ASNPNRAL
AINAYN B EEVATTA V| R
/A T ARy

35
-01 ~0.075 ~005 ~0.025 0 0.025 0.05 0.075 0.1

theta (deg)

gain (dBi)

gain = 81.117
eap = 0.8191
SLL = 20413

Tln5 = 58.327

Equivalent noise temperature after main reflector
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VI1-c. Smulated Horn 115 GHz
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The mean value of the taper in the edge of the subreflector
Taper = 10.064
R _f0 = 6054

R_90 = 6010

The coupling to the top hat function en the subreflector

eaper = 0914 espill = 0.9633 eD = 0.9874 eblk = 0.9886

eap = 0.85%4

Antenna Far Fidd 115 GHz. Beam axis
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VIl. CONCLUSIONS

Option B optics has been calculated. The difference with Option A optics is the aperture radius of
the horn (15.465 mm A and 14.900 mm B). Other parameters like distances between elements are
unchanged. The conclusions of optionA document concerning to the changes to do in the layout are
directly applicable in this optics.

The main difference in the results of the calculations are the following.

The taper in the edge of the subreflector is a frequency-independent taper of -10 dB.

The changes in the efficiency figures are 0.3 % in low frequency and 0.1 % in the rest of the
bandwidth. No practical differences in the aperture efficiency are observed.

The noise temperature due to spillover in the reflector isimproved 1.2K in the center and the high
range of the band.

Sidelobes are aso dightly improved due to the less uniform illumination in the subreflector

As main conclusion this horn lets a more standard taper in the subreflector with an digthly
improvement in the noise temperature.
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								16.694175		13.943075

								16.7567		14.0056

								16.819225		14.068125

								16.88175		14.13065

								16.944275		14.193175

								17.0068		14.2557

								17.069325		14.318225

								17.13185		14.38075

								17.194375		14.443275

								17.2569		14.5058

								17.319425		14.568325

								17.38195		14.63085

								17.444475		14.693375

								17.507		14.7559

								17.569525		14.818425

								17.63205		14.88095

								17.694575		14.943475

								17.7571		15.006

								17.819625		15.068525

								17.88215		15.13105

								17.944675		15.193575

								18.0072		15.2561

								18.069725		15.318625

								18.13225		15.38115

								18.194775		15.443675

								18.2573		15.5062

								18.319825		15.568725

								18.38235		15.63125

								18.444875		15.693775

								18.5074		15.7563

								18.569925		15.818825

								18.63245		15.88135

								18.694975		15.943875

								18.7575		16.0064

								18.820025		16.068925

								18.88255		16.13145

								18.945075		16.193975

								19.0076		16.2565

								19.070125		16.319025

								19.13265		16.38155

								19.195175		16.444075

								19.2577		16.5066

								19.320225		16.569125

								19.38275		16.63165

								19.445275		16.694175

								19.5078		16.7567

								19.570325		16.819225

								19.63285		16.88175

								19.695375		16.944275

								19.7579		17.0068

								19.820425		17.069325

								19.88295		17.13185

								19.945475		17.194375

								20.008		17.2569

								20.070525		17.319425

								20.13305		17.38195

								20.195575		17.444475

								20.2581		17.507

								20.320625		17.569525

								20.38315		17.63205

								20.445675		17.694575

								20.5082		17.7571

								20.570725		17.819625

								20.63325		17.88215

								20.695775		17.944675

								20.7583		18.0072

								20.820825		18.069725

								20.88335		18.13225

								20.945875		18.194775

								21.0084		18.2573

								21.070925		18.319825

								21.13345		18.38235

								21.195975		18.444875

								21.2585		18.5074

								21.321025		18.569925

								21.38355		18.63245

								21.446075		18.694975

								21.5086		18.7575

								21.571125		18.820025

								21.63365		18.88255

								21.696175		18.945075

								21.7587		19.0076

								21.821225		19.070125

								21.88375		19.13265

								21.946275		19.195175

								22.0088		19.2577

								22.071325		19.320225

								22.13385		19.38275

								22.196375		19.445275

								22.2589		19.5078

								22.321425		19.570325

								22.38395		19.63285

								22.446475		19.695375

								22.509		19.7579

								22.571525		19.820425

								22.63405		19.88295

								22.696575		19.945475

								22.7591		20.008

								22.821625		20.070525

								22.88415		20.13305

								22.946675		20.195575

								23.0092		20.2581

								23.071725		20.320625

								23.13425		20.38315

								23.196775		20.445675

								23.2593		20.5082

								23.321825		20.570725

								23.38435		20.63325

								23.446875		20.695775

								23.5094		20.7583

								23.571925		20.820825

								23.63445		20.88335

								23.696975		20.945875

								23.7595		21.0084

								23.822025

								23.88455

								23.947075

								24.0096

								24.072125

								24.13465

								24.197175

								24.2597

								24.322225

								24.38475

								24.447275

								24.5098

								24.572325

								24.63485

								24.697375

								24.7599

								24.822425

								24.88495

								24.947475

								25.01

								25.072525

								25.13505

								25.197575

								25.2601

								25.322625

								25.38515

								25.447675

								25.5102

								25.572725

								25.63525

								25.697775

								25.7603

								25.822825

								25.88535

								25.947875

								26.0104

								26.072925

								26.13545

								26.197975

								26.2605

								26.323025

								26.38555

								26.448075

								26.5106

								26.573125

								26.63565

								26.698175

								26.7607

								26.823225

								26.88575

								26.948275

								27.0108

								27.073325

								27.13585

								27.198375

								27.2609

								27.323425

								27.38595

								27.448475

								27.511

								27.573525

								27.63605

								27.698575

								27.7611

								27.823625

								27.88615

								27.948675

								28.0112

								28.073725

								28.13625

								28.198775

								28.2613

								28.323825

								28.38635

								28.448875

								28.5114

								28.573925

								28.63645

								28.698975

								28.7615

								28.824025

								28.88655

								28.949075

								29.0116

								29.074125

								29.13665

								29.199175

								29.2617

								29.324225

								29.38675

								29.449275

								29.5118

								29.574325

								29.63685

								29.699375

								29.7619

								29.824425

								29.88695

								29.949475

								30.012

								30.074525

								30.13705

								30.199575

								30.2621

								30.324625

								30.38715

								30.449675

								30.5122

								30.574725

								30.63725

								30.699775

								30.7623

								30.824825

								30.88735

								30.949875

								31.0124

								31.074925

								31.13745

								31.199975

								31.2625

								31.325025

								31.38755

								31.450075

								31.5126

								31.575125

								31.63765

								31.700175

								31.7627

								31.825225

								31.88775

								31.950275

								32.0128

								32.075325

								32.13785

								32.200375

								32.2629

								32.325425

								32.38795

								32.450475

								32.513

								32.575525

								32.63805

								32.700575

								32.7631

								32.825625

								32.88815

								32.950675

								33.0132

								33.075725

								33.13825

								33.200775

								33.2633

								33.325825

								33.38835

								33.450875

								33.5134

								33.575925

								33.63845

								33.700975

								33.7635

								33.826025

								33.88855

								33.951075

								34.0136

								34.076125

								34.13865

								34.201175

								34.2637

								34.326225

								34.38875

								34.451275

								34.5138

								34.576325

								34.63885

								34.701375

								34.7639

								34.826425

								34.88895

								34.951475

								35.014

								35.076525

								35.13905

								35.201575

								35.2641

								35.326625

								35.38915

								35.451675

								35.5142

								35.576725

								35.63925

								35.701775

								35.7643

								35.826825

								35.88935

								35.951875

								36.0144

								36.076925

								36.13945

								36.201975

								36.2645

								36.327025

								36.38955

								36.452075

								36.5146

								36.577125

								36.63965

								36.702175

								36.7647

								36.827225

								36.88975

								36.952275

								37.0148

								37.077325

								37.13985

								37.202375

								37.2649

								37.327425

								37.38995

								37.452475

								37.515

								37.577525

								37.64005

								37.702575

								37.7651

								37.827625

								37.89015

								37.952675

								38.0152

								38.077725

								38.14025

								38.202775

								38.2653

								38.327825

								38.39035

								38.452875

								38.5154

								38.577925

								38.64045

								38.702975

								38.7655

								38.828025

								38.89055

								38.953075

								39.0156

								39.078125

								39.14065

								39.203175

								39.2657

								39.328225

								39.39075

								39.453275

								39.5158

								39.578325

								39.64085

								39.703375

								39.7659

								39.828425

								39.89095

								39.953475

								40.016

								40.078525

								40.14105

								40.203575

								40.2661

								40.328625

								40.39115

								40.453675

								40.5162

								40.578725

								40.64125

								40.703775

								40.7663

								40.828825

								40.89135

								40.953875

								41.0164



&L&F

#REF!

BAND 6

blah

ALMA quartz 2mm thickness        1: 2:2002

ALMA quartz 2mm thickness +ARC             3: 4:2002

wavenumber (cm-1)

Transmission

ALMA window - BAND 6

1

0

0

0.53723

1.05303

1

1

0.60278

1.07408

0.82056

1.10512

0.94249

1.09866

0.93479

1.05432

0.93645

1.02892

0.92586

1.00504

0.86255

0.98682

0.81114

0.98082

0.69831

0.957

0.54036

0.93103

0.50995

0.92683

0.6632

0.94379

0.87383

0.95625

0.95507

0.97399

0.93623

0.97191

0.86366

0.96886

0.77825

0.98383

0.76574

0.98964

0.75194

0.9994

0.66055

1.00234

0.60732

0.99388

0.7075

0.99631

0.87324

0.99642

0.93794

0.9754

0.88439

0.97602

0.7726

0.96996

0.67534

0.97101

0.671

0.98119

0.71359

0.97803

0.71283

0.98236

0.72151

0.98363

0.80907

0.98683

0.90816

0.99145

0.918

0.99305

0.84701

0.99414

0.74206

0.99471

0.65037

0.9945

0.61424

0.99131

0.62509

0.98851

0.68913

0.98334

0.83198

0.98041

0.94166

0.9867

0.94794

0.98819

0.90951

0.98889

0.80711

0.9907

0.807678

0.98738

0.7552008

0.9857

0.6838884

0.9861

0.6176844

0.98459

0.5820012

0.98781

0.5541588

0.98459

0.550854

0.97862

0.5761476

0.97939

0.5943456

0.97772

0.6311196

0.98265

0.6930684

0.98366

0.7588728

0.98277

0.8334576

0.98421

0.9063144

0.98422

0.9425268

0.98506

0.9523548

0.98377

0.9543528

0.983

0.919512

0.98569

0.8617428

0.98799

0.7972236

0.98584

0.7154244

0.9876

0.6325992

0.98878

0.576396

0.98991

0.5445144

0.98928

0.5458428

0.98818

0.5697864

0.99002

0.597942

0.99395

0.646596

0.99669

0.7083396

0.997

0.7682796

0.99957

0.8315892

0.99959

0.8819064

0.99872

0.9096516

0.99827

0.9275472

0.9982

0.9380664

0.99547

0.926316

0.99355

0.8932788

0.99341

0.85914

0.99356

0.8088984

0.99372

0.743796

0.99043

0.6903144

0.99135

0.6323616

0.99065

0.5879412

0.99186

0.5720544

0.99577

0.5613192

0.99267

0.5692896

0.99299

0.6260976

0.99381

0.6959844

0.99318

0.7475004

0.99549

0.8168364

0.99458

0.88155

0.99164

0.9208836

0.98942

0.95985

0.98822

0.9652716

0.99049

0.9395568

0.992

0.892242

0.99072

0.8304768

0.9901

0.7615296

0.98986

0.6921504

0.98921

0.63936

0.98844

0.5829732

0.98789

0.5557464

0.98858

0.5632632

0.98682

0.5628312

0.9862

0.5975964

0.98984

0.6593832

0.98998

0.7161372

0.99094

0.7870932

0.98968

0.8473356

0.98894

0.8960436

0.99134

0.9261756

0.99042

0.945486

0.99024

0.9452808

0.99106

0.9151596

0.99176

0.8756316

0.99283

0.813348

0.99176

0.7580304

0.98908

0.6997644

0.98656

0.6419736

0.98365

0.6084288

0.98167

0.5906736

0.97965

0.5918292

0.9749

0.6017652

0.97107

0.625968

0.96787

0.6757452

0.96462

0.7278228

0.96373

0.785916

0.96462

0.8526384

0.96744

0.897264

0.97176

0.9327204

0.97457

0.9541044

0.9787

0.9410688

0.98243

0.9216936

0.9844

0.886626

0.98319

0.823068

0.98015

0.7600176

0.97286

0.6962652

0.96488

0.6359472

0.95332

0.5973912

0.9408

0.5797548

0.93148

0.578556

0.91809

0.5996916

0.91409

0.6454404

0.91101

0.703836

0.91368

0.762858

0.92623

0.829764

0.93503

0.8849412

0.94682

0.918108

0.96089

0.9588024

0.97228

0.9615024

0.9818

0.93825

0.98435

0.9249444

0.9751

0.8618508

0.96142

0.8030124

0.94144

0.7588944

0.9151

0.6892452

0.89703

0.6407424

0.8732

0.6130296

0.86087

0.5881896

0.85297

0.5910084

0.84334

0.6236028

0.8533

0.6568344

0.85816

0.708966

0.87669

0.780516

0.90543

0.8319996

0.92956

0.8851896

0.95658

0.9341892

0.96881

0.9450972

0.96803

0.9569772

0.96097

0.9431856

0.94366

0.8924472

0.91586

0.8510076

0.88694

0.7935408

0.84715

0.7274232

0.82101

0.6733908

0.79725

0.6306876

0.7691

0.6072192

0.77345

0.590868

0.75877

0.6054156

0.76367

0.634878

0.77702

0.6722352

0.77303

0.73656

0.78608

0.7880436

0.78422

0.8488692

0.78477

0.9023076

0.77797

0.9334764

0.74435

0.9549576

0.71533

0.95013

0.68942

0.933606

0.64863

0.8964756

0.61811

0.841482

0.57627

0.7803

0.54442

0.7214184

0.54782

0.6727428

0.53734

0.6269616

0.52023

0.6033528

0.48787

0.5994324

0.48045

0.6105456

0.48021

0.6439068

0.46206

0.683586

0.4502

0.7427268

0.41503

0.8047188

0.38197

0.8558244

0.3363

0.9118548

0.31457

0.9437256

0.31524

0.952668

0.28978

0.9500436

0.23618

0.9176544

0.19419

0.8706636

0.21439

0.8223876

0.20785

0.7617888

0.16103

0.7016112

0.13679

0.6565644

0.15149

0.62397

0.15566

0.6060204

0.12976

0.6106644

0.11583

0.6301584

0.11674

0.6652044

0.10949

0.72063

0.09507

0.7723944

0.13225

0.820422

0.15018

0.870534

0.11941

0.9079236

0.08635

0.9312408

0.0927

0.9426996

0.11494

0.9369324

0.09233

0.9086904

0.06707

0.8711928

0.06

0.8266104

0.06861

0.770526

0.06884

0.7199712

0.10558

0.6744492

0.09686

0.6319404

0.10438

0.610038

0.11733

0.6055992

0.09801

0.6184836

0.12894

0.6599988

0.14006

0.7153056

0.19859

0.7748352

0.16953

0.8384688

0.10193

0.8939592

0.14929

0.93393

0.14974

0.9552816

0.1564

0.9581976

0.21181

0.9384552

0.24956

0.8997048

0.24985

0.8525196

0.25629

0.7900308

0.28238

0.7329096

0.31529

0.6861564

0.33753

0.6448032

0.29389

0.6250068

0.33152

0.6230088

0.42876

0.6333768

0.44807

0.6589188

0.43044

0.70011

0.4534

0.7495848

0.45624

0.8051616

0.45442

0.8592372

0.49248

0.8967564

0.51756

0.9220392

0.54575

0.939762

0.54149

0.9364356

0.45633

0.9203004

0.37525

0.8944128

0.39319

0.8523468

0.48054

0.8029476

0.58636

0.750654

0.7000128

0.6585084

0.6332256

0.6220908

0.6290352

0.6544584

0.6896772

0.7406424

0.7997724

0.8531892

0.9065196

0.943542

0.9596016

0.955098

0.9296208

0.890946

0.8360064

0.7782156

0.7213212

0.671166

0.635742

0.6214536

0.6301152

0.6541668

0.6939

0.741312

0.7852248

0.837162

0.8819064

0.9108504

0.9346644

0.9379908

0.931284

0.9076644

0.8684496

0.8264268

0.7774164

0.7335684

0.688284

0.6584544

0.6415092

0.6356664

0.659502

0.6864156

0.726732

0.7803108

0.830898

0.8797464

0.9207432

0.950616

0.9564264

0.9520308

0.92448

0.8711712

0.8185428

0.759618

0.7033176

0.6657768

0.6415632

0.634986

0.6518772

0.6829272

0.725274

0.7774704

0.8316432

0.8730504

0.9101484

0.936144

0.937818

0.935442

0.9159048

0.8810964

0.84321

0.7975908

0.7522848

0.7106076

0.6794064

0.6573636

0.6502788

0.6641244

0.6816636

0.7182324

0.7666164

0.8093628

0.8605656

0.9036684

0.9338112

0.9484776

0.9500328

0.934524

0.894348

0.8535132

0.8048916

0.7516908

0.7114068

0.6770304

0.6578388

0.6561648

0.6709068

0.7016328

0.7449516

0.7991244

0.8470224

0.8926092

0.9268776

0.9391248

0.9453024

0.9350424

0.9049212

0.8704584

0.8278092

0.7768008

0.7335468

0.703404

0.6804216

0.669924

0.6779916

0.6925068

0.7200576

0.7629444

0.8053236

0.8497656

0.8936568

0.9248256

0.943002

0.947862

0.9329688

0.908658

0.878364

0.8281224

0.7806888

0.7436124

0.7054344

0.6850008

0.6835212

0.6851412

0.7039872

0.7444116

0.7810884

0.8218152

0.87291

0.9083124

0.9312516

0.948294

0.9448812

0.9241776

0.8947584

0.8575848

0.810162

0.7679664

0.7312464

0.6939432

0.680886

0.6811344

0.6865776

0.7144632

0.7535484

0.7971048

0.8464932

0.890784

0.9140688

0.9365976

0.9492012

0.9361008

0.9186156

0.8889264

0.8385336

0.796392

0.766692

0.731268

0.7095708

0.7049484

0.6975504

0.7126812

0.7520472

0.7711956

0.8013384

0.850068

0.8819496

0.902178

0.9200304

0.9243828

0.91476

0.9117036

0.8893368

0.8502408

0.8162532

0.7717572

0.7336656

0.7091388

0.6906276

0.6895476

0.712476

0.7397352

0.7678476

0.8205084

0.874854

0.9085608

0.9454968

0.9610704

0.947322

0.9404316

0.9088956

0.8610516

0.8161128

0.78165

0.752112

0.7254684

0.7152624

0.7020108

0.7183188

0.7522632

0.7732584

0.8139528

0.862812

0.8816904

0.9044028

0.935928

0.9365004

0.922914

0.9148896

0.88452

0.8581788

0.846558

0.7992108

0.7698672

0.7706124

0.7463124

0.7323264

0.7422948

0.7517988

0.77193

0.8210376

0.8574228

0.8799516

0.9393732

0.9639108

0.9525924

0.9702828

0.954666

0.9096624

0.8836344

0.830898

0.7723944

0.7586352

0.7331796

0.707832

0.7341624

0.757674

0.7704612

0.823176

0.8760204

0.8900604

0.9238968

0.9442872

0.9286704

0.9416736

0.9510156

0.9010656

0.8717976

0.8655984

0.817074

0.8182188

0.8271396

0.7831728

0.7992108

0.8226144

0.80433

0.8144496

0.8630064

0.8782344

0.8815392

0.9227412

0.930852

0.9474732



BAND 3 chart

		2.0016		3.9		2.8		1.0004

		2.1267		3.9		2.8		1.062925

		2.2518						1.12545

		2.3769						1.187975

		2.502						1.2505

		2.6271						1.313025

		2.7522						1.37555

		2.8773						1.438075

		3.0024						1.5006

		3.1275						1.563125

		3.2526						1.62565

		3.3777						1.688175

		3.5028						1.7507

		3.6279						1.813225

		3.753						1.87575

		3.8781						1.938275

		4.0032						2.0008

		4.1283						2.063325

		4.2534						2.12585

		4.3785						2.188375

		4.5036						2.2509

		4.6287						2.313425

		4.7538						2.37595

		4.8789						2.438475

		5.004						2.501

		5.1291						2.563525

		5.2542						2.62605

		5.3793						2.688575

		5.5044						2.7511

		5.6295						2.813625

		5.7546						2.87615

		5.8797						2.938675

		6.0024						3.0012

		6.064925						3.063725

		6.12745						3.12625

		6.189975						3.188775

		6.2525						3.2513

		6.315025						3.313825

		6.37755						3.37635

		6.440075						3.438875

		6.5026						3.5014

		6.565125						3.563925

		6.62765						3.62645

		6.690175						3.688975

		6.7527						3.7515

		6.815225						3.814025

		6.87775						3.87655

		6.940275						3.939075

		7.0028						4.0016

		7.065325						4.064125

		7.12785						4.12665

		7.190375						4.189175

		7.2529						4.2517

		7.315425						4.314225

		7.37795						4.37675

		7.440475						4.439275

		7.503						4.5018

		7.565525						4.564325

		7.62805						4.62685

		7.690575						4.689375

		7.7531						4.7519

		7.815625						4.814425

		7.87815						4.87695

		7.940675						4.939475

		8.0032						5.002

		8.065725						5.064525

		8.12825						5.12705

		8.190775						5.189575

		8.2533						5.2521

		8.315825						5.314625

		8.37835						5.37715

		8.440875						5.439675

		8.5034						5.5022

		8.565925						5.564725

		8.62845						5.62725

		8.690975						5.689775

		8.7535						5.7523

		8.816025						5.814825

		8.87855						5.87735

		8.941075						5.939875

		9.0036						6.0024

		9.066125						6.064925

		9.12865						6.12745

		9.191175						6.189975

		9.2537						6.2525

		9.316225						6.315025

		9.37875						6.37755

		9.441275						6.440075

		9.5038						6.5026

		9.566325						6.565125

		9.62885						6.62765

		9.691375						6.690175

		9.7539						6.7527

		9.816425						6.815225

		9.87895						6.87775

		9.941475						6.940275

		10.004						7.0028

		10.066525						7.065325

		10.12905						7.12785

		10.191575						7.190375

		10.2541						7.2529

		10.316625						7.315425

		10.37915						7.37795

		10.441675						7.440475

		10.5042						7.503

		10.566725						7.565525

		10.62925						7.62805

		10.691775						7.690575

		10.7543						7.7531

		10.816825						7.815625

		10.87935						7.87815

		10.941875						7.940675

		11.0044						8.0032

		11.066925						8.065725

		11.12945						8.12825

		11.191975						8.190775

		11.2545						8.2533

		11.317025						8.315825

		11.37955						8.37835

		11.442075						8.440875

		11.5046						8.5034

		11.567125						8.565925

		11.62965						8.62845

		11.692175						8.690975

		11.7547						8.7535

		11.817225						8.816025

		11.87975						8.87855

		11.942275						8.941075

		12.0048						9.0036

		12.067325						9.066125

		12.12985						9.12865

		12.192375						9.191175

		12.2549						9.2537

		12.317425						9.316225

		12.37995						9.37875

		12.442475						9.441275

		12.505						9.5038

		12.567525						9.566325

		12.63005						9.62885

		12.692575						9.691375

		12.7551						9.7539

		12.817625						9.816425

		12.88015						9.87895

		12.942675						9.941475

		13.0052						10.004

		13.067725						10.066525

		13.13025						10.12905

		13.192775						10.191575

		13.2553						10.2541

		13.317825						10.316625

		13.38035						10.37915

		13.442875						10.441675

		13.5054						10.5042

		13.567925						10.566725

		13.63045						10.62925

		13.692975						10.691775

		13.7555						10.7543

		13.818025						10.816825

		13.88055						10.87935

		13.943075						10.941875

		14.0056						11.0044

		14.068125						11.066925

		14.13065						11.12945

		14.193175						11.191975

		14.2557						11.2545

		14.318225						11.317025

		14.38075						11.37955

		14.443275						11.442075

		14.5058						11.5046

		14.568325						11.567125

		14.63085						11.62965

		14.693375						11.692175

		14.7559						11.7547

		14.818425						11.817225

		14.88095						11.87975

		14.943475						11.942275

		15.006						12.0048

		15.068525						12.067325

		15.13105						12.12985

		15.193575						12.192375

		15.2561						12.2549

		15.318625						12.317425

		15.38115						12.37995

		15.443675						12.442475

		15.5062						12.505

		15.568725						12.567525

		15.63125						12.63005

		15.693775						12.692575

		15.7563						12.7551

		15.818825						12.817625

		15.88135						12.88015

		15.943875						12.942675

		16.0064						13.0052

		16.068925						13.067725

		16.13145						13.13025

		16.193975						13.192775

		16.2565						13.2553

		16.319025						13.317825

		16.38155						13.38035

		16.444075						13.442875

		16.5066						13.5054

		16.569125						13.567925

		16.63165						13.63045

		16.694175						13.692975

		16.7567						13.7555

		16.819225						13.818025

		16.88175						13.88055

		16.944275						13.943075

		17.0068						14.0056

		17.069325						14.068125

		17.13185						14.13065

		17.194375						14.193175

		17.2569						14.2557

		17.319425						14.318225

		17.38195						14.38075

		17.444475						14.443275

		17.507						14.5058

		17.569525						14.568325

		17.63205						14.63085

		17.694575						14.693375

		17.7571						14.7559

		17.819625						14.818425

		17.88215						14.88095

		17.944675						14.943475

		18.0072						15.006

		18.069725

		18.13225

		18.194775

		18.2573

		18.319825

		18.38235

		18.444875

		18.5074

		18.569925

		18.63245

		18.694975

		18.7575

		18.820025

		18.88255

		18.945075

		19.0076

		19.070125

		19.13265

		19.195175

		19.2577

		19.320225

		19.38275

		19.445275

		19.5078

		19.570325

		19.63285

		19.695375

		19.7579

		19.820425

		19.88295

		19.945475

		20.008

		20.070525

		20.13305

		20.195575

		20.2581

		20.320625

		20.38315

		20.445675

		20.5082

		20.570725

		20.63325

		20.695775

		20.7583

		20.820825

		20.88335

		20.945875

		21.0084

		21.070925

		21.13345

		21.195975

		21.2585

		21.321025

		21.38355

		21.446075

		21.5086

		21.571125

		21.63365

		21.696175

		21.7587

		21.821225

		21.88375

		21.946275

		22.0088

		22.071325

		22.13385

		22.196375

		22.2589

		22.321425

		22.38395

		22.446475

		22.509

		22.571525

		22.63405

		22.696575

		22.7591

		22.821625

		22.88415

		22.946675

		23.0092

		23.071725

		23.13425

		23.196775

		23.2593

		23.321825

		23.38435

		23.446875

		23.5094

		23.571925

		23.63445

		23.696975

		23.7595

		23.822025

		23.88455

		23.947075

		24.0096

		24.072125

		24.13465

		24.197175

		24.2597

		24.322225

		24.38475

		24.447275

		24.5098

		24.572325

		24.63485

		24.697375

		24.7599

		24.822425

		24.88495

		24.947475

		25.01

		25.072525

		25.13505

		25.197575

		25.2601

		25.322625

		25.38515

		25.447675

		25.5102

		25.572725

		25.63525

		25.697775

		25.7603

		25.822825

		25.88535

		25.947875

		26.0104

		26.072925

		26.13545

		26.197975

		26.2605

		26.323025

		26.38555

		26.448075

		26.5106

		26.573125

		26.63565

		26.698175

		26.7607

		26.823225

		26.88575

		26.948275

		27.0108

		27.073325

		27.13585

		27.198375

		27.2609

		27.323425

		27.38595

		27.448475

		27.511

		27.573525

		27.63605

		27.698575

		27.7611

		27.823625

		27.88615

		27.948675

		28.0112

		28.073725

		28.13625

		28.198775

		28.2613

		28.323825

		28.38635

		28.448875

		28.5114

		28.573925

		28.63645

		28.698975

		28.7615

		28.824025

		28.88655

		28.949075

		29.0116

		29.074125

		29.13665

		29.199175

		29.2617

		29.324225

		29.38675

		29.449275

		29.5118

		29.574325

		29.63685

		29.699375

		29.7619

		29.824425

		29.88695

		29.949475

		30.012

		30.074525

		30.13705

		30.199575

		30.2621

		30.324625

		30.38715

		30.449675

		30.5122

		30.574725

		30.63725

		30.699775

		30.7623

		30.824825

		30.88735

		30.949875

		31.0124

		31.074925

		31.13745

		31.199975

		31.2625

		31.325025

		31.38755

		31.450075

		31.5126

		31.575125

		31.63765

		31.700175

		31.7627

		31.825225

		31.88775

		31.950275

		32.0128

		32.075325

		32.13785

		32.200375

		32.2629

		32.325425

		32.38795

		32.450475

		32.513

		32.575525

		32.63805

		32.700575

		32.7631

		32.825625

		32.88815

		32.950675

		33.0132

		33.075725

		33.13825

		33.200775

		33.2633

		33.325825

		33.38835

		33.450875

		33.5134

		33.575925

		33.63845

		33.700975

		33.7635

		33.826025

		33.88855

		33.951075

		34.0136

		34.076125

		34.13865

		34.201175

		34.2637

		34.326225

		34.38875

		34.451275

		34.5138

		34.576325

		34.63885

		34.701375

		34.7639

		34.826425

		34.88895

		34.951475

		35.014

		35.076525

		35.13905

		35.201575

		35.2641

		35.326625

		35.38915

		35.451675

		35.5142

		35.576725

		35.63925

		35.701775

		35.7643

		35.826825

		35.88935

		35.951875

		36.0144

		36.076925

		36.13945

		36.201975

		36.2645

		36.327025

		36.38955

		36.452075

		36.5146

		36.577125

		36.63965

		36.702175

		36.7647

		36.827225

		36.88975

		36.952275

		37.0148

		37.077325

		37.13985

		37.202375

		37.2649

		37.327425

		37.38995

		37.452475

		37.515

		37.577525

		37.64005

		37.702575

		37.7651

		37.827625

		37.89015

		37.952675

		38.0152

		38.077725

		38.14025

		38.202775

		38.2653

		38.327825

		38.39035

		38.452875

		38.5154

		38.577925

		38.64045

		38.702975

		38.7655

		38.828025

		38.89055

		38.953075

		39.0156

		39.078125

		39.14065

		39.203175

		39.2657

		39.328225

		39.39075

		39.453275

		39.5158

		39.578325

		39.64085

		39.703375

		39.7659

		39.828425

		39.89095

		39.953475

		40.016

		40.078525

		40.14105

		40.203575

		40.2661

		40.328625

		40.39115

		40.453675

		40.5162

		40.578725

		40.64125

		40.703775

		40.7663

		40.828825

		40.89135

		40.953875

		41.0164



&L&F

ALMA quartz 3mm thickness        1: 2:2002

blah

BAND 3

ALMA quartz 3mm thickness + ARC            3: 4:2002

wavenumebr (cm-1)

Transmission

ALMA window - BAND 3

0.9114

0

0

0.99044

0.88677

1

1

1.06

0.87761

1.29

0.96623

1.28952

0.93635

1.00424

0.84674

0.91505

0.76457

0.9064

0.80769

0.89162

0.90973

0.84616

0.98245

0.84309

1.00132

0.87685

0.88796

0.96372

0.74492

0.96345

0.68675

0.95962

0.69723

0.9908

0.80112

0.99736

0.91436

0.98969

0.88932

0.9895

0.80188

0.9807

0.72659

0.97129

0.67644

0.96872

0.7505

0.94789

0.87392

0.93289

0.90274

0.94335

0.79369

0.96743

0.70018

0.98254

0.70519

0.99182

0.75308

0.99366

0.81835

0.99078

0.8934

0.99446

0.84648

0.99199

0.7242

0.98953

0.66131

0.98888

0.65468

0.98092

0.67027

0.97942

0.7127

0.9799

0.7809

0.96956

0.87476

0.97143

0.93545

0.98486

0.95866

0.99116

0.94833

0.99611

0.88869

0.99594

0.81574

0.99264

0.74806

0.99686

0.69927

0.98661

0.67482

0.98366

0.66537

0.98913

0.67722

0.99167

0.72768

0.9979

0.79902

1.00323

0.87615

0.99656

0.94495

0.97602

0.97813

0.97146

0.95705

0.97955

0.89698

0.99265

0.82521

1.00166

0.75123

0.98918

0.69102

0.98017

0.65986

0.98468

0.66082

0.99313

0.68129

0.99332

0.72641

0.98354

0.8046

0.96797

0.88698

0.94753

0.9542

0.93523

0.98412

0.92754

0.95598

0.92818

0.88903

0.94182

0.81343

0.96235

0.73901

0.98089

0.6917

0.98308

0.67502

0.95561

0.67666

0.918

0.70357

0.88067

0.75375

0.84436

0.82886

0.81677

0.91126

0.8018

0.97115

0.81123

0.98192

0.85482

0.94396

0.91642

0.8768

0.96287

0.79577

0.97149

0.73374

0.93228

0.69499

0.86769

0.66883

0.8021

0.67003

0.74734

0.70195

0.71338

0.75469

0.71109

0.82905

0.74359

0.90643

0.81577

0.9606

0.90826

0.97494

0.96909

0.9399

0.97022

0.86647

0.90807

0.77988

0.8272

0.71143

0.76316

0.67002

0.71862

0.65292

0.69593

0.6564

0.71251

0.68711

0.75983

0.74664

0.84403

0.82506

0.93655

0.90271

0.98885

0.96016

0.97926

0.96812

0.92267

0.92018

0.85193

0.84401

0.807

0.76441

0.78756

0.7034

0.78477

0.66504

0.81103

0.6533

0.86723

0.66826

0.9329

0.69957

0.976

0.75491

0.98502

0.83593

0.96495

0.91454

0.92851

0.96148

0.89457

0.96039

0.87461

0.91363

0.8727

0.83735

0.89736

0.76084

0.93469

0.69871

0.96804

0.66122

0.99277

0.65072

1.00077

0.66075

0.99093

0.6982

0.97734

0.76074

0.9656

0.83929

0.96413

0.91967

0.97025

0.97009

0.97801

0.96628

0.98926

0.91155

1.00033

0.83248

1.00414

0.75656

0.99859

0.69661

0.99095

0.66142

0.98476

0.65346

0.98455

0.66775

0.98998

0.70472

0.99481

0.76564

1.00047

0.84557

1.00002

0.92208

0.99359

0.96661

0.98699

0.95979

0.97837

0.90278

0.97053

0.82105

0.96789

0.74453

0.97042

0.6868

0.97975

0.65324

0.98825

0.64593

0.99141

0.66562

0.99187

0.71021

0.9869

0.77588

0.97889

0.85345

0.97024

0.92261

0.96542

0.95982

0.96352

0.94586

0.96182

0.88771

0.96544

0.81128

0.97124

0.73858

0.97473

0.68249

0.97839

0.65194

0.97957

0.64814

0.98124

0.67083

0.98107

0.71865

0.97602

0.78963

0.97024

0.86996

0.96522

0.94105

0.9614

0.97159

0.95582

0.94901

0.9469

0.88422

0.93806

0.80373

0.93073

0.72907

0.93028

0.67497

0.93754

0.64853

0.94936

0.64787

0.9596

0.66997

0.96389

0.71741

0.962

0.7863

0.94791

0.86595

0.92124

0.93407

0.88645

0.96118

0.85063

0.93487

0.82418

0.866

0.814

0.7842

0.82243

0.71153

0.84929

0.66085

0.88604

0.63708

0.91913

0.63759

0.93451

0.66486

0.91648

0.71686

0.86673

0.78811

0.80283

0.86927

0.74614

0.93497

0.7102

0.95636

0.70142

0.92347

0.72119

0.85446

0.76743

0.77476

0.82837

0.70605

0.88925

0.65949

0.91397

0.63681

0.88994

0.6427

0.82778

0.67464

0.75451

0.72744

0.69756

0.80334

0.6667

0.88379

0.66709

0.94398

0.69955

0.96049

0.7558

0.92412

0.82558

0.8512

0.88275

0.76995

0.90168

0.70215

0.8743

0.65712

0.81633

0.63721

0.75513

0.64216

0.71603

0.6729

0.70359

0.73045

0.71842

0.80577

0.75983

0.88346

0.81596

0.941

0.86746

0.94986

0.89555

0.90911

0.89206

0.83607

0.86069

0.7561

0.8243

0.6905

0.79618

0.64856

0.63177

0.63845

0.67153

0.73338

0.81112

0.88925

0.94057

0.94281

0.89566

0.82199

0.74454

0.68228

0.64509

0.63422

0.64673

0.68476

0.74676

0.82592

0.89956

0.94623

0.94429

0.89279

0.81611

0.73912

0.67939

0.64294

0.63204

0.64635

0.68614

0.74996

0.8292

0.90209

0.94309

0.93509

0.87891

0.80032

0.72377

0.66566

0.6317

0.62257

0.63958

0.68351

0.75122

0.83039

0.9028

0.94022

0.9258

0.86629

0.78765

0.71371

0.6593

0.63098

0.6269

0.64791

0.6968

0.76524

0.84485

0.91511

0.94483

0.9231

0.86101

0.78335

0.71207

0.6602

0.63324

0.63047

0.65272

0.70012

0.769

0.84822

0.91322

0.94035

0.91508

0.84857

0.76782

0.69631

0.64654

0.62175

0.62246

0.64961

0.70112

0.77344

0.85163

0.91318

0.93378

0.903

0.83412

0.75511

0.68896

0.64441

0.62381

0.62887

0.65848

0.71361

0.78729

0.86492

0.92294

0.93517

0.89748

0.82789

0.75198

0.68644

0.64347

0.62708

0.63353

0.66445

0.71944

0.79331

0.87057

0.92212

0.92703

0.88388

0.81182

0.73634

0.67335

0.63196

0.61681

0.62704

0.66256

0.72211

0.79958

0.87444

0.9221

0.92262

0.87556

0.80144

0.72512

0.6656

0.6294

0.61842

0.63326

0.67192

0.73413

0.80954

0.88008

0.92209

0.91602

0.86667

0.79323

0.72095

0.666

0.63268

0.62447

0.63947

0.67925

0.74243

0.81767

0.88664

0.92362

0.91046

0.8545

0.77963

0.70628

0.65038

0.6212

0.61587

0.63415

0.6782

0.74402

0.82285

0.89014

0.92236

0.90425

0.84414

0.76654

0.69455

0.64414

0.61638

0.61467

0.63984

0.68708

0.75463

0.82994

0.89156

0.91605

0.892

0.83185

0.75714

0.6905

0.64276

0.61867

0.62013

0.64476

0.69372

0.76258

0.83753

0.89476

0.91

0.88148

0.81838

0.74418

0.67955

0.63379

0.61272

0.61755

0.64827

0.70078

0.76977

0.84499

0.90076

0.91233

0.87711

0.81106

0.73506

0.67017

0.62735

0.6109

0.61791

0.64943

0.70483

0.77607

0.84898

0.89742

0.90133

0.85903

0.79149

0.72002

0.66074

0.62438

0.61252

0.62442

0.65669

0.71455

0.78508

0.85201

0.8973

0.89501

0.8501

0.78127

0.71126

0.65491

0.61991

0.60871

0.62098

0.65984

0.7202

0.79158

0.85801

0.89428

0.88834

0.83826

0.76555

0.69855

0.64782

0.61731

0.6084

0.62227

0.66026

0.72213

0.79744

0.85959

0.88933

0.87184

0.81838

0.74979

0.68318

0.63438

0.60652

0.60162

0.626

0.67212

0.7302

0.80226

0.86594

0.89157

0.86887

0.81231

0.7445

0.68171

0.63275

0.60894

0.60942

0.6314

0.68037

0.7478

0.82137

0.88121

0.89983

0.86729

0.80064

0.73015

0.66654

0.62056

0.60328

0.60892

0.63378

0.68014

0.74628

0.81796

0.86922

0.8801

0.84784

0.7851

0.71801

0.66167

0.61393

0.58963

0.5986

0.63402

0.68672

0.75014

0.8193

0.86753

0.87139

0.82714

0.76478

0.69972

0.64439

0.61001

0.59406

0.60424

0.63838

0.69041

0.7581

0.83135

0.87958

0.87896

0.83522

0.76484

0.69101

0.63515

0.59695

0.58406

0.59973

0.63958

0.69675

0.76609

0.83311

0.86644

0.85702

0.81078

0.74747

0.67943

0.61984

0.58626

0.58006

0.59424

0.63608

0.69642

0.75542

0.82507

0.86249

0.84043

0.79024

0.72856

0.66788

0.61052

0.58212

0.57813

0.59235

0.63892

0.70584

0.78776

0.84318

0.87248

0.85806

0.79704

0.73081

0.66621

0.62584

0.59886

0.586

0.60562

0.64879

0.7178

0.78841

0.85075



S2523R9

				ALMA quartz 3mm thickness        1: 2:2002

		2.0016		0.9114				81		0.1251

		2.1267		0.88677				0.64992		1.00132

		2.2518		0.87761

		2.3769		0.96623						s2524ra

		2.502		0.93635

		2.6271		0.84674

		2.7522		0.76457

		2.8773		0.80769

		3.0024		0.90973

		3.1275		0.98245

		3.2526		1.00132

		3.3777		0.88796

		3.5028		0.74492

		3.6279		0.68675

		3.753		0.69723

		3.8781		0.80112

		4.0032		0.91436

		4.1283		0.88932

		4.2534		0.80188

		4.3785		0.72659

		4.5036		0.67644

		4.6287		0.7505

		4.7538		0.87392

		4.8789		0.90274

		5.004		0.79369

		5.1291		0.70018

		5.2542		0.70519

		5.3793		0.75308

		5.5044		0.81835

		5.6295		0.8934

		5.7546		0.84648

		5.8797		0.7242

		6.0024		0.66131				625		0.062525

		6.064925		0.65468				0.57813		1.18375

		6.12745		0.67027

		6.189975		0.7127						s2523r9

		6.2525		0.7809

		6.315025		0.87476

		6.37755		0.93545

		6.440075		0.95866

		6.5026		0.94833

		6.565125		0.88869

		6.62765		0.81574

		6.690175		0.74806

		6.7527		0.69927

		6.815225		0.67482

		6.87775		0.66537

		6.940275		0.67722

		7.0028		0.72768

		7.065325		0.79902

		7.12785		0.87615

		7.190375		0.94495

		7.2529		0.97813

		7.315425		0.95705

		7.37795		0.89698

		7.440475		0.82521

		7.503		0.75123

		7.565525		0.69102

		7.62805		0.65986

		7.690575		0.66082

		7.7531		0.68129

		7.815625		0.72641

		7.87815		0.8046

		7.940675		0.88698

		8.0032		0.9542

		8.065725		0.98412

		8.12825		0.95598

		8.190775		0.88903

		8.2533		0.81343

		8.315825		0.73901

		8.37835		0.6917

		8.440875		0.67502

		8.5034		0.67666

		8.565925		0.70357

		8.62845		0.75375

		8.690975		0.82886

		8.7535		0.91126

		8.816025		0.97115

		8.87855		0.98192

		8.941075		0.94396

		9.0036		0.8768

		9.066125		0.79577

		9.12865		0.73374

		9.191175		0.69499

		9.2537		0.66883

		9.316225		0.67003

		9.37875		0.70195

		9.441275		0.75469

		9.5038		0.82905

		9.566325		0.90643

		9.62885		0.9606

		9.691375		0.97494

		9.7539		0.9399

		9.816425		0.86647

		9.87895		0.77988

		9.941475		0.71143

		10.004		0.67002

		10.066525		0.65292

		10.12905		0.6564

		10.191575		0.68711

		10.2541		0.74664

		10.316625		0.82506

		10.37915		0.90271

		10.441675		0.96016

		10.5042		0.96812

		10.566725		0.92018

		10.62925		0.84401

		10.691775		0.76441

		10.7543		0.7034

		10.816825		0.66504

		10.87935		0.6533

		10.941875		0.66826

		11.0044		0.69957

		11.066925		0.75491

		11.12945		0.83593

		11.191975		0.91454

		11.2545		0.96148

		11.317025		0.96039

		11.37955		0.91363

		11.442075		0.83735

		11.5046		0.76084

		11.567125		0.69871

		11.62965		0.66122

		11.692175		0.65072

		11.7547		0.66075

		11.817225		0.6982

		11.87975		0.76074

		11.942275		0.83929

		12.0048		0.91967

		12.067325		0.97009

		12.12985		0.96628

		12.192375		0.91155

		12.2549		0.83248

		12.317425		0.75656

		12.37995		0.69661

		12.442475		0.66142

		12.505		0.65346

		12.567525		0.66775

		12.63005		0.70472

		12.692575		0.76564

		12.7551		0.84557

		12.817625		0.92208

		12.88015		0.96661

		12.942675		0.95979

		13.0052		0.90278

		13.067725		0.82105

		13.13025		0.74453

		13.192775		0.6868

		13.2553		0.65324

		13.317825		0.64593

		13.38035		0.66562

		13.442875		0.71021

		13.5054		0.77588

		13.567925		0.85345

		13.63045		0.92261

		13.692975		0.95982

		13.7555		0.94586

		13.818025		0.88771

		13.88055		0.81128

		13.943075		0.73858

		14.0056		0.68249

		14.068125		0.65194

		14.13065		0.64814

		14.193175		0.67083

		14.2557		0.71865

		14.318225		0.78963

		14.38075		0.86996

		14.443275		0.94105

		14.5058		0.97159

		14.568325		0.94901

		14.63085		0.88422

		14.693375		0.80373

		14.7559		0.72907

		14.818425		0.67497

		14.88095		0.64853

		14.943475		0.64787

		15.006		0.66997

		15.068525		0.71741

		15.13105		0.7863

		15.193575		0.86595

		15.2561		0.93407

		15.318625		0.96118

		15.38115		0.93487

		15.443675		0.866

		15.5062		0.7842

		15.568725		0.71153

		15.63125		0.66085

		15.693775		0.63708

		15.7563		0.63759

		15.818825		0.66486

		15.88135		0.71686

		15.943875		0.78811

		16.0064		0.86927

		16.068925		0.93497

		16.13145		0.95636

		16.193975		0.92347

		16.2565		0.85446

		16.319025		0.77476

		16.38155		0.70605

		16.444075		0.65949

		16.5066		0.63681

		16.569125		0.6427

		16.63165		0.67464

		16.694175		0.72744

		16.7567		0.80334

		16.819225		0.88379

		16.88175		0.94398

		16.944275		0.96049

		17.0068		0.92412

		17.069325		0.8512

		17.13185		0.76995

		17.194375		0.70215

		17.2569		0.65712

		17.319425		0.63721

		17.38195		0.64216

		17.444475		0.6729

		17.507		0.73045

		17.569525		0.80577

		17.63205		0.88346

		17.694575		0.941

		17.7571		0.94986

		17.819625		0.90911

		17.88215		0.83607

		17.944675		0.7561

		18.0072		0.6905

		18.069725		0.64856

		18.13225		0.63177

		18.194775		0.63845

		18.2573		0.67153

		18.319825		0.73338

		18.38235		0.81112

		18.444875		0.88925

		18.5074		0.94057

		18.569925		0.94281

		18.63245		0.89566

		18.694975		0.82199

		18.7575		0.74454

		18.820025		0.68228

		18.88255		0.64509

		18.945075		0.63422

		19.0076		0.64673

		19.070125		0.68476

		19.13265		0.74676

		19.195175		0.82592

		19.2577		0.89956

		19.320225		0.94623

		19.38275		0.94429

		19.445275		0.89279

		19.5078		0.81611

		19.570325		0.73912

		19.63285		0.67939

		19.695375		0.64294

		19.7579		0.63204

		19.820425		0.64635

		19.88295		0.68614

		19.945475		0.74996

		20.008		0.8292

		20.070525		0.90209

		20.13305		0.94309

		20.195575		0.93509

		20.2581		0.87891

		20.320625		0.80032

		20.38315		0.72377

		20.445675		0.66566

		20.5082		0.6317

		20.570725		0.62257

		20.63325		0.63958

		20.695775		0.68351

		20.7583		0.75122

		20.820825		0.83039

		20.88335		0.9028

		20.945875		0.94022

		21.0084		0.9258

		21.070925		0.86629

		21.13345		0.78765

		21.195975		0.71371

		21.2585		0.6593

		21.321025		0.63098

		21.38355		0.6269

		21.446075		0.64791

		21.5086		0.6968

		21.571125		0.76524

		21.63365		0.84485

		21.696175		0.91511

		21.7587		0.94483

		21.821225		0.9231

		21.88375		0.86101

		21.946275		0.78335

		22.0088		0.71207

		22.071325		0.6602

		22.13385		0.63324

		22.196375		0.63047

		22.2589		0.65272

		22.321425		0.70012

		22.38395		0.769

		22.446475		0.84822

		22.509		0.91322

		22.571525		0.94035

		22.63405		0.91508

		22.696575		0.84857

		22.7591		0.76782

		22.821625		0.69631

		22.88415		0.64654

		22.946675		0.62175

		23.0092		0.62246

		23.071725		0.64961

		23.13425		0.70112

		23.196775		0.77344

		23.2593		0.85163

		23.321825		0.91318

		23.38435		0.93378

		23.446875		0.903

		23.5094		0.83412

		23.571925		0.75511

		23.63445		0.68896

		23.696975		0.64441

		23.7595		0.62381

		23.822025		0.62887

		23.88455		0.65848

		23.947075		0.71361

		24.0096		0.78729

		24.072125		0.86492

		24.13465		0.92294

		24.197175		0.93517

		24.2597		0.89748

		24.322225		0.82789

		24.38475		0.75198

		24.447275		0.68644

		24.5098		0.64347

		24.572325		0.62708

		24.63485		0.63353

		24.697375		0.66445

		24.7599		0.71944

		24.822425		0.79331

		24.88495		0.87057

		24.947475		0.92212

		25.01		0.92703

		25.072525		0.88388

		25.13505		0.81182

		25.197575		0.73634

		25.2601		0.67335

		25.322625		0.63196

		25.38515		0.61681

		25.447675		0.62704

		25.5102		0.66256

		25.572725		0.72211

		25.63525		0.79958

		25.697775		0.87444

		25.7603		0.9221

		25.822825		0.92262

		25.88535		0.87556

		25.947875		0.80144

		26.0104		0.72512

		26.072925		0.6656

		26.13545		0.6294

		26.197975		0.61842

		26.2605		0.63326

		26.323025		0.67192

		26.38555		0.73413

		26.448075		0.80954

		26.5106		0.88008

		26.573125		0.92209

		26.63565		0.91602

		26.698175		0.86667

		26.7607		0.79323

		26.823225		0.72095

		26.88575		0.666

		26.948275		0.63268

		27.0108		0.62447

		27.073325		0.63947

		27.13585		0.67925

		27.198375		0.74243

		27.2609		0.81767

		27.323425		0.88664

		27.38595		0.92362

		27.448475		0.91046

		27.511		0.8545

		27.573525		0.77963

		27.63605		0.70628

		27.698575		0.65038

		27.7611		0.6212

		27.823625		0.61587

		27.88615		0.63415

		27.948675		0.6782

		28.0112		0.74402

		28.073725		0.82285

		28.13625		0.89014

		28.198775		0.92236

		28.2613		0.90425

		28.323825		0.84414

		28.38635		0.76654

		28.448875		0.69455

		28.5114		0.64414

		28.573925		0.61638

		28.63645		0.61467

		28.698975		0.63984

		28.7615		0.68708

		28.824025		0.75463

		28.88655		0.82994

		28.949075		0.89156

		29.0116		0.91605

		29.074125		0.892

		29.13665		0.83185

		29.199175		0.75714

		29.2617		0.6905

		29.324225		0.64276

		29.38675		0.61867

		29.449275		0.62013

		29.5118		0.64476

		29.574325		0.69372

		29.63685		0.76258

		29.699375		0.83753

		29.7619		0.89476

		29.824425		0.91

		29.88695		0.88148

		29.949475		0.81838

		30.012		0.74418

		30.074525		0.67955

		30.13705		0.63379

		30.199575		0.61272

		30.2621		0.61755

		30.324625		0.64827

		30.38715		0.70078

		30.449675		0.76977

		30.5122		0.84499

		30.574725		0.90076

		30.63725		0.91233

		30.699775		0.87711

		30.7623		0.81106

		30.824825		0.73506

		30.88735		0.67017

		30.949875		0.62735

		31.0124		0.6109

		31.074925		0.61791

		31.13745		0.64943

		31.199975		0.70483

		31.2625		0.77607

		31.325025		0.84898

		31.38755		0.89742

		31.450075		0.90133

		31.5126		0.85903

		31.575125		0.79149

		31.63765		0.72002

		31.700175		0.66074

		31.7627		0.62438

		31.825225		0.61252

		31.88775		0.62442

		31.950275		0.65669

		32.0128		0.71455

		32.075325		0.78508

		32.13785		0.85201

		32.200375		0.8973

		32.2629		0.89501

		32.325425		0.8501

		32.38795		0.78127

		32.450475		0.71126

		32.513		0.65491

		32.575525		0.61991

		32.63805		0.60871

		32.700575		0.62098

		32.7631		0.65984

		32.825625		0.7202

		32.88815		0.79158

		32.950675		0.85801

		33.0132		0.89428

		33.075725		0.88834

		33.13825		0.83826

		33.200775		0.76555

		33.2633		0.69855

		33.325825		0.64782

		33.38835		0.61731

		33.450875		0.6084

		33.5134		0.62227

		33.575925		0.66026

		33.63845		0.72213

		33.700975		0.79744

		33.7635		0.85959

		33.826025		0.88933

		33.88855		0.87184

		33.951075		0.81838

		34.0136		0.74979

		34.076125		0.68318

		34.13865		0.63438

		34.201175		0.60652

		34.2637		0.60162

		34.326225		0.626

		34.38875		0.67212

		34.451275		0.7302

		34.5138		0.80226

		34.576325		0.86594

		34.63885		0.89157

		34.701375		0.86887

		34.7639		0.81231

		34.826425		0.7445

		34.88895		0.68171

		34.951475		0.63275

		35.014		0.60894

		35.076525		0.60942

		35.13905		0.6314

		35.201575		0.68037

		35.2641		0.7478

		35.326625		0.82137

		35.38915		0.88121

		35.451675		0.89983

		35.5142		0.86729

		35.576725		0.80064

		35.63925		0.73015

		35.701775		0.66654

		35.7643		0.62056

		35.826825		0.60328

		35.88935		0.60892

		35.951875		0.63378

		36.0144		0.68014

		36.076925		0.74628

		36.13945		0.81796

		36.201975		0.86922

		36.2645		0.8801

		36.327025		0.84784

		36.38955		0.7851

		36.452075		0.71801

		36.5146		0.66167

		36.577125		0.61393

		36.63965		0.58963

		36.702175		0.5986

		36.7647		0.63402

		36.827225		0.68672

		36.88975		0.75014

		36.952275		0.8193

		37.0148		0.86753

		37.077325		0.87139

		37.13985		0.82714

		37.202375		0.76478

		37.2649		0.69972

		37.327425		0.64439

		37.38995		0.61001

		37.452475		0.59406

		37.515		0.60424

		37.577525		0.63838

		37.64005		0.69041

		37.702575		0.7581

		37.7651		0.83135

		37.827625		0.87958

		37.89015		0.87896

		37.952675		0.83522

		38.0152		0.76484

		38.077725		0.69101

		38.14025		0.63515

		38.202775		0.59695

		38.2653		0.58406

		38.327825		0.59973

		38.39035		0.63958

		38.452875		0.69675

		38.5154		0.76609

		38.577925		0.83311

		38.64045		0.86644

		38.702975		0.85702

		38.7655		0.81078

		38.828025		0.74747

		38.89055		0.67943

		38.953075		0.61984

		39.0156		0.58626

		39.078125		0.58006

		39.14065		0.59424

		39.203175		0.63608

		39.2657		0.69642

		39.328225		0.75542

		39.39075		0.82507

		39.453275		0.86249

		39.5158		0.84043

		39.578325		0.79024

		39.64085		0.72856

		39.703375		0.66788

		39.7659		0.61052

		39.828425		0.58212

		39.89095		0.57813

		39.953475		0.59235

		40.016		0.63892

		40.078525		0.70584

		40.14105		0.78776

		40.203575		0.84318

		40.2661		0.87248

		40.328625		0.85806

		40.39115		0.79704

		40.453675		0.73081

		40.5162		0.66621

		40.578725		0.62584

		40.64125		0.59886

		40.703775		0.586

		40.7663		0.60562

		40.828825		0.64879

		40.89135		0.7178

		40.953875		0.78841

		41.0164		0.85075





S2547RB

				ALMA quartz 3mm thickness + ARC            3: 4:2002

		1.0004		0.99044		s2547rb		177		0.062525

		1.062925		1.06				0.32871		1.3484

		1.12545		1.29

		1.187975		1.28952

		1.2505		1.00424

		1.313025		0.91505

		1.37555		0.9064

		1.438075		0.89162

		1.5006		0.84616

		1.563125		0.84309

		1.62565		0.87685

		1.688175		0.96372

		1.7507		0.96345

		1.813225		0.95962

		1.87575		0.9908

		1.938275		0.99736

		2.0008		0.98969

		2.063325		0.9895

		2.12585		0.9807

		2.188375		0.97129

		2.2509		0.96872

		2.313425		0.94789

		2.37595		0.93289

		2.438475		0.94335

		2.501		0.96743

		2.563525		0.98254

		2.62605		0.99182

		2.688575		0.99366

		2.7511		0.99078

		2.813625		0.99446

		2.87615		0.99199

		2.938675		0.98953

		3.0012		0.98888

		3.063725		0.98092

		3.12625		0.97942

		3.188775		0.9799

		3.2513		0.96956

		3.313825		0.97143

		3.37635		0.98486

		3.438875		0.99116

		3.5014		0.99611

		3.563925		0.99594

		3.62645		0.99264

		3.688975		0.99686

		3.7515		0.98661

		3.814025		0.98366

		3.87655		0.98913

		3.939075		0.99167

		4.0016		0.9979

		4.064125		1.00323

		4.12665		0.99656

		4.189175		0.97602

		4.2517		0.97146

		4.314225		0.97955

		4.37675		0.99265

		4.439275		1.00166

		4.5018		0.98918

		4.564325		0.98017

		4.62685		0.98468

		4.689375		0.99313

		4.7519		0.99332

		4.814425		0.98354

		4.87695		0.96797

		4.939475		0.94753

		5.002		0.93523

		5.064525		0.92754

		5.12705		0.92818

		5.189575		0.94182

		5.2521		0.96235

		5.314625		0.98089

		5.37715		0.98308

		5.439675		0.95561

		5.5022		0.918

		5.564725		0.88067

		5.62725		0.84436

		5.689775		0.81677

		5.7523		0.8018

		5.814825		0.81123

		5.87735		0.85482

		5.939875		0.91642

		6.0024		0.96287

		6.064925		0.97149

		6.12745		0.93228

		6.189975		0.86769

		6.2525		0.8021

		6.315025		0.74734

		6.37755		0.71338

		6.440075		0.71109

		6.5026		0.74359

		6.565125		0.81577

		6.62765		0.90826

		6.690175		0.96909

		6.7527		0.97022

		6.815225		0.90807

		6.87775		0.8272

		6.940275		0.76316

		7.0028		0.71862

		7.065325		0.69593

		7.12785		0.71251

		7.190375		0.75983

		7.2529		0.84403

		7.315425		0.93655

		7.37795		0.98885

		7.440475		0.97926

		7.503		0.92267

		7.565525		0.85193

		7.62805		0.807

		7.690575		0.78756

		7.7531		0.78477

		7.815625		0.81103

		7.87815		0.86723

		7.940675		0.9329

		8.0032		0.976

		8.065725		0.98502

		8.12825		0.96495		s2547r7

		8.190775		0.92851

		8.2533		0.89457

		8.315825		0.87461

		8.37835		0.8727

		8.440875		0.89736

		8.5034		0.93469

		8.565925		0.96804

		8.62845		0.99277

		8.690975		1.00077

		8.7535		0.99093

		8.816025		0.97734

		8.87855		0.9656

		8.941075		0.96413

		9.0036		0.97025

		9.066125		0.97801

		9.12865		0.98926

		9.191175		1.00033

		9.2537		1.00414

		9.316225		0.99859

		9.37875		0.99095

		9.441275		0.98476

		9.5038		0.98455

		9.566325		0.98998

		9.62885		0.99481

		9.691375		1.00047

		9.7539		1.00002

		9.816425		0.99359

		9.87895		0.98699

		9.941475		0.97837

		10.004		0.97053

		10.066525		0.96789

		10.12905		0.97042

		10.191575		0.97975

		10.2541		0.98825

		10.316625		0.99141

		10.37915		0.99187

		10.441675		0.9869

		10.5042		0.97889

		10.566725		0.97024

		10.62925		0.96542

		10.691775		0.96352

		10.7543		0.96182

		10.816825		0.96544

		10.87935		0.97124

		10.941875		0.97473

		11.0044		0.97839

		11.066925		0.97957

		11.12945		0.98124

		11.191975		0.98107

		11.2545		0.97602

		11.317025		0.97024

		11.37955		0.96522

		11.442075		0.9614

		11.5046		0.95582

		11.567125		0.9469

		11.62965		0.93806

		11.692175		0.93073

		11.7547		0.93028

		11.817225		0.93754

		11.87975		0.94936

		11.942275		0.9596

		12.0048		0.96389

		12.067325		0.962

		12.12985		0.94791

		12.192375		0.92124

		12.2549		0.88645

		12.317425		0.85063

		12.37995		0.82418

		12.442475		0.814

		12.505		0.82243

		12.567525		0.84929

		12.63005		0.88604

		12.692575		0.91913

		12.7551		0.93451

		12.817625		0.91648

		12.88015		0.86673

		12.942675		0.80283

		13.0052		0.74614

		13.067725		0.7102

		13.13025		0.70142

		13.192775		0.72119

		13.2553		0.76743

		13.317825		0.82837

		13.38035		0.88925

		13.442875		0.91397

		13.5054		0.88994

		13.567925		0.82778

		13.63045		0.75451

		13.692975		0.69756

		13.7555		0.6667

		13.818025		0.66709

		13.88055		0.69955

		13.943075		0.7558

		14.0056		0.82558

		14.068125		0.88275

		14.13065		0.90168

		14.193175		0.8743

		14.2557		0.81633

		14.318225		0.75513

		14.38075		0.71603

		14.443275		0.70359

		14.5058		0.71842

		14.568325		0.75983

		14.63085		0.81596

		14.693375		0.86746

		14.7559		0.89555

		14.818425		0.89206

		14.88095		0.86069

		14.943475		0.8243

		15.006		0.79618





S2524RC

				ALMA quartz 2mm thickness        1: 2:2002

		4.0032		0.53723				81		0.1251

		4.1283		0.60278				0.50995		1.29863

		4.2534		0.82056

		4.3785		0.94249

		4.5036		0.93479

		4.6287		0.93645

		4.7538		0.92586

		4.8789		0.86255

		5.004		0.81114

		5.1291		0.69831

		5.2542		0.54036

		5.3793		0.50995

		5.5044		0.6632

		5.6295		0.87383

		5.7546		0.95507

		5.8797		0.93623

		6.0048		0.86366

		6.1299		0.77825

		6.255		0.76574

		6.3801		0.75194

		6.5052		0.66055

		6.6303		0.60732

		6.7554		0.7075

		6.8805		0.87324

		7.0056		0.93794

		7.1307		0.88439

		7.2558		0.7726

		7.3809		0.67534

		7.506		0.671

		7.6311		0.71359

		7.7562		0.71283

		7.8813		0.72151

		8.0064		0.80907

		8.1315		0.90816

		8.2566		0.918

		8.3817		0.84701

		8.5068		0.74206

		8.6319		0.65037

		8.757		0.61424

		8.8821		0.62509

		9.0072		0.68913

		9.1323		0.83198

		9.2574		0.94166

		9.3825		0.94794

		9.5076		0.90951

		9.6327		0.80711

		9.62885		0.807678

		9.691375		0.7552008

		9.7539		0.6838884

		9.816425		0.6176844

		9.87895		0.5820012

		9.941475		0.5541588

		10.004		0.550854

		10.066525		0.5761476

		10.12905		0.5943456

		10.191575		0.6311196

		10.2541		0.6930684

		10.316625		0.7588728

		10.37915		0.8334576

		10.441675		0.9063144

		10.5042		0.9425268

		10.566725		0.9523548

		10.62925		0.9543528				625		0.062525

		10.691775		0.919512				-2.07027		0.97527

		10.7543		0.8617428						s2523rb

		10.816825		0.7972236

		10.87935		0.7154244

		10.941875		0.6325992

		11.0044		0.576396

		11.066925		0.5445144

		11.12945		0.5458428

		11.191975		0.5697864

		11.2545		0.597942

		11.317025		0.646596

		11.37955		0.7083396

		11.442075		0.7682796

		11.5046		0.8315892

		11.567125		0.8819064

		11.62965		0.9096516

		11.692175		0.9275472

		11.7547		0.9380664

		11.817225		0.926316

		11.87975		0.8932788

		11.942275		0.85914

		12.0048		0.8088984

		12.067325		0.743796

		12.12985		0.6903144

		12.192375		0.6323616

		12.2549		0.5879412

		12.317425		0.5720544

		12.37995		0.5613192

		12.442475		0.5692896

		12.505		0.6260976

		12.567525		0.6959844

		12.63005		0.7475004

		12.692575		0.8168364

		12.7551		0.88155

		12.817625		0.9208836

		12.88015		0.95985

		12.942675		0.9652716

		13.0052		0.9395568

		13.067725		0.892242

		13.13025		0.8304768

		13.192775		0.7615296

		13.2553		0.6921504

		13.317825		0.63936

		13.38035		0.5829732

		13.442875		0.5557464

		13.5054		0.5632632

		13.567925		0.5628312

		13.63045		0.5975964

		13.692975		0.6593832

		13.7555		0.7161372

		13.818025		0.7870932

		13.88055		0.8473356

		13.943075		0.8960436

		14.0056		0.9261756

		14.068125		0.945486

		14.13065		0.9452808

		14.193175		0.9151596

		14.2557		0.8756316

		14.318225		0.813348

		14.38075		0.7580304

		14.443275		0.6997644

		14.5058		0.6419736

		14.568325		0.6084288

		14.63085		0.5906736

		14.693375		0.5918292

		14.7559		0.6017652

		14.818425		0.625968

		14.88095		0.6757452

		14.943475		0.7278228

		15.006		0.785916

		15.068525		0.8526384

		15.13105		0.897264

		15.193575		0.9327204

		15.2561		0.9541044

		15.318625		0.9410688

		15.38115		0.9216936

		15.443675		0.886626

		15.5062		0.823068

		15.568725		0.7600176

		15.63125		0.6962652

		15.693775		0.6359472

		15.7563		0.5973912

		15.818825		0.5797548

		15.88135		0.578556

		15.943875		0.5996916

		16.0064		0.6454404

		16.068925		0.703836

		16.13145		0.762858

		16.193975		0.829764

		16.2565		0.8849412

		16.319025		0.918108

		16.38155		0.9588024

		16.444075		0.9615024

		16.5066		0.93825

		16.569125		0.9249444

		16.63165		0.8618508

		16.694175		0.8030124

		16.7567		0.7588944

		16.819225		0.6892452

		16.88175		0.6407424

		16.944275		0.6130296

		17.0068		0.5881896

		17.069325		0.5910084

		17.13185		0.6236028

		17.194375		0.6568344

		17.2569		0.708966

		17.319425		0.780516

		17.38195		0.8319996

		17.444475		0.8851896

		17.507		0.9341892

		17.569525		0.9450972

		17.63205		0.9569772

		17.694575		0.9431856

		17.7571		0.8924472

		17.819625		0.8510076

		17.88215		0.7935408

		17.944675		0.7274232

		18.0072		0.6733908

		18.069725		0.6306876

		18.13225		0.6072192

		18.194775		0.590868

		18.2573		0.6054156

		18.319825		0.634878

		18.38235		0.6722352

		18.444875		0.73656

		18.5074		0.7880436

		18.569925		0.8488692

		18.63245		0.9023076

		18.694975		0.9334764

		18.7575		0.9549576

		18.820025		0.95013

		18.88255		0.933606

		18.945075		0.8964756

		19.0076		0.841482

		19.070125		0.7803

		19.13265		0.7214184

		19.195175		0.6727428

		19.2577		0.6269616

		19.320225		0.6033528

		19.38275		0.5994324

		19.445275		0.6105456

		19.5078		0.6439068

		19.570325		0.683586

		19.63285		0.7427268

		19.695375		0.8047188

		19.7579		0.8558244

		19.820425		0.9118548

		19.88295		0.9437256

		19.945475		0.952668

		20.008		0.9500436

		20.070525		0.9176544

		20.13305		0.8706636

		20.195575		0.8223876

		20.2581		0.7617888

		20.320625		0.7016112

		20.38315		0.6565644

		20.445675		0.62397

		20.5082		0.6060204

		20.570725		0.6106644

		20.63325		0.6301584

		20.695775		0.6652044

		20.7583		0.72063

		20.820825		0.7723944

		20.88335		0.820422

		20.945875		0.870534

		21.0084		0.9079236

		21.070925		0.9312408

		21.13345		0.9426996

		21.195975		0.9369324

		21.2585		0.9086904

		21.321025		0.8711928

		21.38355		0.8266104

		21.446075		0.770526

		21.5086		0.7199712

		21.571125		0.6744492

		21.63365		0.6319404

		21.696175		0.610038

		21.7587		0.6055992

		21.821225		0.6184836

		21.88375		0.6599988

		21.946275		0.7153056

		22.0088		0.7748352

		22.071325		0.8384688

		22.13385		0.8939592

		22.196375		0.93393

		22.2589		0.9552816

		22.321425		0.9581976

		22.38395		0.9384552

		22.446475		0.8997048

		22.509		0.8525196

		22.571525		0.7900308

		22.63405		0.7329096

		22.696575		0.6861564

		22.7591		0.6448032

		22.821625		0.6250068

		22.88415		0.6230088

		22.946675		0.6333768

		23.0092		0.6589188

		23.071725		0.70011

		23.13425		0.7495848

		23.196775		0.8051616

		23.2593		0.8592372

		23.321825		0.8967564

		23.38435		0.9220392

		23.446875		0.939762

		23.5094		0.9364356

		23.571925		0.9203004

		23.63445		0.8944128

		23.696975		0.8523468

		23.7595		0.8029476

		23.822025		0.750654

		23.88455		0.7000128

		23.947075		0.6585084

		24.0096		0.6332256

		24.072125		0.6220908

		24.13465		0.6290352

		24.197175		0.6544584

		24.2597		0.6896772

		24.322225		0.7406424

		24.38475		0.7997724

		24.447275		0.8531892

		24.5098		0.9065196

		24.572325		0.943542

		24.63485		0.9596016

		24.697375		0.955098

		24.7599		0.9296208

		24.822425		0.890946

		24.88495		0.8360064

		24.947475		0.7782156

		25.01		0.7213212

		25.072525		0.671166

		25.13505		0.635742

		25.197575		0.6214536

		25.2601		0.6301152

		25.322625		0.6541668

		25.38515		0.6939

		25.447675		0.741312

		25.5102		0.7852248

		25.572725		0.837162

		25.63525		0.8819064

		25.697775		0.9108504

		25.7603		0.9346644

		25.822825		0.9379908

		25.88535		0.931284

		25.947875		0.9076644

		26.0104		0.8684496

		26.072925		0.8264268

		26.13545		0.7774164

		26.197975		0.7335684

		26.2605		0.688284

		26.323025		0.6584544

		26.38555		0.6415092

		26.448075		0.6356664

		26.5106		0.659502

		26.573125		0.6864156

		26.63565		0.726732

		26.698175		0.7803108

		26.7607		0.830898

		26.823225		0.8797464

		26.88575		0.9207432

		26.948275		0.950616

		27.0108		0.9564264

		27.073325		0.9520308

		27.13585		0.92448

		27.198375		0.8711712

		27.2609		0.8185428

		27.323425		0.759618

		27.38595		0.7033176

		27.448475		0.6657768

		27.511		0.6415632

		27.573525		0.634986

		27.63605		0.6518772

		27.698575		0.6829272

		27.7611		0.725274

		27.823625		0.7774704

		27.88615		0.8316432

		27.948675		0.8730504

		28.0112		0.9101484

		28.073725		0.936144

		28.13625		0.937818

		28.198775		0.935442

		28.2613		0.9159048

		28.323825		0.8810964

		28.38635		0.84321

		28.448875		0.7975908

		28.5114		0.7522848

		28.573925		0.7106076

		28.63645		0.6794064

		28.698975		0.6573636

		28.7615		0.6502788

		28.824025		0.6641244

		28.88655		0.6816636

		28.949075		0.7182324

		29.0116		0.7666164

		29.074125		0.8093628

		29.13665		0.8605656

		29.199175		0.9036684

		29.2617		0.9338112

		29.324225		0.9484776

		29.38675		0.9500328

		29.449275		0.934524

		29.5118		0.894348

		29.574325		0.8535132

		29.63685		0.8048916

		29.699375		0.7516908

		29.7619		0.7114068

		29.824425		0.6770304

		29.88695		0.6578388

		29.949475		0.6561648

		30.012		0.6709068

		30.074525		0.7016328

		30.13705		0.7449516

		30.199575		0.7991244

		30.2621		0.8470224

		30.324625		0.8926092

		30.38715		0.9268776

		30.449675		0.9391248

		30.5122		0.9453024

		30.574725		0.9350424

		30.63725		0.9049212

		30.699775		0.8704584

		30.7623		0.8278092

		30.824825		0.7768008

		30.88735		0.7335468

		30.949875		0.703404

		31.0124		0.6804216

		31.074925		0.669924

		31.13745		0.6779916

		31.199975		0.6925068

		31.2625		0.7200576

		31.325025		0.7629444

		31.38755		0.8053236

		31.450075		0.8497656

		31.5126		0.8936568

		31.575125		0.9248256

		31.63765		0.943002

		31.700175		0.947862

		31.7627		0.9329688

		31.825225		0.908658

		31.88775		0.878364

		31.950275		0.8281224

		32.0128		0.7806888

		32.075325		0.7436124

		32.13785		0.7054344

		32.200375		0.6850008

		32.2629		0.6835212

		32.325425		0.6851412

		32.38795		0.7039872

		32.450475		0.7444116

		32.513		0.7810884

		32.575525		0.8218152

		32.63805		0.87291

		32.700575		0.9083124

		32.7631		0.9312516

		32.825625		0.948294

		32.88815		0.9448812

		32.950675		0.9241776

		33.0132		0.8947584

		33.075725		0.8575848

		33.13825		0.810162

		33.200775		0.7679664

		33.2633		0.7312464

		33.325825		0.6939432

		33.38835		0.680886

		33.450875		0.6811344

		33.5134		0.6865776

		33.575925		0.7144632

		33.63845		0.7535484

		33.700975		0.7971048

		33.7635		0.8464932

		33.826025		0.890784

		33.88855		0.9140688

		33.951075		0.9365976

		34.0136		0.9492012

		34.076125		0.9361008

		34.13865		0.9186156

		34.201175		0.8889264

		34.2637		0.8385336

		34.326225		0.796392

		34.38875		0.766692

		34.451275		0.731268

		34.5138		0.7095708

		34.576325		0.7049484

		34.63885		0.6975504

		34.701375		0.7126812

		34.7639		0.7520472

		34.826425		0.7711956

		34.88895		0.8013384

		34.951475		0.850068

		35.014		0.8819496

		35.076525		0.902178

		35.13905		0.9200304

		35.201575		0.9243828

		35.2641		0.91476

		35.326625		0.9117036

		35.38915		0.8893368

		35.451675		0.8502408

		35.5142		0.8162532

		35.576725		0.7717572

		35.63925		0.7336656

		35.701775		0.7091388

		35.7643		0.6906276

		35.826825		0.6895476

		35.88935		0.712476

		35.951875		0.7397352

		36.0144		0.7678476

		36.076925		0.8205084

		36.13945		0.874854

		36.201975		0.9085608

		36.2645		0.9454968

		36.327025		0.9610704

		36.38955		0.947322

		36.452075		0.9404316

		36.5146		0.9088956

		36.577125		0.8610516

		36.63965		0.8161128

		36.702175		0.78165

		36.7647		0.752112

		36.827225		0.7254684

		36.88975		0.7152624

		36.952275		0.7020108

		37.0148		0.7183188

		37.077325		0.7522632

		37.13985		0.7732584

		37.202375		0.8139528

		37.2649		0.862812

		37.327425		0.8816904

		37.38995		0.9044028

		37.452475		0.935928

		37.515		0.9365004

		37.577525		0.922914

		37.64005		0.9148896

		37.702575		0.88452

		37.7651		0.8581788

		37.827625		0.846558

		37.89015		0.7992108

		37.952675		0.7698672

		38.0152		0.7706124

		38.077725		0.7463124

		38.14025		0.7323264

		38.202775		0.7422948

		38.2653		0.7517988

		38.327825		0.77193

		38.39035		0.8210376

		38.452875		0.8574228

		38.5154		0.8799516

		38.577925		0.9393732

		38.64045		0.9639108

		38.702975		0.9525924

		38.7655		0.9702828

		38.828025		0.954666

		38.89055		0.9096624

		38.953075		0.8836344

		39.0156		0.830898

		39.078125		0.7723944

		39.14065		0.7586352

		39.203175		0.7331796

		39.2657		0.707832

		39.328225		0.7341624

		39.39075		0.757674

		39.453275		0.7704612

		39.5158		0.823176

		39.578325		0.8760204

		39.64085		0.8900604

		39.703375		0.9238968

		39.7659		0.9442872

		39.828425		0.9286704

		39.89095		0.9416736

		39.953475		0.9510156

		40.016		0.9010656

		40.078525		0.8717976

		40.14105		0.8655984

		40.203575		0.817074

		40.2661		0.8182188

		40.328625		0.8271396

		40.39115		0.7831728

		40.453675		0.7992108

		40.5162		0.8226144

		40.578725		0.80433

		40.64125		0.8144496

		40.703775		0.8630064

		40.7663		0.8782344

		40.828825		0.8815392

		40.89135		0.9227412

		40.953875		0.930852

		41.0164		0.9474732





S2547R4

				ALMA quartz 2mm thickness +ARC             3: 4:2002

		4.0016		1.05303				305		0.062525

		4.064125		1.07408				-0.00194		1.44487

		4.12665		1.10512

		4.189175		1.09866

		4.2517		1.05432

		4.314225		1.02892

		4.37675		1.00504

		4.439275		0.98682

		4.5018		0.98082

		4.564325		0.957

		4.62685		0.93103

		4.689375		0.92683

		4.7519		0.94379

		4.814425		0.95625

		4.87695		0.97399

		4.939475		0.97191

		5.002		0.96886

		5.064525		0.98383

		5.12705		0.98964

		5.189575		0.9994

		5.2521		1.00234

		5.314625		0.99388

		5.37715		0.99631

		5.439675		0.99642

		5.5022		0.9754

		5.564725		0.97602

		5.62725		0.96996

		5.689775		0.97101

		5.7523		0.98119

		5.814825		0.97803

		5.87735		0.98236

		5.939875		0.98363

		6.0024		0.98683

		6.064925		0.99145

		6.12745		0.99305

		6.189975		0.99414

		6.2525		0.99471

		6.315025		0.9945

		6.37755		0.99131

		6.440075		0.98851

		6.5026		0.98334

		6.565125		0.98041

		6.62765		0.9867

		6.690175		0.98819

		6.7527		0.98889

		6.815225		0.9907

		6.87775		0.98738

		6.940275		0.9857

		7.0028		0.9861

		7.065325		0.98459

		7.12785		0.98781

		7.190375		0.98459

		7.2529		0.97862

		7.315425		0.97939

		7.37795		0.97772

		7.440475		0.98265

		7.503		0.98366

		7.565525		0.98277

		7.62805		0.98421

		7.690575		0.98422

		7.7531		0.98506

		7.815625		0.98377

		7.87815		0.983

		7.940675		0.98569

		8.0032		0.98799

		8.065725		0.98584

		8.12825		0.9876

		8.190775		0.98878

		8.2533		0.98991

		8.315825		0.98928

		8.37835		0.98818

		8.440875		0.99002

		8.5034		0.99395

		8.565925		0.99669

		8.62845		0.997

		8.690975		0.99957

		8.7535		0.99959

		8.816025		0.99872

		8.87855		0.99827

		8.941075		0.9982

		9.0036		0.99547

		9.066125		0.99355

		9.12865		0.99341

		9.191175		0.99356

		9.2537		0.99372

		9.316225		0.99043

		9.37875		0.99135

		9.441275		0.99065

		9.5038		0.99186

		9.566325		0.99577

		9.62885		0.99267

		9.691375		0.99299

		9.7539		0.99381

		9.816425		0.99318

		9.87895		0.99549

		9.941475		0.99458

		10.004		0.99164

		10.066525		0.98942

		10.12905		0.98822

		10.191575		0.99049

		10.2541		0.992

		10.316625		0.99072

		10.37915		0.9901

		10.441675		0.98986

		10.5042		0.98921

		10.566725		0.98844

		10.62925		0.98789

		10.691775		0.98858

		10.7543		0.98682

		10.816825		0.9862

		10.87935		0.98984

		10.941875		0.98998

		11.0044		0.99094

		11.066925		0.98968

		11.12945		0.98894

		11.191975		0.99134

		11.2545		0.99042

		11.317025		0.99024

		11.37955		0.99106

		11.442075		0.99176

		11.5046		0.99283

		11.567125		0.99176

		11.62965		0.98908

		11.692175		0.98656

		11.7547		0.98365

		11.817225		0.98167

		11.87975		0.97965

		11.942275		0.9749

		12.0048		0.97107

		12.067325		0.96787

		12.12985		0.96462

		12.192375		0.96373

		12.2549		0.96462

		12.317425		0.96744

		12.37995		0.97176

		12.442475		0.97457

		12.505		0.9787

		12.567525		0.98243

		12.63005		0.9844

		12.692575		0.98319

		12.7551		0.98015

		12.817625		0.97286

		12.88015		0.96488

		12.942675		0.95332

		13.0052		0.9408

		13.067725		0.93148

		13.13025		0.91809

		13.192775		0.91409

		13.2553		0.91101

		13.317825		0.91368

		13.38035		0.92623

		13.442875		0.93503

		13.5054		0.94682

		13.567925		0.96089

		13.63045		0.97228

		13.692975		0.9818

		13.7555		0.98435

		13.818025		0.9751

		13.88055		0.96142

		13.943075		0.94144

		14.0056		0.9151

		14.068125		0.89703

		14.13065		0.8732

		14.193175		0.86087

		14.2557		0.85297

		14.318225		0.84334

		14.38075		0.8533

		14.443275		0.85816

		14.5058		0.87669

		14.568325		0.90543

		14.63085		0.92956

		14.693375		0.95658

		14.7559		0.96881

		14.818425		0.96803

		14.88095		0.96097

		14.943475		0.94366

		15.006		0.91586

		15.068525		0.88694

		15.13105		0.84715

		15.193575		0.82101

		15.2561		0.79725

		15.318625		0.7691

		15.38115		0.77345

		15.443675		0.75877

		15.5062		0.76367

		15.568725		0.77702

		15.63125		0.77303

		15.693775		0.78608

		15.7563		0.78422

		15.818825		0.78477

		15.88135		0.77797

		15.943875		0.74435

		16.0064		0.71533

		16.068925		0.68942

		16.13145		0.64863

		16.193975		0.61811

		16.2565		0.57627

		16.319025		0.54442

		16.38155		0.54782

		16.444075		0.53734

		16.5066		0.52023

		16.569125		0.48787
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ABSTRACT.:

This document reports the electromagnetic analysis of the receiver optics design for the
Atacama Large Millimetre Array (ALMA) project. The optics design of the receivers covering the 10
frequency bands ranging from 31.3 GHz to 950 GHz is detailed in ALMA Memo 362, “ALMA
Receiver Optics Design” [1]. Analysis was carried out using quasi-optics method and a physical optics
software. The quasi-optics analysis results are Gaussian beam parameters, truncation loss at filter,
mirrors and cryostat window and beam profiles at filter, mirrors and cryostat windows. Physical optics
analysis results are the field distribution at the Cassegrain focus, field distribution at the secondary
reflector giving the edge tapers, the radiation pattern in the far field, and main beam and cross-polar
efficiencies. Both x- and y-polarised beams are given. The far field radiation patterns are also obtained
as 3-D plots of the co- and cross-polar fields.

1 INTRODUCTION

The 10 frequency bands of the telescope array are shown in Table I below.

TABLE I
Receiver frequency bands.

Band Lowest Frequency = Mid-Band Frequency  Highest Frequency

[GHz] [GHz] [GHz]
1 31.3 38 45
2 67 78 90
3 89 (84" 100 116
4 125 144 163
5 163 187 211
6 211 243 275
7 275 323 370
8 385 442 500
9 602 661 720
10 787 868 950

T Extension of band 3 down to 84 GHz is being considered.

Quasi-optics analysis [2] is carried out using thin lens approximation for the focusing
elements.

Physical optics modelling is carried out on GRASP8 version 8.1.5 from TICRA Engineering
Consultants of the Netherlands. The input is that of a source field with Gaussian distribution*. The
analysis using a corrugated horn feed will be provided in a subsequent revision of this document.

For the physical optics modelling, the beam axis is targeted at the vertex of the hyperboloidal
secondary reflector surface. Parameters and dimensions used for the simulations are given in [1].
Definitions for the symbols used are shown in Fig.1. The optical configuration for the antenna is shown
in Fig. 2 while the data are given in Table II. The layout of the cryostat showing positions of the band
cartridges is shown in Fig. 3.

* Important note: The PO results presented are obtained with ideal Gaussian feeds instead of
corrugated horns. It is expected that there will be some different when results obtained using corrugated
horn feeds are available later. However comparison of the field at the Cassagrain focus between the PO
simulation using Gaussian feed and quasioptics computation using corrugated horn are given.
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Figure 1. Definition of symbols used. Focusing elements are represented by lenses. Only one element is present in
Bands 1 — 4.
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Figure 2. Optical Configuration of Antenna.





TABLE I
Antenna Optical Configuration Data.

Symbol Description Data
D Primary Aperture 12.0 m
f Focal Length of Primary 4.8 m

/D or Primary 0.40
Secondary Aperture 0.75m
Final f/D 8.00
e Secondary Eccentricity 1.10526
6, Primary Angle of Illumination 128.02°
o, Secondary Angle of Illumination 7.16°
2c Distance Between Primary and Secondary Foci  6.177 m
v Primary Vertex Hole Clear Aperture 0.75m

Volume
available
“Cryocooler | T WYR —
and its
optics

Key
//\\
z * \\;// Cartridge ® Plane mirror
o Vacuum window Lens
Q offset ellipsoid +  Focal point

Fig. 3 Layout of band cartridges in cryostat.





2 BAND 1
2.1 Quasi-Optics Analysis
2.1.1 Gaussian Beam Parameters

TABLE III(a)
Quasi-optics Gaussian beam parameters for Band 1.

Frequency [GHz]| 31.1 38 45
A [mm] 9.578034  7.889275  6.662055
Horn diameter 29.9

Horn axial length 180.52

Horn slant length 181.138

Horn waist, w, 9.488 9.427 9.353
Horn waist offset, Az(w) -4.94843 -7.20044  -9.93861
Waist at horn aperture, wy, 9.620 9.620 9.620
d, 193.0

Ry 202.353 206.456 211.323
fi 188.0

Ry 2650.497  2103.010  1703.425
Waist at lens, wy; (dia. = 186) 64.311 54.157 46.955
Zyy(Cass.) 170.0 550.181 495.728 462.331
Wass. 57.248 47.345 40.079
iens-subrefl 6359.86 6359.86 6359.86
Waubrefl (dia. = 750) 314.650 314.621 314.603
Rsubren 6000.00  6008.580  6000.005  5994.823
Edge Taper (dB) 12.00 12.34 12.34 12.34
Arefocus +8.88 +5.26
Wsubrefl 314.185 314.879
Raubret! 6000.005 5999.997
Edge Taper (dB) 12.37 12.32

Calculations based on thin lens approximation. All dimensions in mm.

2.1.2 Truncation Loss at Filters

The beam profiles at the filter are shown in Figures 4(a), (b) and (c). Truncation loss of the
beam for a range of filter diameters are given in Tables III(b) — III(g).
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Figure 4. Beam profile at various distances from horn aperture; (a) 31.3 GHz, (b) 38 GHz and (c) 45 GHz.

5(

TABLE III(b)
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Truncated beam power at filter for Band 1 low limit frequency 31.3 GHz.

Truncation z from horn aperture (mm.)
diameter (mm.) 5 10 15 20 25 30 35
100 1.000 1.000 1.000 1.000 1.000 0.999 0.999
90 1.000 1.000 1.000 1.000 0.999 0.999 0.998
80 1.000 1.000 1.000 1.000 0.999 0.998 0.997
78 1.000 1.000 1.000 0.999 0.999 0.998 0.997
70 1.000 1.000 1.000 0.999 0.998 0.997 0.994
60 1.000 1.000 0.999 0.998 0.996 0.993 0.988
50 1.000  0.999 0.998 0.994 0.989 0.982 0.972
40 0.999  0.996 0.990 0.980 0.966 0.949 0.925
TABLE I1I(c)
Beam truncation loss in dB at filter for Band 1 low limit frequency 31.3 GHz.
Truncation z from horn aperture (mm.)
diameter (mm.) 5 10 15 20 25 30 35
100 -0.000  -0.000 -0.004 -0.001 -0.001 -0.003 -0.004
90 -0.000  -0.000 -0.004 -0.001 -0.002 -0.004 -0.007
80 -0.000  -0.000 -0.001  -0.002 -0.004 -0.007 -0.011
78 -0.000  -0.000 -0.001  -0.002 -0.005 -0.009 -0.013
70 -0.000  -0.000  -0.002 -0.004 -0.008 -0.014 -0.024
60 -0.000  -0.001  -0.004 -0.009 -0.018 -0.033 -0.051
50 -0.000  -0.003 -0.011 -0.026 -0.049 -0.080 -0.121
40 -0.003 -0.016 -0.044 -0.088 -0.148 -0.229  -0.339

50





TABLE III(d)

Truncated beam power at filter for Band 1 mid frequency 38 GHz.

Truncation z from horn aperture (mm.)
diameter (mm.) 5 10 15 20 25 30 35
100 1.000 1.000 1.000 1.000 1.000 1.000 0.999
90 1.000 1.000 1.000 1.000 1.000 0.999 0.999
80 1.000 1.000 1.000 1.000 0.999 0.999 0.999
78 1.000 1.000 1.000 1.000 0.999 0.999 0.998
70 1.000 1.000 1.000 1.000 0.999 0.998 0.997
60 1.000 1.000 1.000 0.999 0.998 0.996 0.993
50 1.000 1.000 0.999 0.996 0.993 0.988 0.982
40 1.000  0.998 0.993 0.986 0.977 0.965 0.951
TABLE IlI(e)
Beam truncation loss in dB at filter for Band 1 mid frequency 38 GHz.
Truncation z from horn aperture (mm.)
diameter (mm.) 5 10 15 20 25 30 35
100 -0.000  -0.000  -0.000 -0.000 -0.001 -0.001 -0.002
90 -0.000  -0.000  -0.000 -0.001 -0.001 -0.001 -0.004
80 -0.000  -0.000  -0.000 -0.001 -0.002 -0.002 -0.007
78 -0.000  -0.000 -0.001 -0.001 -0.003 -0.003 -0.008
70 -0.000  -0.000 -0.001 -0.002 -0.004 -0.004 -0.014
60 -0.000  -0.001 -0.002 -0.005 -0.010 -0.010 -0.030
50 -0.000  -0.002 -0.006 -0.015 -0.030 -0.030 -0.080
40 -0.002  -0.010 -0.029 -0.060 -0.103 -0.103  -0.220
TABLE 111(f)
Truncated beam power at filter for Band 1 high limit frequency 45 GHz.
Truncation z from horn aperture (mm.)
diameter (mm.) 5 10 15 20 25 30 35
100 1.000 1.000 1.000 1.000 1.000 1.000 1.000
90 1.000 1.000 1.000 1.000 1.000 1.000 0.999
80 1.000 1.000 1.000 1.000 1.000 0.999 0.999
78 1.000 1.000 1.000 1.000 1.000 0.999 0.999
70 1.000 1.000 1.000 1.000 0.999 0.999 0.998
60 1.000 1.000 1.000 0.999 0.999 0.997 0.996
50 1.000 1.000 0.999 0.998 0.996 0.992 0.988
40 1.000  0.998 0.995 0.991 0.983 0.974 0.963






dB

2.1.3

TABLE III(g)
Beam truncation loss in dB at filter for Band 1 high limit frequency 45 GHz.

Truncation z from horn aperture (mm.)
diameter (mm.) 5 10 15 20 25 30 35
100 -0.000  -0.000 -0.000 -0.000 -0.001 -0.001 -0.001
90 -0.000  -0.000 -0.000 -0.000 -0.001 -0.001 -0.002
80 -0.000  -0.000 -0.000 -0.001 -0.001 -0.003 -0.004
78 -0.000  -0.000 -0.000 -0.001 -0.002 -0.003 -0.005
70 -0.000  -0.000 -0.001 -0.001  -0.003 -0.005 -0.008
60 -0.000  -0.000 -0.001 -0.003 -0.006 -0.011 -0.020
50 -0.000  -0.001  -0.004 -0.010 -0.019 -0.034 -0.051
40 -0.001  -0.007 -0.020 -0.041 -0.072 -0.014 -0.163

Truncation Loss at Cryostat Window

The beam profiles at the cryostat window are shown in Figures 4(d), (e) and (f). Truncation
loss of the beam for a range of window diameters is given in Table III(h) — III(m).
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Figure 4. Beam profile at various distances from mirror 2; (d) 31.3 GHz, (e) 38 GHz and (f) 45 GHz.





TABLE III(h)

Truncated beam power at cryostat window for Band 1 low limit frequency 31.3 GHz.

Truncation z from horn aperture (mm.)
diameter 170 180 190 193 200 210 220 230
(mm.)
300 0.997 0.997 0.997 0.996 0.996 0.994 0.992 0.991
280 0.997 0.996 0.995 0.994 0.993 0.991 0.990 0.988
260 0.996 0.994 0.992 0.992 0.990 0.988 0.987 0.986
240 0.993 0.991 0.989 0.988 0.987 0.986 0.985 0.983
220 0.989 0.987 0.986 0.985 0.984 0.983 0.981 0.977
200 0.986 0.984 0.982 0.982 0.980 0.976 0.970 0.963
186 0.983 0.981 0.978 0.976 0.973 0.965 0.956 0.944
180 0.981 0.979 0.974 0.973 0.968 0.959 0.947 0.933
160 0.972 0.964 0.953 0.949 0.938 0.921 0.902 0.880
140 0.945 0.927 0.905 0.898 0.881 0.855 0.827 0.798
120 0.882 0.852 0.819 0.809 0.786 0.752 0.718 0.685
TABLE III(i)
Beam truncation loss in dB at cryostat window for Band 1 low limit frequency 31.3 GHz.
Truncation z from horn aperture (mm.)
diameter 170 180 190 193 200 210 220 230
(mm.)
300 -0.011 -0.012 -0.015 -0.016 -0.019 -0.026 -0.034 -0.041
280 -0.013 -0.016 -0.022 -0.024 -0.030 -0.038 -0.046 -0.052
260 -0.018 -0.025 -0.034 -0.037 -0.043 -0.051 -0.056 -0.061
240 -0.030 -0.040 -0.049 -0.051 -0.056 -0.062 -0.067 -0.073
220 -0.046 -0.055 -0.062 -0.064 -0.068 -0.075 -0.085 -0.100
200 -0.063 -0.070 -0.078 -0.081 -0.089 -0.106 -0.130 -0.164
186 -0.075 -0.084 -0.099 -0.104 -0.121 -0.153 -0.196 -0.250
180 -0.081 -0.094 -0.113 -0.121 -0.143 -0.184 -0.237 -0.302
160 -0.124 -0.160 -0.210 -0.228 -0.276 -0.356 -0.450 -0.556
140 -0.248 -0.331 -0.433 -0.467 -0.551 -0.683 -0.827 -0.980
120 -0.545 -0.698 -0.866 -0.919 -1.047 -1.238 -1.436 -1.640






TABLE II1(j)

Truncated beam power at cryostat window for Band 1 mid frequency 38 GHz.

Truncation z from horn aperture (mm.)
diameter 170 180 190 193 200 210 220 230
(mm.)
300 0.999 0.998 0.998 0.998 0.997 0.997 0.997 0.996
280 0.998 0.997 0.997 0.997 0.997 0.997 0.996 0.995
260 0.997 0.997 0.997 0.997 0.996 0.995 0.994 0.992
240 0.997 0.997 0.996 0.995 0.994 0.992 0.990 0.988
220 0.996 0.994 0.992 0.992 0.990 0.988 0.986 0.984
200 0.993 0.990 0.988 0.987 0.985 0.984 0.982 0.980
186 0.989 0.986 0.984 0.984 0.982 0.980 0.978 0.975
180 0.987 0.985 0.983 0.982 0.981 0.978 0.976 0.972
160 0.981 0.979 0.976 0.975 0.972 0.967 0.959 0.950
140 0.972 0.967 0.959 0.956 0.949 0.935 0.920 0.902
120 0.947 0.932 0913 0.907 0.892 0.868 0.843 0.816
TABLE III(k)
Beam truncation loss in dB at cryostat window for Band 1 mid frequency 38 GHz.
Truncation z from horn aperture (mm.)
diameter 170 180 190 193 200 210 220 230
(mm.)
300 -0.006 -0.008 -0.010 -0.011 -0.011 -0.012 -0.013 -0.015
280 -0.009 -0.011 -0.012 -0.012 -0.013 -0.014 -0.018 -0.023
260 -0.012 -0.012 -0.014 -0.014 -0.016 -0.021 -0.028 -0.036
240 -0.013 -0.015 -0.019 -0.021 -0.026 -0.035 -0.044 -0.052
220 -0.018 -0.024 -0.033 -0.036 -0.043 -0.053 -0.061 -0.068
200 -0.032 -0.043 -0.054 -0.057 -0.064 -0.072 -0.079 -0.087
186 -0.047 -0.059 -0.070 -0.072 -0.078 -0.086 -0.096 -0.110
180 -0.055 -0.067 -0.076 -0.079 -0.085 -0.095 -0.107 -0.125
160 -0.083 -0.093 -0.106 -0.111 -0.123 -0.148 -0.181 -0.224
140 -0.123 -0.147 -0.182 -0.195 -0.230 -0.290 -0.363 -0.448
120 -0.238 -0.307 -0.394 -0.423 -0.496 -0.613 -0.742 -0.881






TABLE III(1)

Truncated beam power at cryostat window for Band 1 high limit frequency 45 GHz.

Truncation z from horn aperture (mm.)
diameter 170 180 190 193 200 210 220 230
(mm.)
300 0.999 0.999 0.999 0.999 0.999 0.998 0.998 0.997
280 0.999 0.999 0.998 0.998 0.998 0.997 0.997 0.997
260 0.999 0.998 0.998 0.998 0.997 0.997 0.997 0.996
240 0.998 0.997 0.997 0.997 0.997 0.996 0.996 0.995
220 0.997 0.997 0.996 0.996 0.996 0.995 0.993 0.991
200 0.996 0.996 0.994 0.994 0.993 0.990 0.988 0.986
186 0.995 0.994 0.991 0.990 0.989 0.986 0.984 0.982
180 0.994 0.992 0.989 0.989 0.987 0.984 0.982 0.980
160 0.988 0.985 0.982 0.981 0.979 0.977 0.974 0.971
140 0.979 0.976 0.973 0.972 0.969 0.965 0.958 0.950
120 0.967 0.961 0.953 0.951 0.943 0.931 0.916 0.899
TABLE III(m)
Beam truncation loss in dB at cryostat window for Band 1 high limit frequency 45 GHz.
Truncation z from horn aperture (mm.)
diameter 170 180 190 193 200 210 220 230
(mm.)
300 -0.004 -0.004 -0.005 -0.005 -0.006 -0.008 -0.010 -0.011
280 -0.004 -0.005 -0.007 -0.007 -0.009 -0.011 -0.012 -0.013
260 -0.006 -0.008 -0.010 -0.011 -0.012 -0.013 -0.014 -0.016
240 -0.009 -0.012 -0.013 -0.013 -0.014 -0.016 -0.019 -0.024
220 -0.013 -0.014 -0.016 -0.016 -0.019 -0.024 -0.031 -0.040
200 -0.016 -0.019 -0.024 -0.027 -0.033 -0.043 -0.053 -0.063
186 -0.021 -0.028 -0.038 -0.042 -0.050 -0.061 -0.072 -0.081
180 -0.025 -0.034 -0.046 -0.050 -0.058 -0.070 -0.080 -0.089
160 -0.051 -0.065 -0.078 -0.082 -0.090 -0.101 -0.112 -0.127
140 -0.090 -0.105 -0.119 -0.123 -0.135 -0.156 -0.185 -0.221
120 -0.147 -0.173 -0.208 -0.220 -0.253 -0.311 -0.380 -0.461
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3 BAND 2
3.1 Quasi-Optics Analysis
3.1.1 Gaussian Beam Parameters

TABLE IV(a)
Quasi-optics Gaussian beam parameters for Band 2.

Frequency [GHz]| 67 78 920
A [mm] 4474514  3.843493  3.331027
Horn diameter 15.0

Horn axial length 90.26

Horn slant length 90.571

Horn waist, w, 4.749 4.723 4.690
Horn waist offset, Az(w) -2.85972 -3.83282 -5.03230
Waist at horn aperture, wy, 4.826 4.826 4.826
d; 88.0

Ry 93.620 95.453 97.659
fi 88.0

R, 1465.849  1127.043 889.718
Waist at lens, wy; (dia. = 88.3) 27.658 24.252 21.548
Zyy(Cass.) 70.0 173.502 173.502 173.502
Wass. 25.970 22.307 19.333
diens-subrefl 6145.80 6145.80 6145.80
Weubrefl (dia. = 750) 328.571 328.302 328.113
Roubref! 6000.00  6009.842  6000.000  5993.105
Edge Taper (dB) 12.00 11.31 11.33 11.35
Arefocus +9.90 +6.92
Weubrefl 328.030 328.492
Rybren 6000.005 6000.001
Edge Taper (dB) 11.35 11.35

Calculations based on thin lens approximation. All dimensions in mm.

3.1.2 Truncation Loss at Filters

The beam profiles at the filter are shown in Figures 5(a), (b) and (c). Truncation loss of the
beam for a range of filter diameters are given in Tables IV(b) — IV(g).
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Figure 5. Beam profile at various distances from horn aperture; (a) 67 GHz, (b) 78 GHz and (c) 90 GHz.

TABLE IV(b)
Truncated beam power at filter for Band 2 low limit frequency 67 GHz.

Truncation z from horn aperture (mm.)
diameter (mm.) 2.5 5 7.5 10 12.5 15 17.5
50 1.000 1.000 1.000 1.000 1.000 1.000 0.999
45 1.000 1.000 1.000 1.000 1.000 0.999 0.999
43 1.000 1.000 1.000 1.000 0.999 0.999 0.998
40 1.000 1.000 1.000 1.000 0.999 0.999 0.998
35 1.000 1.000 1.000 0.999 0.999 0.997 0.996
30 1.000 1.000 0.999 0.998 0.996 0.994 0.990
25 1.000 0.999 0.998 0.995 0.991 0.984 0.977
20 1.000 0.997 0.991 0.983 0.970 0.956 0.934
15 0.992 0.977 0.955 0.929 0.900 0.864 0.834
TABLE IV(c)
Beam truncation loss in dB at filter for Band 2 low limit frequency 67 GHz.
Truncation z from horn aperture (mm.)
diameter (mm.) 2.5 5 7.5 10 12.5 15 17.5
50 -0.000  -0.000 -0.000 -0.001 -0.001 -0.002 -0.003
45 -0.000  -0.000 -0.000 -0.001 -0.002 -0.004 -0.005
43 -0.000  -0.000 -0.000  -0.002 -0.002 -0.004 -0.007
40 -0.000  -0.000 -0.001 -0.002 -0.003 -0.006 -0.010
35 -0.000  -0.000 -0.001 -0.003 -0.006 -0.012 -0.018
30 -0.000  -0.001 -0.003  -0.008 -0.015 -0.025 -0.045
25 -0.000  -0.003 -0.009  -0.021 -0.040 -0.071 -0.101
20 -0.002  -0.014 -0.038 -0.076 -0.134 -0.195 -0.294
15 -0.034 -0.103 -0.198  -0.320 -0.456 -0.634 -0.786
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TABLE IV(d)

Truncated beam power at filter for Band 2 mid frequency 78 GHz.

Truncation z from horn aperture (mm.)
diameter (mm.) 2.5 5 7.5 10 12.5 15 17.5
50 1.000 1.000 1.000 1.000 1.000 1.000 1.000
45 1.000 1.000 1.000 1.000 1.000 1.000 0.999
43 1.000 1.000 1.000 1.000 1.000 0.999 0.999
40 1.000 1.000 1.000 1.000 1.000 0.999 0.999
35 1.000 1.000 1.000 1.000 0.999 0.998 0.997
30 1.000 1.000 1.000 0.999 0.998 0.996 0.994
25 1.000 1.000 0.999 0.997 0.993 0.989 0.983
20 1.000 0.998 0.994 0.987 0.978 0.966 0.953
15 0.994 0.981 0.963 0.942 0.918 0.890 0.858
TABLE IV(e)
Beam truncation loss in dB at filter for Band 2 mid frequency 78 GHz.
Truncation z from horn aperture (mm.)
diameter (mm.) 2.5 5 7.5 10 12.5 15 17.5
50 -0.000  -0.000 -0.000  -0.000 -0.001 -0.001 -0.002
45 -0.000  -0.000 -0.000 -0.001 -0.001 -0.002 -0.004
43 -0.000  -0.000 -0.000 -0.001 -0.001 -0.002 -0.004
40 -0.000  -0.000 -0.000 -0.001 -0.002 -0.004 -0.006
35 -0.000  -0.000 -0.001 -0.002 -0.004 -0.007 -0.013
30 -0.000  -0.001 -0.002  -0.005 -0.010 -0.018 -0.027
25 -0.000  -0.002 -0.006 -0.015 -0.029 -0.046 -0.076
20 -0.001  -0.009 -0.027 -0.057 -0.097 -0.150 -0.208
15 -0.027  -0.084 -0.163  -0.262 -0.371 -0.506 -0.666
TABLE IV(f)
Truncated beam power at filter for Band 2 high limit frequency 90 GHz.
Truncation z from horn aperture (mm.)
diameter (mm.) 2.5 5 7.5 10 12.5 15 17.5
50 1.000 1.000 1.000 1.000 1.000 1.000 1.000
45 1.000 1.000 1.000 1.000 1.000 1.000 0.999
43 1.000 1.000 1.000 1.000 1.000 1.000 0.999
40 1.000 1.000 1.000 1.000 1.000 0.999 0.999
35 1.000 1.000 1.000 1.000 0.999 0.999 0.998
30 1.000 1.000 1.000 0.999 0.999 0.997 0.995
25 1.000 1.000 0.999 0.998 0.996 0.992 0.988
20 1.000 0.998 0.995 0.991 0.983 0.974 0.963
15 0.995 0.984 0.969 0.951 0.930 0.909 0.882
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TABLE IV(g)
Beam truncation loss in dB at filter for Band 2 high limit frequency 90 GHz.

Truncation z from horn aperture (mm.)
diameter (mm.) 2.5 5 7.5 10 12.5 15 17.5
50 -0.000  -0.000 -0.000  -0.000 -0.001 -0.001 -0.001
45 -0.000  -0.000 -0.000  -0.000 -0.001 -0.001 -0.002
43 -0.000  -0.000 -0.000  -0.000 -0.001 -0.002 -0.003
40 -0.000  -0.000 -0.000 -0.001 -0.001 -0.002 -0.004
35 -0.000  -0.000 -0.001 -0.001 -0.003 -0.005 -0.008
30 -0.000  -0.000 -0.001 -0.003 -0.006 -0.011 -0.020
25 -0.000 -0.001 -0.004  -0.010 -0.019 -0.034 -0.051
20 -0.001  -0.007 -0.020  -0.041 -0.073 -0.015 -0.164
15 -0.022  -0.070  -0.135 -0.216 -0.317 -0.415 -0.543
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The beam profiles at the cryostat window are shown in Figures 5(d), (e) and (f). Truncation
loss of the beam for a range of window diameters is given in Table IV(h) — IV(m).
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TABLE IV(h)
Truncated beam power at cryostat window for Band 2 low limit frequency 67 GHz.

Truncation z from horn aperture (mm.)
diameter 50 60 70 80 88 90 100 110 120
(mm.)
150 1.000 0.999 0.999 0.998 0.997 0.997 0.997 0.995 0.991
140 1.000 0.999 0.999 0.998 0.997 0.997 0.995 0.992 0.989
130 0.999 0.999 0.998 0.997 0.997 0.996 0.993 0.989 0.986
120 0.999 0.999 0.997 0.997 0.994 0.994 0.989 0.986 0.984
110 0.999 0.998 0.997 0.995 0.991 0.990 0.986 0.983 0.979
100 0.999 0.997 0.995 0.990 0.986 0.986 0.982 0.977 0.967
90 0.997 0.996 0.991 0.985 0.982 0.981 0.975 0.962 0.941
88.3 0.997 0.996 0.990 0.984 0.981 0.980 0.973 0.958 0.935
80 0.996 0.992 0.985 0.980 0.974 0.972 0.956 0.929 0.893
70 0.994 0.985 0.978 0.968 0.952 0.947 0.912 0.867 0.815
60 0.985 0.975 0.962 0.933 0.897 0.887 0.830 0.768 0.705
TABLE IV(i)

Beam truncation loss in dB at cryostat window for Band 2 low limit frequency 67 GHz.

Truncation z from horn aperture (mm.)
diameter 50 60 70 80 88 90 100 110 120
(mm.)

150 -0.002  -0.003 -0.004 -0.008 -0.011 -0.011 -0.014 -0.023 -0.037
140 -0.002 -0.004 -0.006 -0.011 -0.012 -0.013  -0.020 -0.035 -0.049
130 -0.003  -0.004 -0.009 -0.012 -0.015 -0.017 -0.031 -0.048 -0.060
120 -0.004 -0.006 -0.012 -0.015 -0.024 -0.028  -0.047 -0.061 -0.072
110 -0.005 -0.010 -0.013 -0.024 -0.041 -0.045 -0.062 -0.074 -0.093
100 -0.006 -0.013 -0.020 -0.042 -0.060 -0.063  -0.078 -0.100 -0.146
90 -0.012 -0.017 -0.038 -0.064 -0.079 -0.082 -0.110 -0.167 -0.265
88.3 -0.012 -0.018 -0.042 -0.068 -0.083 -0.087 -0.119 -0.185 -0.294
80 -0.016  -0.033 -0.065 -0.088 -0.113 -0.122  -0.196 -0.320 -0.493
70 -0.027 -0.066 -0.096 -0.140 -0.213 -0.237  -0.400 -0.621 -0.888
60 -0.066 -0.108 -0.167 -0.301 -0.470 -0.520 -0.810 -1.148 -1.516
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TABLE IV(j)

Truncated beam power at cryostat window for Band 2 mid frequency 78 GHz.

Truncation z from horn aperture (mm.)
diameter 50 60 70 80 88 90 100 110 120
(mm.)
150 1.000 1.000 0.999 0.999 0.999 0.998 0.997 0.997 0.996
140 1.000 1.000 0.999 0.999 0.998 0.998 0.997 0.996 0.994
130 1.000 0.999 0.999 0.998 0.997 0.997 0.997 0.995 0.991
120 1.000 0.999 0.999 0.997 0.997 0.997 0.995 0.991 0.987
110 0.999 0.999 0.998 0.997 0.996 0.995 0.991 0.987 0.984
100 0.999 0.998 0.997 0.996 0.992 0.991 0.986 0.983 0.979
90 0.999 0.997 0.996 0.992 0.987 0.986 0.981 0.977 0.969
88.3 0.999 0.997 0.995 0.991 0.986 0.985 0.980 0.975 0.967
80 0.997 0.996 0.992 0.985 0.981 0.980 0.974 0.963 0.945
70 0.996 0.992 0.984 0.977 0.971 0.969 0.954 0.929 0.895
60 0.992 0.982 0.973 0.961 0.945 0.939 0.904 0.858 0.807
TABLE IV(k)
Beam truncation loss in dB at cryostat window for Band 2 mid frequency 78 GHz.
Truncation z from horn aperture (mm.)
diameter 50 60 70 80 88 90 100 110 120
(mm.)
150 -0.001  -0.002 -0.003 -0.004 -0.006 -0.007 -0.011 -0.012 -0.016
140 -0.001  -0.002 -0.004 -0.005 -0.009 -0.010 -0.012 -0.015 -0.025
130 -0.002  -0.003 -0.005 -0.008 -0.012 -0.012 -0.015 -0.024 -0.039
120 -0.002  -0.004 -0.006 -0.012 -0.013 -0.014 -0.022 -0.039 -0.055
110 -0.003 -0.005 -0.010 -0.014 -0.018 -0.021 -0.038 -0.057 -0.071
100 -0.005 -0.008 -0.014 -0.019 -0.033 -0.037 -0.059 -0.076 -0.091
90 -0.006 -0.013 -0.018 -0.037 -0.057 -0.062  -0.082 -0.101 -0.135
88.3 -0.006 -0.014 -0.020 -0.041 -0.062 -0.067 -0.086 -0.108 -0.147
80 -0.011  -0.017 -0.036 -0.066 -0.085 -0.090 -0.115 -0.162 -0.243
70 -0.018 -0.034 -0.071 -0.101 -0.127 -0.136  -0.205 -0.319 -0.481
60 -0.033  -0.079 -0.119 -0.171 -0.248 -0.273 -0.440 -0.664 -0.931
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TABLE IV(l)

Truncated beam power at cryostat window for Band 2 high limit frequency 90 GHz.

Truncation z from horn aperture (mm.)
diameter 50 60 70 80 88 90 100 110 120
(mm.)
150 1.000 1.000 1.000 0.999 0.999 0.999 0.999 0.998 0.997
140 1.000 1.000 0.999 0.999 0.999 0.999 0.998 0.997 0.997
130 1.000 1.000 0.999 0.999 0.998 0.998 0.997 0.997 0.996
120 1.000 0.999 0.999 0.999 0.998 0.997 0.997 0.996 0.993
110 1.000 0.999 0.999 0.998 0.997 0.997 0.996 0.993 0.989
100 0.999 0.999 0.998 0.997 0.996 0.996 0.993 0.988 0.984
90 0.999 0.998 0.997 0.996 0.993 0.992 0.987 0.982 0.978
88.3 0.999 0.998 0.997 0.995 0.992 0.991 0.986 0.981 0.977
80 0.999 0.997 0.996 0.992 0.987 0.985 0.980 0.974 0.967
70 0.997 0.995 0.991 0.993 0.977 0.976 0.969 0.959 0.941
60 0.995 0.990 0.980 0.971 0.963 0.961 0.944 0.917 0.882
TABLE IV(m)
Beam truncation loss in dB at cryostat window for Band 2 high limit frequency 90 GHz.
Truncation z from horn aperture (mm.)
diameter 50 60 70 80 88 90 100 110 120
(mm.)
150 -0.001  -0.001 -0.002 -0.003 -0.004 -0.004 -0.006 -0.010 -0.012
140 -0.001  -0.001 -0.002 -0.004 -0.005 -0.005 -0.009 -0.012 -0.014
130 -0.001  -0.002 -0.003 -0.005 -0.007 -0.008 -0.012 -0.014 -0.018
120 -0.001  -0.002 -0.004 -0.006 -0.010 -0.011 -0.014 -0.018 -0.030
110 -0.002  -0.004 -0.005 -0.010 -0.014 -0.014 -0.018 -0.031 -0.049
100 -0.002 -0.005 -0.009 -0.014 -0.017 -0.018 -0.032 -0.053 -0.072
90 -0.004 -0.007 -0.014 -0.019 -0.030 -0.034 -0.058 -0.080 -0.098
88.3 -0.005 -0.008 -0.015 -0.020 -0.034 -0.038 -0.063 -0.084 -0.103
80 -0.006 -0.014 -0.019 -0.036 -0.059 -0.065 -0.090 -0.112 -0.144
70 -0.012  -0.020 -0.039 -0.074 -0.099 -0.104 -0.135 -0.183 -0.263
60 -0.022  -0.044 -0.088 -0.127 -0.162 -0.173 -0.251 -0.376 -0.547
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4 BAND 3
4.1 Quasi-Optics Analysis
4.1.1 Gaussian Beam Parameters

TABLE V(a)
Quasi-optics Gaussian beam parameters for Band 3.

Frequency [GHz] 84 89 100 116
A [mm] 3.568958  3.368455  2.997925  2.584418
Horn diameter 24.0

Horn axial length 140.0

Horn slant length 140.513

Horn waist, wy 7.234 7.180 7.056 6.863
Horn waist offset, Az(wy) -17.2063  -19.0300  -23.2001 -29.5328
Waist at horn aperture, wy, 7.722 7.722 7.722 7.722
d 152.70

Ry 190.745 182.394 185.192 191.373 200.218
fi 149.08

Ri 682.553 816.220 764.522 674.578 583.682
Waist at mirror 1, wyy (dia. = 163) 27.646 26.631 24.814 22.897
dy 170.00

Waist at mirror 2, wy, (dia. = 115) 22.976 21.811 19.678 17.340
Zy(Cass.) 303.85 330.211 327.282 322.307 317.431
Weass. 21.333 20.140 17.932 15.465
rmirror-subrefl 6303.32 6303.32 6303.32 6303.32
Wsubrefl (dia. = 750) 318.795 318.795 318.795 318.795
Raypren 6000.00 5999977  5999.984  5999.997  6000.009
Edge Taper (dB) 12.00 12.02 12.02 12.02 12.02

All dimensions in mm.

4.1.2 Truncation Loss at Filters

The beam profiles at the filter are shown in Figures 6(a), (b), (c) and (d). Truncation loss of
the beam for a range of filter diameters are given in Tables V(b) — V(i).
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Figure 6. Beam profile at various distances from horn aperture; (a) 84 GHz, (b) 89 GHz, (¢) 100 GHz and (d) 116

GHz.

TABLE V(b)
Truncated beam power at filter for Band 3 extended low limit frequency 84 GHz.

Truncation z from horn aperture (mm.)
diameter 2.5 5 7.5 10 12.5 15 17.5 20
(mm.)
50 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
45 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999
40 1.000 1.000 1.000 1.000 1.000 0.999 0.999 0.998
35 1.000 1.000 1.000 0.999 0.999 0.998 0.997 0.996
30 1.000 1.000 0.999 0.998 0.996 0.994 0.992 0.988
25 0.999 0.997 0.994 0.990 0.985 0.979 0.972 0.965
TABLE V(c)
Beam truncation loss in dB at filter for Band 3 extended low limit frequency 84 GHz.
Truncation z from horn aperture (mm.)
diameter 2.5 5 7.5 10 12.5 15 17.5 20
(mm.)
50 -0.000  -0.000  -0.000  -0.000 -0.000 -0.001 -0.001 -0.002
45 -0.000  -0.000  -0.000  -0.000 -0.001 -0.001 -0.002 -0.003
40 -0.000  -0.000 -0.000 -0.001 -0.002 -0.003 -0.004 -0.007
35 -0.000  -0.000 -0.001  -0.002 -0.004 -0.007 -0.012 -0.018
30 -0.000  -0.001 -0.004 -0.009 -0.015 -0.025 -0.037 -0.050
25 -0.003  -0.012 -0.025 -0.043 -0.066 -0.093 -0.123 -0.155
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TABLE V(d)

Truncated beam power at filter for Band 3 low limit frequency 89 GHz.

Truncation z from horn aperture (mm.)
diameter 2.5 5 7.5 10 12.5 15 17.5 20
(mm.)
50 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
45 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999
40 1.000 1.000 1.000 1.000 1.000 0.999 0.999 0.999
35 1.000 1.000 1.000 1.000 0.999 0.999 0.998 0.997
30 1.000 1.000 0.999 0.998 0.997 0.995 0.993 0.990
25 0.999 0.998 0.995 0.991 0.986 0.980 0.974 0.967
TABLE V(e)
Beam truncation loss in dB at filter for Band 3 low limit frequency 89 GHz.
Truncation z from horn aperture (mm.)
diameter 2.5 5 7.5 10 12.5 15 17.5 20
(mm.)
50 -0.000  -0.000 -0.000  -0.000 -0.000 -0.001 -0.001 -0.001
45 -0.000  -0.000 -0.000  -0.000 -0.001 -0.001 -0.002 -0.003
40 -0.000  -0.000 -0.000  -0.001 -0.001 -0.002 -0.004 -0.006
35 -0.000 -0.000 -0.001 -0.002 -0.004 -0.006 -0.010 -0.015
30 -0.000 -0.001  -0.003 -0.008 -0.014 -0.022 -0.032 -0.045
25 -0.003  -0.011  -0.023 -0.040 -0.061 -0.086 -0.113 -0.145
TABLE V()
Truncated beam power at filter for Band 3 mid frequency 100 GHz.
Truncation z from horn aperture (mm.)
diameter 2.5 5 7.5 10 12.5 15 17.5 20
(mm.)
50 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
45 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
40 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.999
35 1.000 1.000 1.000 1.000 0.999 0.999 0.998 0.997
30 1.000 1.000 0.999 0.999 0.998 0.996 0.994 0.992
25 0.999 0.998 0.995 0.992 0.988 0.983 0.978 0.971
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TABLE V(g)
Beam truncation loss in dB at filter for Band 3 mid frequency 100 GHz.

Truncation z from horn aperture (mm.)
diameter 2.5 5 7.5 10 12.5 15 17.5 20
(mm.)
50 -0.000 -0.000 -0.000  -0.000 -0.000 -0.000 -0.001 -0.001
45 -0.000 -0.000 -0.000  -0.000 -0.000 -0.001 -0.001 -0.002
40 -0.000 -0.000 -0.000  -0.000 -0.001 -0.002 -0.003 -0.004
35 -0.000 -0.000 -0.001 -0.001 -0.003 -0.005 -0.008 -0.012
30 -0.000 -0.001 -0.003  -0.006 -0.011 -0.017 -0.026 -0.037
25 -0.002  -0.009 -0.020 -0.034 -0.052 -0.074 -0.099 -0.126
TABLE V(h)

Truncated beam power at filter for Band 3 high limit frequency 116 GHz.

Truncation z from horn aperture (mm.)
diameter 2.5 5 7.5 10 12.5 15 17.5 20
(mm.)
50 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
45 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
40 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999
35 1.000 1.000 1.000 1.000 1.000 0.999 0.999 0.998
30 1.000 1.000 1.000 0.999 0.998 0.997 0.996 0.994
25 1.000 0.998 0.996 0.994 0.990 0.986 0.981 0.976
TABLE V(i)

Beam truncation loss in dB at filter for Band 3 high limit frequency 116 GHz.

Truncation z from horn aperture (mm.)
diameter 2.5 5 7.5 10 12.5 15 17.5 20
(mm.)
50 -0.000 -0.000 -0.000  -0.000 -0.000 -0.000 -0.000 -0.001
45 -0.000 -0.000 -0.000  -0.000 -0.000 -0.001 -0.001 -0.001
40 -0.000 -0.000 -0.000  -0.000 -0.001 -0.001 -0.002 -0.003
35 -0.000 -0.000 -0.000 -0.001 -0.002 -0.003 -0.005 -0.008
30 -0.000 -0.001 -0.002  -0.004 -0.008 -0.013 -0.019 -0.028
25 -0.002  -0.007 -0.016 -0.028 -0.043 -0.061 -0.082 -0.106

413 Truncation Loss at Mirrors

The beam profiles at mirror 1 and mirror 2 are shown in Figures 6(e), (f), (g) and (h).
Truncation loss of the beam for a range of mirror diameters is given in Table V(j) and V(k).
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Figure 6. Beam profile at mirror 1 and mirror 2; (e) 84 GHz, (f) 89 GHz, (g) 100 GHz and (h) 116 GHz.

TABLE V(j)
Truncated beam power and loss at mirror 1 for Band 3.

Frequency 84 GHz 89 GHz 100 GHz 116 GHz

Diameter Power Loss Power Loss Power Loss Power Loss
180 0.999 -0.005 0.999 -0.004 0.999 -0.003 1.000 -0.002
170 0.999 -0.006 0.999 -0.005 0.999 -0.003 0.999 -0.002
163 0.999 -0.006 0.999 -0.006 0.999 -0.004 0.999 -0.003
160 0.998 -0.007 0.999 -0.006 0.999 -0.005 0.999 -0.003
150 0.998 -0.010 0.998 -0.008 0.999 -0.006 0.999 -0.003
140 0.997 -0.015 0.997 -0.011 0.998 -0.007 0.999 -0.005
130 0.995 -0.020 0.996 -0.017 0.998 -0.010 0.998 -0.007

Diameter in mm., loss in dB.
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TABLE V(k)
Truncated beam power and loss at mirror 2 for Band 3.

Frequency 84 GHz 89 GHz 100 GHz 116 GHz

Diameter Power Loss Power Loss Power Loss Power Loss
150 0.999 -0.005 0.999 -0.004 0.999 -0.003 1.000 -0.002
140 0.998 -0.007 0.999 -0.005 0.999 -0.004 0.999 -0.002
130 0.998 -0.010 0.998 -0.008 0.999 -0.004 0.999 -0.004
120 0.997 -0.011 0.998 -0.011 0.998 -0.007 0.999 -0.004
115 0.997 -0.012 0.997 -0.011 0.998 -0.009 0.999 -0.004
110 0.997 -0.014 0.997 -0.012 0.998 -0.010 0.999 -0.005
100 0.994 -0.024 0.996 -0.017 0.997 -0.012 0.998 -0.009
90 0.990 -0.043 0.992 -0.033 0.996 -0.018 0.997 -0.013

Diameter in mm., loss in dB.
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Truncation Loss at Cryostat Window

The beam profiles at the cryostat window are shown in Figures 6(i), (j), (k) and (1). Truncation
loss of the beam for a range of window diameters is given in Table V(1) — V(s).

Refer to Table for range of distances.
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Figure 6. Beam profile at various distances from mirror 2; (i) 84 GHz, (j) 89 GHz, (k) 100 GHz and (1) 116 GHz.

TABLE V(1)
Truncated beam power at cryostat window for Band 3 extended low limit frequency 84 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 160 140 120 100 80 60 56 40 30
90 0999 0999 0998 0.996 0991 0977 0962 0.789 0.570
100 0999 0999 0998 0996 0991 0978 0963 0.791 0.572
110 0999 0999 0998 0.99 0992 0979 0964 0.793 0.574
120 0999 0999 0998 0996 0992 0979 0965 0.795 0.576
130 0999 0999 0998 0996 0992 0980 0966 0.796 0.577

133.85" 0999 0999 0998 0996 0992 0980 0.966 0.797 0.578
140 0999 0999 0998 0996 0992 0980 0.966 0.797 0.578
150 0999 0999 0998 0.996 0992 0980 0.966 0.798 0.579
160 0999 0999 0998 0.996 0992 0980 0966 0.799 0.580
170 0999 0999 0998 0.996 0991 0980 0966 0.799 0.581
180 0999 0999 0998 0996 0991 0979 0966 0.800 0.581

T

Cassegrain focus.
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TABLE V(m)
Beam truncation loss in dB at cryostat window for Band 3 extended low limit frequency 84 GHz.

Distance from Window diameter (mm.)
mirror 2 (mm.) 160 140 120 100 80 60 56 40 30
90 -0.003 -0.006 -0.009 -0.017 -0.039 -0.101 -0.167 -1.027 -2.440
100 -0.003 -0.006 -0.009 -0.017 -0.038 -0.097 -0.162 -1.016 -2.425
110 -0.003 -0.006 -0.009 -0.016 -0.037 -0.093 -0.157 -1.006 -2.411
120 -0.003 -0.006 -0.009 -0.016 -0.036 -0.091 -0.154 -0.997 -2.399
130 -0.003 -0.006 -0.009 -0.016 -0.036 -0.089 -0.151 -0.989 -2.388
133.85" -0.003 -0.006 -0.009 -0.016 -0.036 -0.088 -0.150 -0.987 -2.384
140 -0.003 -0.006 -0.009 -0.016 -0.036 -0.088 -0.149 -0.983 -2.379
150 -0.003 -0.006 -0.009 -0.016 -0.036 -0.088 -0.149 -0.978 -2.371
160 -0.003 -0.006 -0.009 -0.015 -0.037 -0.088 -0.149 -0.975 -2.364
170 -0.003 -0.006 -0.009 -0.015 -0.038 -0.089 -0.150 -0.972 -2.359
180 -0.003 -0.006 -0.009 -0.016 -0.039 -0.092 -0.152 -0.971 -2.356
T Cassegrain focus.
TABLE V(n)
Truncated beam power at cryostat window for Band 3 low limit frequency 89 GHz.
Distance from Window diameter (mm.)
mirror 2 (mm.) 160 140 120 100 80 60 56 40 30
90 0.999 0999 0998 0997 0992 0984 0975 0.829 0.614
100 0.999 0999 0998 0997 0992 0985 0976 0.831 0.616
110 0.999 0999 0998 0997 0992 098 0977 0.833 0.618
120 0.999 0999 0998 0997 0992 098 0978 0.834 0.620
130 0.999 0999 0998 0997 0992 0987 0978 0.836 0.622
133.85" 0.999 0999 0998 0997 0992 0987 0978 0.836 0.622
140 0.999 0999 0998 0997 0992 0987 0978 0.837 0.623
150 0.999 0999 0998 0997 0992 0987 0978 0.838  0.624
160 0.999 0999 0998 0997 0992 0986 0978 0.838  0.625
170 0.999 0999 0998 0997 0992 098 0978 0.838  0.625
180 0.999 0999 0998 0997 0992 0986 0977 0.838  0.626

T Cassegrain focus.
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TABLE V(o)

Beam truncation loss in dB at cryostat window for Band 3 low limit frequency 89 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 160 140 120 100 80 60 56 40 30
90 -0.003 -0.004 -0.009 -0.012 -0.036 -0.068 -0.110 -0.815 -2.116
100 -0.003 -0.004 -0.009 -0.012 -0.035 -0.064 -0.106 -0.804 -2.101
110 -0.003 -0.004 -0.008 -0.011 -0.034 -0.062 -0.102 -0.794 -2.087
120 -0.003 -0.004 -0.008 -0.011 -0.034 -0.060 -0.099 -0.786 -2.075
130 -0.003 -0.004 -0.008 -0.011 -0.034 -0.058 -0.097 -0.779 -2.065
133.857 -0.003 -0.004 -0.008 -0.011 -0.034 -0.058 -0.096 -0.777 -2.061
140 -0.003 -0.004 -0.008 -0.011 -0.034 -0.058 -0.096 -0.774 -2.056
150 -0.003 -0.004 -0.008 -0.011 -0.034 -0.058 -0.096 -0.770 -2.049
160 -0.003 -0.004 -0.008 -0.011 -0.034 -0.059 -0.096 -0.767 -2.043
170 -0.003 -0.004 -0.008 -0.011 -0.034 -0.061 -0.098 -0.766 -2.040
180 -0.003 -0.004 -0.008 -0.011 -0.035 -0.063 -0.100 -0.766 -2.037
T Cassegrain focus.
TABLE V(p)
Truncated beam power at cryostat window for Band 3 mid frequency 100 GHz.
Distance from Window diameter (mm.)
mirror 2 (mm.) 160 140 120 100 80 60 56 40 30
90 1.000 0999 0999 0.998 0995 0.990 0988 0.897 0.704
100 1.000 0.999 0999 0.998  0.995 0.991 0.998 0.900 0.707
110 1.000 0.999 0999 0.998 0.995 0.991 0.989  0.901 0.709
120 1.000 0.999 0999 0.998 0.995 0.991 0.990 0903 0.711
130 1.000  0.999 0999 0.998 0.995 0.991 0990 0904 0.712
133.85" 1.000 0999 0.999 0998  0.995 0.991 0990 0904 0.713
140 1.000 0999 0.999 0998 0.995 0.991 0990 0905 0.713
150 1.000 0999 0.999 0998  0.995 0.991 0990 0.905 0.714
160 1.000 0999 0.999 0998  0.995 0.991 0.989 0905 0.715
170 1.000 0999 0.999 0998  0.995 0.991 0.989 0905 0.715
180 1.000 0999 0.999 0998  0.995 0.990 0988 0.905 0.715

T Cassegrain focus.
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TABLE V(q)
Beam truncation loss in dB at cryostat window for Band 3 mid frequency 100 GHz.

Distance from Window diameter (mm.)
mirror 2 (mm.) 160 140 120 100 80 60 56 40 30
90 -0.002 -0.003 -0.005 -0.009 -0.023 -0.044 -0.054 -0.470 -1.524
100 -0.002 -0.003 -0.005 -0.009 -0.023 -0.041 -0.050 -0.460 -1.509
110 -0.002 -0.003 -0.005 -0.009 -0.022 -0.039 -0.048 -0.451 -1.495
120 -0.002 -0.003 -0.005 -0.009 -0.022 -0.038 -0.046 -0.444 -1.484
130 -0.002 -0.003 -0.005 -0.009 -0.021 -0.037 -0.045 -0.439 -1.475
133.857 -0.002 -0.003 -0.005 -0.009 -0.021 -0.037 -0.045 -0.437 -1.472
140 -0.002 -0.003 -0.005 -0.009 -0.021 -0.037 -0.045 -0.435 -1.467
150 -0.002 -0.003 -0.005 -0.009 -0.021 -0.038 -0.045 -0.433 -1.462
160 -0.002 -0.003 -0.005 -0.009 -0.021 -0.039 -0.047 -0.432 -1.458
170 -0.002 -0.003 -0.005 -0.009 -0.021 -0.041 -0.049 -0.433 -1.456
180 -0.002 -0.003 -0.005 -0.009 -0.022 -0.044 -0.052 -0.436 -1.457
T Cassegrain focus.
TABLE V(r)
Truncated beam power at cryostat window for Band 3 high limit frequency 116 GHz.
Distance from Window diameter (mm.)
mirror 2 (mm.) 160 140 120 100 80 60 56 40 30
90 1.000 1.000 0999 0.998 0998 0.991 0990 0.957 0.812
100 1.000 1.000 0999 0.999 0998 0.991 0991 0.959 0.815
110 1.000 1.000 0999 0.999 0998 0.992 0991 0960 0.817
120 1.000 1.000 0999 0.999 0998 0.992 0992 0961 0.819
130 1.000  1.000 0999 0.999 0998 0.992 0992 0.962 0.821
133.85" 1.000  1.000 0.999 0999 0998 0.992 0992 0.962 0.821
140 1.000  1.000 0.999 0999 0998 0992 0992 0.963 0.822
150 1.000  1.000 0.999 0999 0998 0992 0991 0.963 0.822
160 1.000  1.000 0.999 0999 0998 0992 0991 0.962 0.822
170 1.000  1.000 0.999 0999 0998 0991 0991 0.961 0.822
180 1.000  1.000 0.999 0999 0998 0991 0990 0.960 0.821

T Cassegrain focus.
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TABLE V(s)

Beam truncation loss in dB at cryostat window for Band 3 high limit frequency 116 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 160 140 120 100 80 60 56 40 30
90 -0.002 -0.002 -0.003 -0.007 -0.010 -0.039 -0.042 -0.192 -0.905
100 -0.001 -0.002 -0.003 -0.006 -0.010 -0.037 -0.040 -0.183 -0.890
110 -0.001 -0.002 -0.003 -0.006 -0.010 -0.036 -0.038 -0.176 -0.877
120 -0.001 -0.002 -0.003 -0.006 -0.009 -0.035 -0.037 -0.171 -0.867
130 -0.001 -0.002 -0.003 -0.006 -0.009 -0.035 -0.036 -0.168 -0.859

133.85" -0.001 -0.002 -0.003 -0.006 -0.009 -0.035 -0.036 -0.167 -0.856
140 -0.001 -0.002 -0.003 -0.006 -0.009 -0.035 -0.037 -0.166 -0.853
150 -0.001 -0.002 -0.003 -0.006 -0.009 -0.035 -0.037 -0.166 -0.850
160 -0.001 -0.002 -0.003 -0.006 -0.009 -0.036 -0.039 -0.168 -0.849
170 -0.001 -0.002 -0.003 -0.006 -0.010 -0.037 -0.040 -0.171 -0.851
180 -0.001 -0.002 -0.003 -0.006 -0.010 -0.039 -0.043 -0.176 -0.855

T Cassegrain focus.

4.2 Physical Optics Analysis

4.2.1  Beam Profile at Cassegrain Focus

Figures 6(m) — 4(p) show the beam profile at the Cassegrain focus with comparison of results
obtained by both quasi-optics and physical optics.
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—— Physical Optics Result
~~~~~~~~ Quasi-Optics Result
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Figure 6(m). Beam profile at Cassegrain focus for Band 3 mid frequency 100 GHz.
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Figure 6(n). Beam profile of co-polar field at Cassegrain focus, Band 3 mid frequency 100 GHz;
x-polarised source solid line, y-polarised source dotted line.
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Figure 6(0). Beam profile at Cassegrain focus Band 3 mid frequency 100 GHz., x-polarised source;
¢=0° co-polar field solid line, ¢ = 90° co-polar field dotted line, ¢ = 90° X-polar field dash line.
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Figure 6(p). Beam profile at Cassegrain focus Band 3 mid frequency 100 GHz., y-polarised source;
#=0° co-polar field solid line, ¢=90° co-polar field dotted line, ¢ = 90° X-polar field dash line.
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422 Beam Profile at Subreflector & Edge Taper
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Figure 6(q). Beam profile at subreflector Band 3 mid frequency 100 GHz.; ¢ = 0° solid line, ¢= 90° dash line.

The edge tapers at the subreflector corresponding to the four positions where ¢ = 0° and 90°
are-11.9, -11, -11.5 and -11.4 respectively.

42.3  Far Field Radiation Pattern

88

dBi ]

78

68

58

48 ]

Figure 6(r). Antenna far field radiation pattern for Band 3 mid frequency 100 GHz.;
x-polarised source solid line, y-polarised source dash line.
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Figure 6(s). 3-D plot of antenna co-polar field radiation pattern.

Figure 6(t). 3-D plot of antenna cross-polar field radiation pattern.
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424  Beam & Cross-Polar Efficiencies
The beam efficiencies are shown in Table V(t) below.
TABLE V(t)

Beam efficiencies for Band 3 mid frequency 100 GHz
defined by contours of the co-polarisation field.

Level below Co-polar  Cross-polar
peak (dB) (%) (%)
3.0 48.18 0.02
6.0 70.27 0.04
9.0 80.21 0.07
12.0 84.65 0.09
15.0 86.59 0.10
18.0 87.44 0.11
21.0 87.81 0.11
24.0 87.99 0.12
27.0 88.99 0.12
30.0 89.24 0.13
33.0 89.67 0.13
36.0 90.09 0.13
39.0 90.49 0.13
42.0 90.78 0.14
45.0 90.99 0.14
48.0 91.11 0.14
51.0 91.17 0.14
54.0 91.20 0.14
57.0 91.22 0.14
60.0 91.23 0.14
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5 BAND 4
5.1 Quasi-Optics Analysis
5.1.1 Gaussian Beam Parameters

TABLE VI(a)
Quasi-optics Gaussian beam parameters for Band 4.

Frequency [GHz] 125 144 163
A [mm] 2.398340 2.081892  1.839218
Horn diameter 24.0

Horn axial length 140.0

Horn slant length 140.513

Horn waist, w, 6.749 6.503 6.252
Horn waist offset, Az(w) -33.1695 -40.8641 -48.3996
Waist at horn aperture, wy, 7.722 7.722 7.722
d; 152.70

Ry 214.06 205.026 214.601 223.269
fi 149.08

R, 491.13 546.338 488.280 448.650
Waist at mirror 1, wyy (dia. = 124) 22.081 20.770 19.841
d, 160.00

Waist at mirror 2, wyp (dia. = 86) 16.565 14.868 13.610
Zy(Cass.) 303.85 315.470 312.469 310.453
Wass. 14.354 12.463 11.012
Armirror-subrefl 6303.31 6303.30 6303.30
Weubrefl (dia. = 750) 318.795 318.794 318.794
Rubren 6000.00  6000.003  6000.001  6000.006
Edge Taper (dB) 12.00 12.02 12.02 12.02

All dimensions in mm.

5.1.2 Truncation Loss at Filters

The beam profiles at the filter are shown in Figures 7(a), (b) and (c). Truncation loss of the
beam for a range of filter diameters are given in Tables VI(b) — VI(g).
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Figure 7. Beam profile at various distances from horn aperture; (a) 125 GHz, (b) 144 GHz and (c) 163 GHz.

TABLE VI(b)

Truncated beam power at filter for Band 4 low limit frequency 125 GHz.

Truncation z from horn aperture (mm.)
diameter 2.5 5 7.5 10 12.5 15 17.5 20
(mm.)
60 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
55 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
50 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
45 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
40 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999
35 1.000 1.000 1.000 1.000 1.000 0.999 0.999 0.998
30 1.000 1.000 1.000 0.999 0.998 0.997 0.996 0.995
25 1.000 0.999 0.997 0.994 0.991 0.987 0.983 0.978
TABLE VI(c)
Beam truncation loss in dB at filter for Band 4 low limit frequency 125 GHz.
Truncation z from horn aperture (mm.)
diameter 2.5 5 7.5 10 12.5 15 17.5 20
(mm.)
60 -0.000  -0.000 -0.000  -0.000 -0.000 -0.000 -0.000 -0.000
55 -0.000  -0.000 -0.000  -0.000 -0.000 -0.000 -0.000 -0.000
50 -0.000  -0.000 -0.000  -0.000 -0.000 -0.000 -0.000 -0.001
45 -0.000  -0.000 -0.000  -0.000 -0.000 -0.000 -0.001 -0.001
40 -0.000  -0.000 -0.000  -0.000 -0.001 -0.001 -0.002 -0.002
35 -0.000 -0.000 -0.000  -0.001 -0.002 -0.003 -0.004 -0.007
30 -0.000 -0.001 -0.002  -0.004 -0.007 -0.011 -0.017 -0.024
25 -0.002  -0.006 -0.014  -0.025 -0.039 -0.055 -0.075 -0.096
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Truncated beam power at filter for Band 4 mid frequency 144 GHz.

TABLE VI(d)

Truncation z from horn aperture (mm.)
diameter 2.5 5 7.5 10 12.5 15 17.5 20
(mm.)
60 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
55 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
50 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
45 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
40 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
35 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.999
30 1.000 1.000 1.000 0.999 0.999 0.998 0.997 0.996
25 1.000 0.999 0.997 0.995 0.993 0.989 0.986 0.981
TABLE VI(e)
Beam truncation loss in dB at filter for Band 4 mid frequency 144 GHz.
Truncation z from horn aperture (mm.)
diameter 2.5 5 7.5 10 12.5 15 17.5 20
(mm.)
60 -0.000  -0.000  -0.000  -0.000 -0.000 -0.000 -0.000 -0.000
55 -0.000  -0.000 -0.000  -0.000 -0.000 -0.000 -0.000 -0.000
50 -0.000  -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000
45 -0.000  -0.000 -0.000  -0.000 -0.000 -0.000 -0.000 -0.001
40 -0.000  -0.000 -0.000  -0.000 -0.000 -0.001 -0.001 -0.002
35 -0.000  -0.000 -0.000 -0.001 -0.001 -0.002 -0.003 -0.005
30 -0.000  -0.000 -0.001  -0.003 -0.005 -0.008 -0.013 -0.018
25 -0.001  -0.005 -0.012  -0.021 -0.032 -0.046 -0.063 -0.082
TABLE VI(f)
Truncated beam power at filter for Band 4 high limit frequency 163 GHz.
Truncation z from horn aperture (mm.)
diameter 2.5 5 7.5 10 12.5 15 17.5 20
(mm.)
60 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
55 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
50 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
45 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
40 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
35 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.999
30 1.000 1.000 1.000 1.000 0.999 0.999 0.998 0.997
25 1.000 0.999 0.998 0.996 0.994 0.991 0.988 0.984
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TABLE VI(g)
Beam truncation loss in dB at filter for Band 4 high limit frequency 163 GHz.

Truncation z from horn aperture (mm.)
diameter 2.5 5 7.5 10 12.5 15 17.5 20
(mm.)
60 -0.000 -0.000 -0.000  -0.000 -0.000 -0.000 -0.000 -0.000
55 -0.000 -0.000 -0.000  -0.000 -0.000 -0.000 -0.000 -0.000
50 -0.000 -0.000 -0.000  -0.000 -0.000 -0.000 -0.000 -0.000
45 -0.000  -0.000 -0.000  -0.000 -0.000 -0.000 -0.000 -0.000
40 -0.000 -0.000 -0.000  -0.000 -0.000 0.000 -0.001 -0.001
35 -0.000  -0.000 -0.000  -0.000 -0.001 -0.001 -0.002 -0.004
30 -0.000  -0.000 -0.001 -0.002 -0.004 -0.006 -0.010 -0.015
25 -0.001  -0.004 -0.010 -0.018 -0.028 -0.040 -0.054 -0.017

5.13 Truncation Loss at Mirrors

The beam profiles at mirror 1 and mirror 2 are shown in Figures 7(d), (e) and (f). Truncation
loss of the beam for a range of mirror diameters is given in Table VI(h) and VI(i).
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TABLE VI(h)
Truncated beam power and loss at mirror 1 for Band 4.
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Figure 7. Beam profile at mirror 1 and mirror 2; (d) 125 GHz, (e) 144 GHz and (f) 163 GHz.

Frequency 125 GHz 144 GHz 163 GHz

Diameter Power Loss Power Loss Power Loss
160 0.999 -0.002 1.000 -0.002 1.000 -0.001
150 0.999 -0.003 1.000 -0.002 1.000 -0.001
140 0.999 -0.004 0.999 -0.003 1.000 -0.002
130 0.999 -0.005 0.999 -0.004 0.999 -0.002
124 0.998 -0.007 0.999 -0.004 0.999 -0.003
120 0.998 -0.008 0.999 -0.005 0.999 -0.004
110 0.997 -0.012 0.998 -0.008 0.999 -0.005
100 0.996 -0.019 0.997 -0.013 0.998 -0.009

Diameter in mm., loss in dB.
TABLE VI(i)
Truncated beam power and loss at mirror 2 for Band 4.

Frequency 125 GHz 144 GHz 163 GHz

Diameter Power Loss Power Loss Power Loss
140 1.000 -0.002 1.000 -0.001 1.000 -0.001
130 0.999 -0.002 1.000 -0.002 1.000 -0.001
120 0.999 -0.004 1.000 -0.002 1.000 -0.002
110 0.999 -0.005 0.999 -0.003 1.000 -0.002
100 0.999 -0.006 0.999 -0.005 0.999 -0.003
90 0.997 -0.012 0.999 -0.006 0.999 -0.005
86 0.997 -0.013 0.998 -0.008 0.999 -0.005
80 0.996 -0.016 0.997 -0.012 0.999 -0.006
70 0.994 -0.027 0.996 -0.018 0.997 -0.014

Diameter in mm., loss in dB.
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5.1.4  Truncation Loss at Cryostat Window

The beam profiles at the cryostat window are shown in Figures 7(g), (h) and (i). Truncation
loss of the beam for a range of window diameters is given in Table VI(j) — VI(o).

Re

fer to Table for range of distances.

dB
&
P

-50
-60
70 + nom. Cass. focus .
z=144 mm. ——p-i;
-80
0 10 20 30 50 60 70

Distance from Beam Axis (mm)

Refer to Table for range of distances.

dB

_—

nom. Cass. focus
[ z=144 mm.

0 10 20

30 40 50 60 7
Distance from Beam Axis (mm)

Refer to Table for range of distances.

nom. Cass. focus ‘
z =144 mm. _’

10

20 30 40 50 60 70
Distance from Beam Axis (mm)

Figure 7. Beam profile at various distances from mirror 2; (g) 125 GHz, (h) 144 GHz and (i) 163 GHz.
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TABLE VI(j)
Truncated beam power at cryostat window for Band 4 low limit frequency 125 GHz.

Distance from Window diameter (mm.)
mirror 2 (mm.) 140 120 100 80 60 56 40 30
100 1.000 0999 0999 0.998 0993 0.991 0974 0.859
110 1.000 0999 0999 0.998 0993 0.991 0975 0.862
120 1.000 0999 0999 0.998 0993 0.992 0977 0.865
130 1.000 0999 0999 0.998 0993 0.992 0978 0.867
140 1.000 0999 0999 0.998 0993 0.992 0978  0.868
143.85" 1.000 0999 0999 0.998 0993 0.992 0979 0.869
150 1.000 0999 0999 0.998 0993 0.992 0979 0.869
160 1.000 0999 0999 0.998 0993 0.992 0979 0.870
170 1.000 0999 0999 0.998 0993 0.992 0978 0.869
180 1.000 0999 0999 0.998 0993 0.991 0977 0.869
190 1.000 0999 0999 0.998 0993 0.991 0976 0.867

" Cassegrain focus.

TABLE VI(k)
Beam truncation loss in dB at cryostat window for Band 4 low limit frequency 125 GHz.

Distance from Window diameter (mm.)
mirror 2 (mm.) 140 120 100 80 60 56 40 30
100 -0.002 -0.003 -0.004 -0.009 -0.032 -0.039 -0.116 -0.658
110 -0.002 -0.003 -0.004 -0.009 -0.031 -0.037 -0.108 -0.643
120 -0.002 -0.003 -0.004 -0.009 -0.030 -0.036 -0.102 -0.630
130 -0.002 -0.003 -0.004 -0.009 -0.029 -0.035 -0.097 -0.621
140 -0.002 -0.003 -0.004 -0.009 -0.029 -0.035 -0.094 -0.613
143.85" -0.002 -0.003 -0.004 -0.009 -0.029 -0.035 -0.094 -0.611
150 -0.002 -0.003 -0.004 -0.009 -0.029 -0.035 -0.094 -0.609
160 -0.002 -0.003 -0.004 -0.009 -0.029 -0.035 -0.094 -0.607
170 -0.002 -0.003 -0.004 -0.009 -0.029 -0.036 -0.097 -0.608
180 -0.002 -0.003 -0.004 -0.009 -0.030 -0.037 -0.101 -0.611
190 -0.002 -0.003 -0.004 -0.009 -0.031 -0.039 -0.107 -0.618

" Cassegrain focus.
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TABLE VI(1)
Truncated beam power at cryostat window for Band 4 mid frequency 144 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 140 120 100 80 60 56 40 30
100 1.000  1.000 0999 0.998 0997 0995 0.987 0.930
110 1.000  1.000 0999 0.998 0997 0.995 0.989 0.933
120 1.000  1.000 0999 0.998 0997 0995 0.990 0.935
130 1.000  1.000 0999 0.999 0997 0995 0.990 0.937
140 1.000  1.000 0999 0.999 0997 0995 0.991 0.938
143.85" 1.000  1.000 0999 0.999 0997 0995 0.991 0.939
150 1.000  1.000 0999 0.999 0997 0995 0.991 0.939
160 1.000  1.000 0999 0.999 0997 0995 0.990 0.939
170 1.000  1.000 0999 0.999 0997 0995 0.990 0.938
180 1.000  1.000 0999 0.999 0997 0995 0.989 0.937
190 1.000  1.000 0999 0.999 0997 0995 0.987 0.935
" Cassegrain focus.
TABLE VI(m)
Beam truncation loss in dB at cryostat window for Band 4 mid frequency 144 GHz.
Distance from Window diameter (mm.)
mirror 2 (mm.) 140 120 100 80 60 56 40 30
100 -0.001 -0.002 -0.003 -0.007 -0.015 -0.023 -0.056 -0.316
110 -0.001 -0.002 -0.003 -0.007 -0.014 -0.022 -0.050 -0.301
120 -0.001 -0.002 -0.003 -0.007 -0.014 -0.021 -0.045 -0.290
130 -0.001 -0.002 -0.003 -0.006 -0.013 -0.021 -0.042 -0.281
140 -0.001 -0.002 -0.003 -0.006 -0.013 -0.020 -0.040 -0.267
143.85" -0.001 -0.002 -0.003 -0.006 -0.013 -0.020 -0.040 -0.275
150 -0.001 -0.002 -0.003 -0.006 -0.013 -0.020 -0.040 -0.273
160 -0.001 -0.002 -0.003 -0.006 -0.013 -0.020 -0.042 -0.274
170 -0.001 -0.002 -0.003 -0.006 -0.013 -0.021 -0.045 -0.278
180 -0.001 -0.002 -0.003 -0.006 -0.014 -0.021 -0.050 -0.284
190 -0.001 -0.002 -0.003 -0.006 -0.014 -0.022 -0.056 -0.294

" Cassegrain focus.
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TABLE VI(n)
Truncated beam power at cryostat window for Band 4 high limit frequency 163 GHz.

Distance from Window diameter (mm.)
mirror 2 (mm.) 140 120 100 80 60 56 40 30
100 1.000  1.000 1.000 0.999 0998 0.997 0989 0.967
110 1.000  1.000 1.000 0.999 0998 0.998 0990 0.970
120 1.000  1.000 1.000 0.999 0998 0.998 0991 0.972
130 1.000  1.000 1.000 0.999 0998 0.998 0991 0.974
140 1.000  1.000 1.000 0.999 0998 0.998 0992 0974
143.85" 1.000  1.000 1.000 0.999 0998 0.998 0992 0.975
150 1.000 1.000 1.000 0.999 0998 0.998 0992 0.975
160 1.000 1.000 1.000 0.999 0998 0.998 0991 0.974
170 1.000 1.000 1.000 0.999 0998 0.998 0991 0.973
180 1.000  1.000 1.000 0.999 0998 0.998 0990 0.971
190 1.000  1.000 1.000 0.999 0998 0.997 0989 0.968

" Cassegrain focus.

TABLE VI(0)
Beam truncation loss in dB at cryostat window for Band 4 high limit frequency 163 GHz.

Distance from Window diameter (mm.)
mirror 2 (mm.) 140 120 100 80 60 56 40 30
100 -0.001 -0.001 -0.002 -0.004 -0.010 -0.011 -0.048 -0.147
110 -0.001 -0.001 -0.002 -0.004 -0.009 -0.011 -0.043 -0.134
120 -0.001 -0.001 -0.002 -0.004 -0.009 -0.010 -0.040 -0.124
130 -0.001 -0.001 -0.002 -0.003 -0.009 -0.010 -0.037 -0.116
140 -0.001 -0.001 -0.002 -0.003 -0.009 -0.010 -0.036 -0.112
143.85" -0.001 -0.001 -0.002 -0.003 -0.009 -0.010 -0.036 -0.112
150 -0.001 -0.001 -0.002 -0.003 -0.009 -0.010 -0.037 -0.111
160 -0.001 -0.001 -0.002 -0.003 -0.009 -0.010 -0.038 -0.114
170 -0.001 -0.001 -0.002 -0.004 -0.009 -0.010 -0.040 -0.119
180 -0.001 -0.001 -0.002 -0.004 -0.009 -0.011 -0.044 -0.128
190 -0.001 -0.001 -0.002 -0.004 -0.010 -0.011 -0.049 -0.139

" Cassegrain focus.

5.2 Physical Optics Analysis
5.2.1  Beam Profile at Cassegrain Focus

Figures 7(j) — (m) show the beam profile at the Cassegrain focus with comparison of results
obtained by both quasi-optics and physical optics.
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Figure 7(j). Beam profile at Cassegrain focus for Band 4 mid frequency 144 GHz.
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Figure 7(k). Beam profile of co-polar field at Cassegrain focus, Band 4 mid frequency 144 GHz;
x-polarised source solid line, y-polarised source dotted line.
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Figure 7(1). Beam profile at Cassegrain focus Band 4 mid frequency 144 GHz., x-polarised source;
¢=0° co-polar field solid line, ¢ = 90° co-polar field dotted line, ¢ = 90° X-polar field dash line.
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Figure 7(m). Beam profile at Cassegrain focus Band 4 mid frequency 144 GHz., y-polarised source;
#=0° co-polar field solid line, ¢=90° co-polar field dotted line, ¢ = 90° X-polar field dash line.

5.2.2  Beam Profile at Subreflector & Edge Taper
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Figure 7(n). Beam profile at subreflector Band 4 mid frequency 144 GHz.; ¢ = 0° solid line, ¢= 90° dash line.

The edge tapers at the subreflector corresponding to the four positions where ¢ = 0° and 90°
are—11.8,-11.2, -11.5 and —11.5 respectively.
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5.2.3  Far Field Radiation Pattern
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Figure 7(0). Antenna far field radiation pattern for Band 4 mid frequency 144 GHz.;
x-polarised source solid line, y-polarised source dash line.

Figure 7(p). 3-D plot of antenna co-polar field radiation pattern.

Figure 7(q). 3-D plot of antenna cross-polar field radiation pattern.
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524  Beam & Cross-Polar Efficiencies
The beam efficiencies are shown in Table VI(p) below.
TABLE VI(p)

Beam efficiencies for Band 4 mid frequency 144 GHz
defined by contours of the co-polarisation field.

Level below Co-polar  Cross-polar
peak (dB) (%) (%)
3.0 47.98 0.01
6.0 70.15 0.02
9.0 80.21 0.03
12.0 84.68 0.04
15.0 86.68 0.05
18.0 87.56 0.06
21.0 87.94 0.06
24.0 88.21 0.06
27.0 89.22 0.06
30.0 89.51 0.07
33.0 89.89 0.07
36.0 90.29 0.07
39.0 90.69 0.07
42.0 91.03 0.07
45.0 91.27 0.07
48.0 91.42 0.07
51.0 91.51 0.07
54.0 91.57 0.07
57.0 91.61 0.07
60.0 91.64 0.07
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6 BAND 5
6.1 Quasi-Optics Analysis
6.1.1 Gaussian Beam Parameters

TABLE VIi(a)
Quasi-optics Gaussian beam parameters for Band 5.

Frequency [GHz]| 163 187 211
A [mm] 1.839218  1.603168  1.420817
Horn diameter 9.0

Horn axial length 60.0

Horn slant length 60.169

Horn waist, wy 2.817 2.793 2.767
Horn waist offset, Az(w) -3.22678 -4.17615 -5.21796
Waist at horn aperture, wy, 2.896 2.896 2.896
d 60.05

Ry 67.778 66.181 67.867 69.661
fi 32.756

Ry 63.394 64.857 63.315 61.829
Waist at mirror 1, wyy (dia. = 70) 13.449 12.061 11.020
Zyy1 62.1191 60.3381 58.7160
wy 2.763 2.615 2.473
d, 140.00

Ry, 81.821 80.065 81.917 83.533
1 67.192

Ry 375.817 417.921 373.803 343.476
Waist at mirror 2, wyp, (dia. = 88) 16.731 15.763 15.070
Zy(Cass.) 229.84 236.924 235.187 234.007
Wass. 11.011 9.599 8.508
A mirror-subrefl 6229.75 6229.75 6229.75
Weubref] (dia. = 750) 318.832 318.832 318.832
Rybret! 6000.00 5999.981  6000.001  6000.015
Edge Taper (dB) 12.00 12.02 12.02 12.02

All dimensions in mm.

6.1.2 Truncation Loss at Mirrors

The beam profiles at mirror 1 and mirror 2 are shown in Figures 8(a), (b) and (c). Truncation
loss of the beam for a range of mirror diameters is given in Table VII(b) and VII(c).
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Figure 8. Beam profile at mirror 1 and mirror 2; (a) 163 GHz, (b) 187 GHz and (c) 211 GHz.

TABLE VII(b)

Truncated beam power and loss at mirror 1 for Band 5.

Frequency 163 GHz 187 GHz 211 GHz

Diameter Power Loss Power Loss Power Loss
100 0.999 -0.004 1.000 -0.002 1.000 -0.001
90 0.999 -0.004 0.999 -0.003 1.000 -0.002
88 0.999 -0.005 1.000 -0.002
80 0.998 -0.007 0.999 -0.005 0.999 -0.003
70 0.997 -0.013 0.998 -0.008 0.999 -0.005
60 0.995 -0.020 0.997 -0.015 0.998 -0.011
50 0.987 -0.058 0.993 -0.031 0.995 -0.020
40 0.971 -0.126 0.975 -0.098 0.985 -0.066
30 0.910 -0.410 0.941 -0.265 0.954 -0.206

Diameter in mm., loss in dB.
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TABLE VII(c)
Truncated beam power and loss at mirror 2 for Band 5.

Frequency 163 GHz 187 GHz 211 GHz

Diameter Power Loss Power Loss Power Loss
100 0.999 -0.005 0.999 -0.004 0.999 -0.002
90 0.998 -0.009 0.999 -0.005 0.999 -0.004
88 0.998 -0.010 0.999 -0.006 0.999 -0.004
80 0.997 -0.014 0.998 -0.010 0.998 -0.007
70 0.993 -0.031 0.996 -0.019 0.997 -0.015
60 0.986 -0.063 0.989 -0.047 0.993 -0.031
50 0.966 -0.152 0.975 -0.109 0.980 -0.089
40 0911 -0.403 0.931 -0.308 0.946 -0.240
30 0.801 -0.962 0.823 -0.847 0.842 -0.745

Diameter in mm., loss in dB.

6.1.3  Truncation Loss at Cryostat Window

The beam profiles at the cryostat window are shown in Figures 8(d), (e) and (f). Truncation
loss of the beam for a range of window diameters is given in Table VII(d) — VII(i).
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Figure 8. Beam profile at various distances from mirror 2; (d) 163 GHz, (¢) 187 GHz and (f) 211 GHz.

Truncated beam power at cryostat window for Band 5 low limit frequency 163 GHz.

TABLE VII(d)

Distance from

Window diameter (mm.)

mirror 2 (mm.) 100 90 80 70 60 50 40 30
250.00 1.000 0999 0999 0.998 0998 099% 0991 0.974
240.00 1.000 0999 0999 0.998 0.998 099 0992 0.975
229.84 1.000 0999 0999 0998 0998 099 0992 0.975
220.00 1.000 0999 0999 0998 0998 099 0992 0.974
210.00 1.000 0999 0999 0998 0.998 0995 0991 0.973
200.00 1.000 0999 0999 0998 0.998 0995 0990 0.971
190.00 1.000 0999 0999 0998 0.998 0995 0990 0.968
180.00 1.000 0999 0999 0998 0.998 0995 0988 0.964
170.00 1.000 0999 0999 0998 0.998 0994 0987 0.960
160.00 1.000 0999 0999 0998 0.997 0994 0985 0.955
150.00 1.000 0999 0999 0998 0997 0993 0983  0.950
140.00 0.999 0999 0999 0998 0.997 0992 0980 0.944

T -
Cassegrain focus.
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TABLE VII(e)
Beam truncation loss in dB at cryostat window for Band 5 low limit frequency 163 GHz.

Distance from Window diameter (mm.)

mirror 2 (mm.) 100 90 80 70 60 50 40 30
250.00 -0.002 -0.003 -0.003 -0.007 -0.009 -0.019 -0.039 -0.115
240.00 -0.002 -0.003 -0.003 -0.007 -0.009 -0.019 -0.037 -0.112
229.84 -0.002 -0.003 -0.003 -0.007 -0.009 -0.019 -0.036 -0.112
220.00 -0.002 -0.003 -0.003 -0.007 -0.009 -0.019 -0.037 -0.115
210.00 -0.002 -0.003 -0.004 -0.007 -0.009 -0.020 -0.039 -0.121
200.00 -0.002 -0.003 -0.004 -0.007 -0.009 -0.021 -0.024 -0.130
190.00 -0.002 -0.003 -0.004 -0.007 -0.010 -0.022 -0.046 -0.142
180.00 -0.002 -0.003 -0.004 -0.008 -0.010 -0.024 -0.051 -0.158
170.00 -0.002 -0.003 -0.004 -0.008 -0.011 -0.025 -0.058 -0.176
160.00 -0.002 -0.003 -0.004 -0.008 -0.011 -0.028 -0.066 -0.198
150.00 -0.002 -0.004 -0.004 -0.009 -0.012 -0.030 -0.075 -0.223
140.00 -0.002 -0.004 -0.005 -0.009 -0.014 -0.034 -0.086 -0.251

" Cassegrain focus.

TABLE VII(f)
Truncated beam power at cryostat window for Band 5 mid frequency 187 GHz.

Distance from Window diameter (mm.)

mirror 2 (mm.) 100 90 80 70 60 50 40 30
250.00 1.000  1.000 0999 0.999 0998 0998 0.993 0.989
240.00 1.000 1.000 0999 0.999 0998 0998 0.993 0.990
229.84" 1.000 1.000 0999 0.999 0998 0998 0.993 0.990
220.00 1.000 1.000 0999 0.999 0998 0998 0.993 0.989
210.00 1.000  1.000 0999 0.999 0998 0998 0.993 0.989
200.00 1.000  1.000 0999 0.999 0998 0998 0.993 0.987
190.00 1.000  1.000 0999 0.999 0998 0998 0.992 0.984
180.00 1.000  1.000 0999 0999 0998 0.997 0991 0.981
170.00 1.000  1.000 0999 0.999 0998 0.997 0990 0.978
160.00 1.000  1.000 0999 0.999 0998 0.997 0989 0.973
150.00 1.000 1.000 0999 0.999 0998 0.996 0.988 0.968
140.00 1.000  1.000 0999 0.999 0998 0.996 0986 0.963

" Cassegrain focus.
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TABLE VII(g)
Beam truncation loss in dB at cryostat window for Band 5 mid frequency 187 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 100 90 80 70 60 50 40 30
250.00 -0.001 -0.002 -0.003 -0.003 -0.007 -0.009 -0.030 -0.049
240.00 -0.001 -0.002 -0.003 -0.003 -0.007 -0.009 -0.029 -0.045
229.84 -0.001 -0.002 -0.003 -0.003 -0.007 -0.009 -0.029 -0.044
220.00 -0.001 -0.002 -0.003 -0.003 -0.007 -0.009 -0.030 -0.046
210.00 -0.001 -0.002 -0.003 -0.004 -0.007 -0.010 -0.031 -0.050
200.00 -0.001 -0.002 -0.003 -0.004 -0.008 -0.010 -0.033 -0.058
190.00 -0.001 -0.002 -0.003 -0.004 -0.008 -0.011 -0.035 -0.068
180.00 -0.002 -0.002 -0.003 -0.004 -0.008 -0.011 -0.039 -0.082
170.00 -0.002 -0.002 -0.003 -0.004 -0.009 -0.013 -0.043 -0.098
160.00 -0.002 -0.002 -0.003 -0.004 -0.009 -0.014 -0.048 -0.117
150.00 -0.002 -0.002 -0.004 -0.004 -0.010 -0.016 -0.054 -0.140
140.00 -0.002 -0.002 -0.004 -0.005 -0.011 -0.018 -0.061 -0.165

" Cassegrain focus.
TABLE VII(h)
Truncated beam power at cryostat window for Band 5 high limit frequency 211 GHz.

Distance from Window diameter (mm.)

mirror 2 (mm.) 100 90 80 70 60 50 40 30
250.00 1.000 1.000 1.000  0.999 0999 0.998 099 0.991
240.00 1.000 1.000 1.000 0999 0999 0.998 0996 0.991
229.84" 1.000 1.000 1.000 0999 0999 0.998 0997 0.992
220.00 1.000 1.000 1.000  0.999 0999 0.998 0996 0.991
210.00 1.000 1.000 1.000 0999 0.999 0998 0.996 0.991
200.00 1.000 1.000 1.000 0999 0.999 0998 0996 0.989
190.00 1.000 1.000 1.000 0999 0.999 0998 0996 0.988
180.00 1.000 1.000 1.000 0999 0.999 0998 0.995 0.985
170.00 1.000 1.000 1.000 0999 0.999 0997 0995 0.982
160.00 1.000 1.000 1.000 0999 0.999 0997 0994 0.979
150.00 1.000 1.000 1.000 0.999 0999 0.997 0993 0.975
140.00 1.000 1.000 1.000 0999 0.999 0997 0992 0.970

" Cassegrain focus.
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TABLE VII(i)
Beam truncation loss in dB at cryostat window for Band 5 high limit frequency 211 GHz.

Distance from Window diameter (mm.)

mirror 2 (mm.) 100 90 80 70 60 50 40 30
250.00 -0.001 -0.001 -0.002 -0.003 -0.004 -0.009 -0.016 -0.041
240.00 -0.001 -0.001 -0.002 -0.003 -0.004 -0.009 -0.015 -0.038
229.84 -0.001 -0.001 -0.002 -0.003 -0.004 -0.009 -0.015 -0.036
220.00 -0.001 -0.001 -0.002 -0.003 -0.004 -0.009 -0.016 -0.038
210.00 -0.001 -0.001 -0.002 -0.003 -0.004 -0.009 -0.016 -0.041
200.00 -0.001 -0.001 -0.002 -0.003 -0.004 -0.009 -0.017 -0.047
190.00 -0.001 -0.001 -0.002 -0.003 -0.004 -0.010 -0.019 -0.055
180.00 -0.001 -0.001 -0.002 -0.003 -0.004 -0.010 -0.021 -0.065
170.00 -0.001 -0.001 -0.002 -0.003 -0.005 -0.011 -0.023 -0.078
160.00 -0.001 -0.002 -0.002 -0.004 -0.005 -0.012 -0.027 -0.093
150.00 -0.001 -0.002 -0.002 -0.004 -0.005 -0.013 -0.030 -0.112
140.00 -0.001 -0.002 -0.002 -0.004 -0.006 -0.015 -0.035 -0.132

" Cassegrain focus.

6.2 Physical Optics Analysis
6.2.1  Beam Profile at Cassegrain Focus

Figures 8(g) — (j) show the beam profile at the Cassegrain with comparison of results obtained
by both quasi-optics and physical optics.

0 - : I
A — Physical Optics Result
-------- Quasi-Optics Result

-10 r
B 20+

-30

-40

0 10 20 30 40
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Figure 8(g). Beam profile at Cassegrain focus for Band 5 mid frequency 187 GHz.
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Figure 8(h). Beam profile of co-polar field at Cassegrain focus, Band 5 mid frequency 187 GHz;
x-polarised source solid line, y-polarised source dotted line.
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Figure 8(i). Beam profile at Cassegrain focus Band 5 mid frequency 187 GHz., x-polarised source;
¢=0° co-polar field solid line, ¢ = 90° co-polar field dotted line, ¢ = 90° X-polar field dash line.
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Figure 8(j). Beam profile at Cassegrain focus Band 5 mid frequency 187 GHz., y-polarised source;
#=0° co-polar field solid line, ¢=90° co-polar field dotted line, = 90° X-polar field dash line.
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6.2.2  Beam Profile at Subreflector & Edge Taper
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Figure 8(k). Beam profile at subreflector Band 5 mid frequency 187 GHz.; ¢ = 0° solid line, ¢= 90° dash line.

The edge tapers at the subreflector corresponding to the four positions where ¢ = 0° and 90°
are —11.6, -11, -11.3 and —11.3 respectively.

6.2.3  Far Field Radiation Pattern
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Figure 8(1). Antenna far field radiation pattern for Band 5 mid frequency 187 GHz.;
x-polarised source solid line, y-polarised source dash line.
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Figure 8(m). 3-D plot of antenna co-polar field radiation pattern.

Figure 8(n). 3-D plot of antenna cross-polar field radiation pattern.
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6.2.4  Beam & Cross-Polar Efficiencies
The beam efficiencies are shown in Table VII(j) below.
TABLE VII(j)

Beam efficiencies for Band 5 mid frequency 187 GHz
defined by contours of the co-polarisation field.

Level below Co-polar  Cross-polar

peak (dB) (%) (%)
3.0 46.24 0.00
6.0 67.98 0.01
9.0 78.01 0.02
12.0 82.60 0.03
15.0 84.74 0.03
18.0 85.80 0.03
21.0 86.51 0.04
24.0 88.45 0.04
27.0 88.80 0.04
30.0 88.92 0.04
33.0 89.48 0.04
36.0 89.83 0.04
39.0 90.18 0.04
42.0 90.51 0.04
45.0 90.76 0.04
48.0 90.90 0.04
51.0 90.97 0.04
54.0 91.03 0.04
57.0 91.09 0.04
60.0 91.12 0.04
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7 BAND 6
7.1 Quasi-Optics Analysis
7.1.1 Gaussian Beam Parameters

TABLE VIII(a)
Quasi-optics Gaussian beam parameters for Band 6.

Frequency [GHz]| 211 243 275
A [mm] 1.420817  1.233714  1.090154
Horn diameter 7.0

Horn axial length 50.0

Horn slant length 50.122

Horn waist, w, 2.198 2.181 2.162
Horn waist offset, Az(w) -2.39022 -3.12161 -3.92921
Waist at horn aperture, wy, 2.252 2.252 2.252
d; 59.89

Ry 65.277 64.112 65.340 66.663
fi 34.44

R, 72.905 74.414 72.825 71.249
Waist at mirror 1, wyy (dia. = 64) 13.003 11.553 10.468
Zypl 71.5777 69.6292 67.7980
Wi 2.539 2.420 2.304
d, 140.00

Ry, 73.421 71.389 73.533 75.443
1 58.397

Ry 275.39 320.874 283.696 258.458
Waist at mirror 2, wyp, (dia. = 70) 12.452 11.671 11.116
Zy(Cass.) 166.86 171.035 169.986 169.281
Wass. 8.509 7.389 6.530
Amirror-subrefl 6166.76 6166.76 6166.76
Weubrefl (dia. = 750) 318.796 318.796 318.796
Rbrent 6000.00  5999.999  5999.997  5999.996
Edge Taper (dB) 12.00 12.02 12.02 12.02

All dimensions in mm.
7.1.2 Truncation Loss at Mirrors

The beam profiles at mirror 1 and mirror 2 are shown in Figures 9(a), (b) and (c). Truncation
loss of the beam for a range of mirror diameters is given in Table VIII(b) and VIII(c).
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Figure 9. Beam profile at mirror 1 and mirror 2; (a) 211 GHz, (b) 243 GHz and (¢) 275 GHz.

TABLE VIII(b)
Truncated beam power and loss at mirror 1 for Band 6.

Frequency 211 GHz 243 GHz 275 GHz

Diameter Power Loss Power Loss Power Loss
80 0.999 -0.006 0.999 -0.003
70 0.997 -0.012 0.998 -0.007 0.999 -0.005
64 0.997 -0.013 0.998 -0.011 0.999 -0.006
60 0.996 -0.017 0.997 -0.013 0.998 -0.009
50 0.989 -0.048 0.994 -0.024 0.996 -0.016
40 0.977 -0.101 0.982 -0.078 0.988 -0.050
30 0.923 -0.347 0.953 -0.207 0.965 -0.157
20 0.679 -1.680 0.771 -1.129 0.837 -0.773

Diameter in mm., loss in dB.
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TABLE VIII(c)
Truncated beam power and loss at mirror 2 for Band 6.

Frequency 211 GHz 243 GHz 275 GHz

Diameter Power Loss Power Loss Power Loss
80 0.999 -0.004 0.999 -0.003 1.000 -0.002
70 0.998 -0.008 0.999 -0.004 0.999 -0.003
60 0.997 -0.014 0.998 -0.010 0.999 -0.006
50 0.991 -0.039 0.994 -0.024 0.996 -0.017
40 0.976 -0.107 0.982 -0.078 0.986 -0.060
30 0914 -0.391 0.934 -0.297 0.949 -0.226
20 0.747 -1.270 0.775 -1.107 0.794 -1.003

Diameter in mm., loss in dB.

7.1.3  Truncation Loss at Cryostat Window

The beam profiles at the cryostat window are shown in Figures 9(d), (e) and (f). Truncation
loss of the beam for a range of window diameters is given in Table VIII(d) — VIII(i).

0
Refer to Table for range of distances.
-10
-20
m
- -30
-40
-50
nom. Cass focus
-60
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Distance from Beam Axis (mm)
0 0
Refer to Table for range of distances. Refer to Table for range of distances.
-10 \ -10
220 -20
Q 30 3
-40 Z /
nom. Cass.|focus
-50 r r
nom. Cass. focus
-60
0 10 20 30 40 0 10 20 30
Distance from Beam Axis (mm.) Distance from Beam Axis (mm)

Figure 9. Beam profile at various distances from mirror2; (d) 211 GHz, (e) 243 GHz and (f) 275 GHz.
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TABLE VIII(d)
Truncated beam power at cryostat window for Band 6 low limit frequency 211 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 80 70 60 50 40 30 20
150.00 1.000 0999 0.999 0998 0996 0.991 0.926
160.00 1.000 0999 0999 0.998 0996 0.992 0.928
166.86 1.000 0999 0999 0.998 0996 0.992 0.929
170.00 1.000 0999 0999 0.998 0997 0.992 0.929
180.00 1.000 0999 0999 0998 0996 0.991 0.929
190.00 1.000 0999 0999 0.998 0996 0.990 0.927
200.00 1.000 0999 0999 0998 0996 0.989 0.924
210.00 1.000 0999 0999 0998 0996 0.987 00919
220.00 1.000 0999 0999 0998 0996 0.985 00913
230.00 1.000 0999 0999 0.997 0995 0.987 0.905
240.00 1.000 0999 0999 0.997 0994 0.978 0.897

T Cassegrain focus.
TABLE VIII(e)

Beam truncation loss in dB at cryostat window for Band 6 low limit frequency 211 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 80 70 60 50 40 30 20
150.00 -0.002 -0.003 -0.004 -0.009 -0.016 -0.040 -0.334
160.00 -0.002 -0.003 -0.004 -0.009 -0.015 -0.037 -0.323
166.86" -0.002 -0.003 -0.004 -0.009 -0.015 -0.036 -0.319
170.00 -0.002 -0.003 -0.004 -0.009 -0.015 -0.037 -0.318
180.00 -0.002 -0.003 -0.004 -0.009 -0.015 -0.038 -0.320
190.00 -0.002 -0.003 -0.004 -0.009 -0.016 -0.042 -0.329
200.00 -0.002 -0.003 -0.004 -0.009 -0.017 -0.049 -0.345
210.00 -0.002 -0.003 -0.004 -0.010 -0.018 -0.057 -0.367
220.00 -0.002 -0.003 -0.004 -0.010 -0.020 -0.068 -0.396
230.00 -0.002 -0.003 -0.004 -0.011 -0.022 -0.081 -0.432
240.00 -0.002 -0.003 -0.005 -0.012 -0.024 -0.096 -0.474

T Cassegrain focus.
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TABLE VIII(f)
Truncated beam power at cryostat window for Band 6 mid frequency 243 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 80 70 60 50 40 30 20
150.00 1.000  1.000 0.999 0999 0998 0.992 0971
160.00 1.000  1.000 0999 0.999 0998 0.993 0.973
166.86 1.000  1.000 0999 0999 0998 0.993 0.973
170.00 1.000 1.000 0999 0.999 0998 0993 0.973
180.00 1.000 1.000 0999 0.999 0998 0993 0.972
190.00 1.000 1.000 0999 0.999 0998 0.992 0.970
200.00 1.000 1.000 0999 0.999 0998  0.991 0.966
210.00 1.000 1.000 0999 0.999 0997 0.990 0.960
220.00 1.000 1.000 0999 0999 0997 0.989 0.953
230.00 1.000  1.000 0.999 0999 0997 0987 0.944
240.00 1.000 1.000 0.999 0999 0996 0985 0.934

T Cassegrain focus.
TABLE VIII(g)

Beam truncation loss in dB at cryostat window for Band 6 mid frequency 243 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 80 70 60 50 40 30 20
150.00 -0.001 -0.002 -0.003 -0.005 -0.009 -0.034 -0.130
160.00 -0.001 -0.002 -0.003 -0.005 -0.009 -0.032 -0.120
166.86" -0.001 -0.002 -0.003 -0.005 -0.009 -0.032 -0.117
170.00 -0.001 -0.002 -0.003 -0.005 -0.009 -0.032 -0.117
180.00 -0.001 -0.002 -0.003 -0.005 -0.009 -0.033 -0.127
190.00 -0.001 -0.002 -0.003 -0.005 -0.009 -0.035 -0.133
200.00 -0.001 -0.002 -0.003 -0.005 -0.010 -0.038 -0.151
210.00 -0.001 -0.002 -0.003 -0.005 -0.011 -0.043 -0.176
220.00 -0.001 -0.002 -0.003 -0.005 -0.012 -0.049 -0.209
230.00 -0.001 -0.002 -0.004 -0.006 -0.014 -0.057 -0.248
240.00 -0.001 -0.002 -0.004 -0.006 -0.016 -0.066 -0.294

T Cassegrain focus.
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TABLE VIII(h)
Truncated beam power at cryostat window for Band 6 high limit frequency 275 GHz.

Distance from Window diameter (mm.)

mirror 2 (mm.) 80 70 60 50 40 30 20
150.00 1.000 1.000 1.000 0.999 0998 0.996 0.987
160.00 1.000  1.000 1.000 0.999 0998 0.996 0.988
166.86 1.000 1.000 1.000 0.999 0998 0.996 0.989
170.00 1.000  1.000 1.000 0.999 0998 0.996 0.989
180.00 1.000  1.000 1.000 0.999 0998 0.996 0.988
190.00 1.000  1.000 1.000 0.999 0998 0.996 0.985
200.00 1.000  1.000 1.000 0.999 0998 0.995 0.981
210.00 1.000 1.000 1.000 0.999 0998 0.995 0.975
220.00 1.000  1.000 1.000 0.999 0998 0.994 0.968
230.00 1.000 1.000 1.000 0.999 0.997 0.993  0.960
240.00 1.000  1.000 0.999 0999 0.997 0.991 0.950

T Cassegrain focus.

TABLE VIII(i)
Beam truncation loss in dB at cryostat window for Band 6 high limit frequency 275 GHz.

Distance from Window diameter (mm.)

mirror 2 (mm.) 80 70 60 50 40 30 20
150.00 -0.001 -0.001 -0.002 -0.003 -0.008 -0.019 -0.059
160.00 -0.001 -0.001 -0.002 -0.003 -0.008 -0.018 -0.050
166.86 -0.001 -0.001 -0.002 -0.003 -0.008 -0.018 -0.049
170.00 -0.001 -0.001 -0.002 -0.003 -0.008 -0.018 -0.049
180.00 -0.001 -0.001 -0.002 -0.003 -0.008 -0.018 -0.054
190.00 -0.001 -0.001 -0.002 -0.003 -0.008 -0.019 -0.065
200.00 -0.001 -0.001 -0.002 -0.004 -0.009 -0.021 -0.083
210.00 -0.001 -0.001 -0.002 -0.004 -0.009 -0.024 -0.108
220.00 -0.001 -0.001 -0.002 -0.004 -0.010 -0.027 -0.139
230.00 -0.001 -0.001 -0.002 -0.004 -0.011 -0.032 -0.177
240.00 -0.001 -0.001 -0.002 -0.005 -0.012 -0.038 -0.221

T Cassegrain focus.

7.2 Physical Optics Analysis
7.2.1  Beam Profile at Cassegrain Focus

Figures 9(g) — (j) show the beam profile at the Cassegrain with comparison of results obtained
by both quasi-optics and physical optics.
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Figure 9(g). Beam profile at Cassegrain focus for Band 6 mid frequency 243 GHz.
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Figure 9(h). Beam profile of co-polar field at Cassegrain focus, Band 6 mid frequency 243 GHz;
x-polarised source solid line, y-polarised source dotted line.
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Figure 9(i). Beam profile at Cassegrain focus Band 6 mid frequency 243 GHz., x-polarised source;
@=0° co-polar field solid line, ¢=90° co-polar field dotted line, = 90° X-polar field dash line.
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Figure 9(j). Beam profile at Cassegrain focus Band 6 mid frequency 243 GHz., y-polarised source;
¢=0° co-polar field solid line, ¢ = 90° co-polar field dotted line, ¢ = 90° X-polar field dash line.

7.2.2  Beam Profile at Subreflector & Edge Taper

=
]
¥
]
=
=

T
=288

Figure 9(k). Beam profile at subreflector Band 6 mid frequency 243 GHz.; ¢ = 0° solid line, ¢= 90° dash line.

The edge tapers at the subreflector corresponding to the four positions where ¢ = 0° and 90°
are —10.9, -10.5, -10.7 and —10.7 respectively.
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7.2.3  Far Field Radiation Pattern
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Figure 9(1). Antenna far field radiation pattern for Band 6 mid frequency 243 GHz.;
x-polarised source solid line, y-polarised source dash line.

Figure 9(m). 3-D plot of antenna co-polar field radiation pattern.

Figure 9(n). 3-D plot of antenna cross-polar field radiation pattern.
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7.2.4  Beam & Cross-Polar Efficiencies
The beam efficiencies are shown in Table VIII(j) below.
TABLE VIII(j)

Beam efficiencies for Band 6 mid frequency 243 GHz
defined by contours of the co-polarisation field.

Level below Co-polar  Cross-polar
peak (dB) (%) (%)
3.0 42.76 0.00
6.0 63.45 0.01
9.0 73.38 0.02
12.0 78.35 0.03
15.0 81.16 0.03
18.0 83.87 0.04
21.0 86.50 0.04
24.0 87.19 0.04
27.0 87.46 0.04
30.0 88.09 0.04
33.0 88.51 0.04
36.0 88.76 0.04
39.0 89.19 0.04
42.0 89.54 0.04
45.0 89.84 0.04
48.0 90.01 0.04
51.0 90.09 0.04
54.0 90.14 0.04
57.0 90.21 0.04
60.0 90.26 0.04
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8 BAND 7
8.1 Quasi-Optics Analysis
8.1.1 Gaussian Beam Parameters

TABLE IX(a)
Quasi-optics Gaussian beam parameters for Band 7.

Frequency [GHz]| 275 323 370
A [mm] 1.090154  0.928150  0.810250
Horn diameter 6.0

Horn axial length 43.0

Horn slant length 43.105

Horn waist, wy 1.873 1.853 1.830
Horn waist offset, Az(w) -2.51955 -3.40042 -4.35476
Waist at horn aperture, wy, 1.930 1.930 1.930
d; 38.0

Ry 44.54 43.043 44.662 46.339
fi 25.537

R, 59.85 62.789 59.637 56.887
Waist at mirror 1, wyy (dia. = 35) 7.736 6.857 6.242
Zypl 55.4413 52.2922 49.8238
Wi 2.646 2.406 2.200
d, 155.00

Ry, 106.26 103.650 106.447 108.522
1 76.188

Ry 269.20 287.554 268.019 255.707
Waist at mirror 2, wyp, (dia. = 70) 13.320 12.838 12.527
Zy(Cass.) 216.00 218.454 217.759 217.323
Wass. 6.529 5.559 4.853
Amirror-subrefl 6215.94 6215.94 6215.94
Weubrefl (dia. = 750) 318.801 318.801 318.801
Rbrent 6000.00  6000.003  6000.005  6000.008
Edge Taper (dB) 12.00 12.02 12.02 12.02

All dimensions in mm.

8.1.2 Truncation Loss at Mirrors

The beam profiles at mirror 1 and mirror 2 are shown in Figures 10(a), (b) and (c). Truncation
loss of the beam for a range of mirror diameters is given in Table IX(b) and IX(c).
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Figure 10. Beam profile at mirror 1 and mirror 2; (a) 275 GHz, (b) 323 GHz and (c) 370 GHz.

TABLE IX(b)

Truncated beam power and loss at mirror 1 for Band 7.

Frequency 275 GHz 323 GHz 370 GHz

Diameter Power Loss Power Loss Power Loss
60 0.999 -0.003 1.000 -0.002 1.000 -0.001
55 0.999 -0.004 1.000 -0.002 1.000 -0.001
50 0.999 -0.005 0.999 -0.003 0.999 -0.002
45 0.998 -0.008 0.999 -0.005 0.999 -0.003
40 0.997 -0.014 0.998 -0.007 0.999 -0.005
35 0.996 -0.019 0.997 -0.015 0.998 -0.008
30 0.989 -0.046 0.995 -0.023 0.996 -0.018
25 0.976 -0.106 0.985 -0.064 0.992 -0.036
20 0.950 -0.224 0.963 -0.165 0.972 -0.121

Diameter in mm., loss in dB.
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TABLE IX(c)
Truncated beam power and loss at mirror 2 for Band 7.

Frequency 275 GHz 323 GHz 370 GHz

Diameter Power Loss Power Loss Power Loss
90 1.000 -0.001 1.000 -0.001 1.000 -0.001
85 1.000 -0.002 1.000 -0.001 1.000 -0.001
80 0.999 -0.003 1.000 -0.002 1.000 -0.001
75 0.999 -0.004 0.999 -0.002 1.000 -0.002
70 0.999 -0.006 0.999 -0.004 0.999 -0.002
65 0.998 -0.008 0.999 -0.005 0.999 -0.003
60 0.997 -0.013 0.998 -0.008 0.999 -0.006
55 0.995 -0.022 0.997 -0.014 0.998 -0.010

Diameter in mm., loss in dB.

8.1.3  Truncation Loss at Cryostat Window

The beam profiles at the cryostat window are shown in Figures 10(d), (e) and (f). Truncation
loss of the beam for a range of window diameters is given in Table IX(d) —IX(i).
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Figure 10. Beam profile at various distances from mirror 2; (d) 275 GHz, (e) 323 GHz and (f) 370 GHz.

TABLE IX(d)
Truncated beam power at cryostat window for Band 7 low limit frequency 275 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 60 55 50 45 40 36 30 25 20
160 1.000 0999 0.999 0.999 0998 0997 0995 0987 0975
170 1.000 0999 0.999 0.999 0998 0998 0.995 0.989 0.981
180 1.000 0999 0.999 0.999 0998 0998 0.996 0.990 0.985
190 1.000 0999 0.999 0.999 0998 0998 0.996 0.991 0.988
200 1.000  0.999 0999 0.999 0998 0998 0.996 0.992 0.989
210 1.000 0999 0999 0.999 0998 0998 0.996 0.992 0.989
216" 1.000  0.999 0999 0.999 0998 0998 0.996 0.992 0.989
220 1.000 0999 0999 0999 0998 0998 099 0991 0.987
230 1.000 0999 0999 0999 0.998 0998 0995 0.990 0.984
240 1.000 0999 0999 0999 0998 0998 0995 0988 0.979
250 1.000 0999 0999 0.999 0998 0997 0994 0986 0.973
260 1.000 0999 0999 0999 0.997 0997 0993 0983 0.965

T Cassegrain focus.
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TABLE IX(e)

Beam truncation loss in dB at cryostat window for Band 7 low limit frequency 275 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 60 55 50 45 40 36 30 25 20
160 -0.002 -0.003 -0.004 -0.005 -0.009 -0.012 -0.024 -0.059 -0.110
170 -0.002 -0.003 -0.004 -0.005 -0.009 -0.010 -0.021 -0.049 -0.085
180 -0.002 -0.003 -0.004 -0.004 -0.008 -0.009 -0.019 -0.042 -0.067
190 -0.002 -0.003 -0.003 -0.004 -0.008 -0.009 -0.018 -0.038 -0.055
200 -0.002 -0.003 -0.003 -0.004 -0.008 -0.009 -0.018 -0.036 -0.049
210 -0.002 -0.003 -0.003 -0.004 -0.008 -0.009 -0.018 -0.036 -0.050
216" -0.002 -0.003 -0.003 -0.004 -0.008 -0.009 -0.018 -0.035 -0.049
220 -0.002 -0.003 -0.003 -0.004 -0.008 -0.009 -0.019 -0.039 -0.058
230 -0.002 -0.003 -0.004 -0.005 -0.008 -0.010 -0.021 -0.044 -0.072
240 -0.002 -0.003 -0.004 -0.005 -0.009 -0.011 -0.023 -0.052 -0.093
250 -0.002 -0.003 -0.004 -0.005 -0.010 -0.012 -0.027 -0.063 -0.121
260 -0.002 -0.003 -0.004 -0.006 -0.011 -0.014 -0.032 -0.077 -0.155

T Cassegrain focus.

TABLE IX(f)
Truncated beam power at cryostat window for Band 7 mid frequency 323 GHz.
Distance from Window diameter (mm.)

mirror 2 (mm.) 60 55 50 45 40 36 30 25 20
160 1.000 1.000 0999 0999 0.999 0998 0.996 0990 0.974
170 1.000 1.000 0999 0999 0.999 0998 0.997 0992 0.980
180 1.000 1.000 1.000  0.999 0999 0.998 0997 0.993 0.984
190 1.000 1.000 1.000  0.999 0999 0.998 0998 0.994 0.988
200 1.000 1.000 1.000 0999 0999 0999 0998 0.995 0.990
210 1.000 1.000 1.000 0999 0.999 0999 0998 0995 0.991
216" 1.000 1.000 1.000 0999 0999 0999 0998 0.995 0.992
220 1.000 1.000 1.000 0999 0999 0999 0998 0.995 0.992
230 1.000 1.000 1.000 0999 0.999 0999 0998 0995 0.991
240 1.000 1.000 1.000 0999 0999 0999 0998 0.995 0.989
250 1.000 1.000 1.000 0.999 0999 0.998 0997 0.994 0.985
260 1.000 1.000 1.000 0.999 0999 0.998 0997 0.993 0.981

T Cassegrain focus.

71





TABLE IX(g)

Beam truncation loss in dB at cryostat window for Band 7 mid frequency 323 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 60 55 50 45 40 36 30 25 20
160 -0.001 -0.002 -0.002 -0.004 -0.005 -0.009 -0.017 -0.042 -0.115
170 -0.001 -0.002 -0.002 -0.004 -0.005 -0.008 -0.014 -0.035 -0.089
180 -0.001 -0.002 -0.002 -0.004 -0.004 -0.007 -0.012 -0.029 -0.068
190 -0.001 -0.002 -0.002 -0.003 -0.004 -0.007 -0.010 -0.025 -0.053
200 -0.001 -0.002 -0.002 -0.003 -0.004 -0.006 -0.009 -0.022 -0.043
210 -0.001 -0.002 -0.002 -0.003 -0.004 -0.006 -0.009 -0.020 -0.037
216" -0.001 -0.002 -0.002 -0.003 -0.004 -0.006 -0.009 -0.020 -0.036
220 -0.001 -0.002 -0.002 -0.003 -0.004 -0.006 -0.009 -0.020 -0.037
230 -0.001 -0.002 -0.002 -0.003 -0.004 -0.006 -0.009 -0.021 -0.041
240 -0.001 -0.002 -0.002 -0.003 -0.004 -0.006 -0.010 -0.023 -0.050
250 -0.001 -0.002 -0.002 -0.003 -0.004 -0.007 -0.011 -0.026 -0.064
260 -0.001 -0.002 -0.002 -0.004 -0.004 -0.007 -0.013 -0.031 -0.082
T Cassegrain focus.
TABLE IX(h)
Truncated beam power at cryostat window for Band 7 high limit frequency 370 GHz.
Distance from Window diameter (mm.)
mirror 2 (mm.) 60 55 50 45 40 36 30 25 20
160 1.000  1.000 1.000 0.999 0999 0999 0.997 0995 0.982
170 1.000 1.000 1.000 1.000 0999 0.999 0.997 099 0.986
180 1.000  1.000 1.000 1.000 0999 0.999 0.998 0997 0.989
190 1.000  1.000 1.000 1.000 0999 0999 0.998 0997 0.991
200 1.000 1.000 1.000 1.000 0999 0.999 0998 0.998 0.992
210 1.000 1.000 1.000 1.000 0.999 0.999 0998 0.998  0.993
216" 1.000 1.000 1.000 1.000 0.999 0.999 0998 0.998 0.993
220 1.000  1.000 1.000 1.000 0999 0.999 0998 0.998 0.993
230 1.000  1.000 1.000 1.000 0.999 0.999 0998 0.998 0.992
240 1.000  1.000 1.000 1.000 0999 0.999 0998 0.997 0.991
250 1.000 1.000 0999 1.000 0999 0999 0.998 0997 0.990
260 1.000 1.000 1.000 1.000 0999 0999 0.998 0996 0.987

T Cassegrain focus.
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TABLE IX(i)

Beam truncation loss in dB at cryostat window for Band 7 high limit frequency 370 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 60 55 50 45 40 36 30 25 20
160 -0.001 -0.001 -0.002 -0.002 -0.004 -0.005 -0.013 -0.023 -0.081
170 -0.001 -0.001 -0.002 -0.002 -0.004 -0.005 -0.011 -0.018 -0.063
180 -0.001 -0.001 -0.002 -0.002 -0.003 -0.004 -0.010 -0.014 -0.050
190 -0.001 -0.001 -0.002 -0.002 -0.003 -0.004 -0.009 -0.012 -0.040
200 -0.001 -0.001 -0.002 -0.002 -0.003 -0.004 -0.008 -0.010 -0.034
210 -0.001 -0.001 -0.001 -0.002 -0.003 -0.003 -0.008 -0.010 -0.031
216" -0.001 -0.001 -0.001 -0.002 -0.003 -0.003 -0.008 -0.009 -0.030
220 -0.001 -0.001 -0.001 -0.002 -0.003 -0.003 -0.008 -0.009 -0.030
230 -0.001 -0.001 -0.001 -0.002 -0.003 -0.003 -0.008 -0.010 -0.033
240 -0.001 -0.001 -0.001 -0.002 -0.003 -0.004 -0.008 -0.011 -0.038
250 -0.001 -0.001 -0.002 -0.002 -0.003 -0.004 -0.009 -0.013 -0.046
260 -0.001 -0.001 -0.002 -0.002 -0.003 -0.004 -0.010 -0.017 -0.057

T Cassegrain focus.

8.2 Physical Optics Analysis [*This section pending design revision.]

8.2.1  Beam Profile at Cassegrain Focus

Figures 10(g) — (j) show the beam profile at the Cassegrain with comparison of results
obtained by both quasi-optics and physical optics.

Figure 10(g). Beam profile at Cassegrain focus for Band 7 mid frequency 323 GHz.

8.2.2  Beam Profile at Subreflector & Edge Taper

8.2.3 Far Field Radiation Pattern

824  Beam & Cross-Polar Efficiencies
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9 BAND 8
9.1 Quasi-Optics Analysis
9.1.1 Gaussian Beam Parameters

TABLE X(a)
Quasi-optics Gaussian beam parameters for Band 8.

Frequency [GHz] 385 442 500
A [mm] 0.778682  0.678263  0.599585
Horn diameter 8.69

Horn axial length 35.29

Horn slant length 35.556

Horn waist, w, 2.092 1.959 1.833
Horn waist offset, Az(w) -15.6576  -18.1020  -20.2774
Waist at horn aperture, wy, 2.796 2.796 2.796
d 90.0

Ry 110.88 108.606 111.025 113.087
fi 41.79

Ry 67.07 67.927 67.014 66.285
Waist at mirror 1, wyy (dia. = 62) 12.694 12.074 11.628
Zyy1 67.1937 66.3607 65.7097
wy 1.319 1.192 1.083
d, 125.00

Ry, 59.32 58.659 59.379 59.928
f 46.65

Ry 218.5 227.866 217.615 210.550
Waist at mirror 2, wyp, (dia. = 55) 10.941 10.684 10.503
Zy(Cass.) 186.00 186.378 186.084 185.883
Wass. 4.669 4.067 3.595
A mirror-subrefl 6185.11 6185.11 6185.11
Weubref] (dia. = 750) 318.516 318.516 318.516
Rybret! 6000.00 6000.021  6000.004  5999.992
Edge Taper (dB) 12.00 12.02 12.04 12.04

All dimensions in mm.

9.1.2 Truncation Loss at Mirrors

The beam profiles at mirror 1 and mirror 2 are shown in Figures 11(a), (b) and (c). Truncation
loss of the beam for a range of mirror diameters is given in Table X(b) and X(c).
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Figure 11. Beam profile at mirror 1 and mirror 2; (a) 385 GHz, (b) 442 GHz and (c) 500 GHz.

TABLE X(b)

Truncated beam power and loss at mirror 1 for Band 8.

Frequency 385 GHz 442 GHz 500 GHz

Diameter Power Loss Power Loss Power Loss
80 0.999 -0.004 0.999 -0.002 1.000 -0.001
75 0.999 -0.004 0.999 -0.003 0.999 -0.002
70 0.999 -0.006 0.999 -0.004 0.999 -0.003
65 0.998 -0.010 0.999 -0.006 0.999 -0.004
62 0.997 -0.012 0.998 -0.008 0.999 -0.006
60 0.997 -0.014 0.998 -0.009 0.998 -0.007
55 0.995 -0.021 0.996 -0.016 0.998 -0.010
50 0.991 -0.038 0.994 -0.025 0.996 -0.019
45 0.995 -0.067 0.990 -0.045 0.992 -0.033
40 0.974 -0.113 0.980 -0.088 0.986 -0.063

Diameter in mm., loss in dB.
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TABLE X(c)
Truncated beam power and loss at mirror 2 for Band 8.

Frequency 385 GHz 442 GHz 500 GHz

Diameter Power Loss Power Loss Power Loss
80 1.000 -0.001 1.000 -0.000 1.000 -0.000
75 1.000 -0.001 1.000 -0.001 1.000 -0.000
70 1.000 -0.001 1.000 -0.001 1.000 -0.001
65 1.000 -0.002 1.000 -0.001 1.000 -0.001
62 0.999 -0.003 1.000 -0.002 1.000 -0.001
60 0.999 -0.003 1.000 -0.002 1.000 -0.001
55 0.999 -0.005 0.999 -0.003 0.999 -0.002
50 0.998 -0.009 0.999 -0.006 0.999 -0.004
45 0.996 -0.017 0.997 -0.012 0.998 -0.009
40 0.992 -0.036 0.994 -0.026 0.996 -0.019

Diameter in mm., loss in dB.

9.1.3  Truncation Loss at Cryostat Window

The beam profiles at the cryostat window are shown in Figures 11(d), (e) and (f). Truncation
loss of the beam for a range of window diameters is given in Table X(d) — X(i).

Refer to Table for range of distances.

nom. Cass. focus___i":
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Figure 11. Beam profile at various distances from mirror 2; (d) 385 GHz, (¢) 442 GHz and (f) 500 GHz.

TA

BLE X(d)

Truncated beam power at cryostat window for Band 8 low limit frequency 385 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 50 45 40 35 30 28 25 20 15
120 1.000 0999 0999 0999 0997 099 0994 0980 0.937
130 1.000 1.000 0999 0999 0.997 0997 0995 0984 0.952
140 1.000 1.000 0999 0999 0998 0997 0996 0.988  0.965
150 1.000 1.000 0999 0999 0.998 0998 0997 0.990 0.975
160 1.000 1.000 0999 0.999 0.998 0998 0998 0.992 0.983
170 1.000 1.000 0999 0.999 0.998 0998 0998 0.993 0.988
180 1.000  1.000 0.999 0.999 0998 0998 0.998 0.994 0.990
186" 1.000  1.000 0.999 0.999 0998 0998 0.998 0.994 0.991
190 1.000  1.000 0.999 0.999 0998 0998 0.998 0.994 0.991
200 1.000 1.000 0.999 0.999 0998 0998 0.998 0.994 0.988
210 1.000  1.000 0.999 0.999 0998 0998 0998 0.993 0.983
220 1.000 1.000 0999 0999 0998 0998 0997 0.991 0.976

T Cassegrain focus.
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TABLE X(e)

Beam truncation loss in dB at cryostat window for Band 8§ low limit frequency 385 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 50 45 40 35 30 28 25 20 15
120 -0.002 -0.002 -0.004 -0.006 -0.013 -0.019 -0.027 -0.088 -0.281
130 -0.002 -0.002 -0.003 -0.005 -0.011 -0.015 -0.021 -0.068 -0.212
140 -0.001 -0.002 -0.003 -0.005 -0.009 -0.013 -0.016 -0.053 -0.155
150 -0.001 -0.002 -0.003 -0.004 -0.008 -0.011 -0.013 -0.042 -0.109
160 -0.001 -0.002 -0.003 -0.004 -0.007 -0.009 -0.011 -0.034 -0.076
170 -0.001 -0.002 -0.003 -0.003 -0.007 -0.009 -0.010 -0.029 -0.053
180 -0.001 -0.002 -0.002 -0.003 -0.006 -0.008 -0.009 -0.026 -0.042
186" -0.001 -0.002 -0.002 -0.003 -0.006 -0.008 -0.009 -0.026 -0.040
190 -0.001 -0.002 -0.002 -0.003 -0.006 -0.008 -0.009 -0.026 -0.041
200 -0.001 -0.002 -0.002 -0.003 -0.006 -0.009 -0.009 -0.028 -0.052
210 -0.001 -0.002 -0.003 -0.004 -0.007 -0.009 -0.011 -0.033 -0.073
220 -0.001 -0.002 -0.003 -0.004 -0.008 -0.010 -0.013 -0.039 -0.106

T Cassegrain focus.

TABLE X(f)
Truncated beam power at cryostat window for Band 8 mid frequency 442 GHz.
Distance from Window diameter (mm.)

mirror 2 (mm.) 50 45 40 35 30 28 25 20 15
120 1.000  1.000 0999 0.999 0998 0998 0.995 0988 0.951
130 1.000  1.000 0999 0.999 0999 0998 0.996 0991 0.963
140 1.000  1.000 1.000 0.999 0999 0998 0.997 0994 0.973
150 1.000  1.000 1.000 0.999 0999 0999 0.998 0995 0.980
160 1.000 1.000 1.000 0999 0999 0.999 0998 0.996 0.986
170 1.000  1.000 1.000 0999 0999 0999 0998 0.997 0.990
180 1.000  1.000 1.000 0999 0999 0.999 0998 0.997 0.991
186" 1.000  1.000 1.000 0999 0999 0.999 0998 0.997 0.992
190 1.000  1.000 1.000 0999 0999 0.999 0998 0.997 0.991
200 1.000  1.000 1.000 0999 0999 0.999 0998 0.997 0.990
210 1.000 1.000 1.000 0.999 0999 0999 0.998 0997 0.985
220 1.000  1.000 1.000 0.999 0999 0999 0.998 099  0.981

T Cassegrain focus.
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TABLE X(g)

Beam truncation loss in dB at cryostat window for Band 8 mid frequency 442 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 50 45 40 35 30 28 25 20 15
120 -0.001 -0.001 -0.003 -0.004 -0.008 -0.011 -0.021 -0.052 -0.220
130 -0.001 -0.001 -0.002 -0.004 -0.006 -0.008 -0.016 -0.038 -0.165
140 -0.001 -0.001 -0.002 -0.003 -0.005 -0.007 -0.013 -0.028 -0.121
150 -0.001 -0.001 -0.002 -0.003 -0.004 -0.006 -0.011 -0.021 -0.086
160 -0.001 -0.001 -0.002 -0.003 -0.004 -0.005 -0.009 -0.016 -0.062
170 -0.001 -0.001 -0.002 -0.002 -0.004 -0.004 -0.008 -0.013 -0.045
180 -0.001 -0.001 -0.002 -0.002 -0.003 -0.004 -0.008 -0.012 -0.037
186" -0.001 -0.001 -0.002 -0.002 -0.003 -0.004 -0.008 -0.012 -0.036
190 -0.001 -0.001 -0.002 -0.002 -0.003 -0.004 -0.008 -0.012 -0.037
200 -0.001 -0.001 -0.002 -0.002 -0.004 -0.004 -0.008 -0.013 -0.045
210 -0.001 -0.001 -0.002 -0.003 -0.004 -0.005 -0.009 -0.015 -0.060
220 -0.001 -0.001 -0.002 -0.003 -0.004 -0.005 -0.010 -0.019 -0.084

T Cassegrain focus.

TABLE X(h)
Truncated beam power at cryostat window for Band 8 high limit frequency 500 GHz.
Distance from Window diameter (mm.)

mirror 2 (mm.) 50 45 40 35 30 28 25 20 15
120 1.000 1.000 1.000  0.999 0999 0.998 0997 0.991 0.964
130 1.000 1.000 1.000  0.999 0999 0.999 0998 0.993 0973
140 1.000 1.000 1.000 1.000 0999 0.999 0.998 0995 0.981
150 1.000 1.000 1.000 1.000 0999 0.999 0.999 0997 0.986
160 1.000 1.000 1.000 1.000 0999 0.999 0.999 0997 0.990
170 1.000 1.000 1.000 1.000 0999 0.999 0.999 0998 0.992
180 1.000 1.000 1.000 1.000 0999 0999 0.999 0998 0.993
186" 1.000 1.000 1.000 1.000 0999 0999 0.999 0998 0.993
190 1.000 1.000 1.000 1.000 0999 0999 0.999 0998  0.993
200 1.000 1.000 1.000 1.000 0999 0999 0999 0998 0.992
210 1.000 1.000 1.000 1.000 0999 0.999 0.999 0997 0.990
220 1.000 1.000 1.000 1.000 0999 0.999 0999 0997 0.987

T Cassegrain focus.
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TABLE X(i)

Beam truncation loss in dB at cryostat window for Band 8 high limit frequency 500 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 50 45 40 35 30 28 25 20 15
120 -0.001 -0.001 -0.002 -0.003 -0.006 -0.008 -0.012 -0.040 -0.160
130 -0.001 -0.001 -0.001 -0.002 -0.005 -0.006 -0.009 -0.028 -0.117
140 -0.001 -0.001 -0.001 -0.002 -0.004 -0.005 -0.007 -0.020 -0.085
150 -0.001 -0.001 -0.001 -0.002 -0.004 -0.004 -0.006 -0.015 -0.061
160 -0.001 -0.001 -0.001 -0.002 -0.003 -0.004 -0.005 -0.012 -0.045
170 -0.001 -0.001 -0.001 -0.002 -0.003 -0.004 -0.004 -0.010 -0.035
180 -0.001 -0.001 -0.001 -0.002 -0.003 -0.003 -0.004 -0.009 -0.030
186" -0.001 -0.001 -0.001 -0.002 -0.003 -0.003 -0.004 -0.009 -0.029
190 -0.001 -0.001 -0.001 -0.002 -0.003 -0.003 -0.004 -0.009 -0.029
200 -0.001 -0.001 -0.001 -0.002 -0.003 -0.004 -0.004 -0.010 -0.034
210 -0.001 -0.001 -0.001 -0.002 -0.003 -0.004 -0.005 -0.012 -0.043
220 -0.001 -0.001 -0.001 -0.002 -0.003 -0.004 -0.006 -0.015 -0.058

T Cassegrain focus.

9.2 Physical Optics Analysis [*This section pending design revision.]

9.2.1  Beam Profile at Cassegrain Focus

Figures 11(g) — (j) show the beam profile at the Cassegrain with comparison of results
obtained by both quasi-optics and physical optics.

Figure 11(g). Beam profile at Cassegrain focus for Band 8 mid frequency 442 GHz.

9.2.2  Beam Profile at Subreflector & Edge Taper

9.2.3 Far Field Radiation Pattern

9.2.4  Beam & Cross-Polar Efficiencies
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10 BAND 9
10.1 Quasi-Optics Analysis
10.1.1  Gaussian Beam Parameters

TABLE XI(a)
Quasi-optics Gaussian beam parameters for Band 9.

Frequency [GHz]| 602 661 720
A [mm] 0.497994  0.453544  0.416378
Horn diameter 422

Horn axial length 12.87

Horn slant length 13.042

Horn waist, wy 1.358 1.358 1.358
Horn waist offset, Az(w) -5.77716 - -6.38361 -6.94053
Waist at horn aperture, wy, 1.013 0.970 0.929
d 57.13

Ry 64.15 63.574 64.183 64.731
fi 28.43

R, 51.06 51.428 51.037 50.695
Waist at mirror 1, wyy (dia. = 48) 9.892 9.501 9.191
Zypl 51.0740 50.6993 50.3766
Wi 0.821 0.773 0.729
d, 82.33

Ry, 32.13 31.835 32.172 32.456
f 25.62

Ry 126.546 131.229 125.799 121.640
Waist at mirror 2, wyp, (dia. = 35) 6.089 5.958 5.857
Zy(Cass.) 100.00 99.8028 99.7058 99.6317
Wass. 2.980 2.714 2.491
Amirror-subrefl 6099.27 6099.27 6099.27
Weubrefl (dia. = 750) 319.198 319.198 319.198
Rbrent 6000.00  5999.990  5999.998  6000.004
Edge Taper (dB) 12.00 11.99 11.99 11.99

All dimensions in mm.

10.1.2  Truncation Loss at Mirrors

The beam profiles at mirror 1 and mirror 2 are shown in Figures 12(a), (b) and (c). Truncation
loss of the beam for a range of mirror diameters is given in Table XI(b) and XI(c).
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Figure 12. Beam profile at mirror 1 and mirror 2; (a) 602 GHz, (b) 661 GHz and (c) 720 GHz.

TABLE XI(b)

Distance from Beam Axis (mm)

Truncated beam power and loss at mirror 1 for Band 9.

Frequency 602 GHz 661 GHz 720 GHz

Diameter Power Loss Power Loss Power Loss
60 0.999 -0.004 0.999 -0.004 0.999 -0.003
55 0.998 -0.007 0.999 -0.005 0.999 -0.004
50 0.997 -0.011 0.998 -0.009 0.999 -0.006
48 0.997 -0.013 0.998 -0.011 0.998 -0.008
45 0.996 -0.018 0.997 -0.014 0.997 -0.012
40 0.992 -0.037 0.994 -0.026 0.995 -0.020
35 0.985 -0.067 0.987 -0.056 0.990 -0.044
30 0.968 -0.139 0.975 -0.112 0.978 -0.096

Diameter in mm., loss in dB.
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TABLE XI(c)
Truncated beam power and loss at mirror 2 for Band 9.

Frequency 602 GHz 661 GHz 720 GHz

Diameter Power Loss Power Loss Power Loss
50 1.000 -0.001 1.000 -0.000 1.000 -0.000
45 1.000 -0.001 1.000 -0.001 1.000 -0.001
40 1.000 -0.002 1.000 -0.001 1.000 -0.001
35 0.999 -0.003 0.999 -0.002 1.000 -0.002
30 0.998 -0.008 0.999 -0.006 0.999 -0.005
25 0.995 -0.022 0.996 -0.017 0.997 -0.014
20 0.983 -0.076 0.985 -0.064 0.988 -0.054

Diameter in mm., loss in dB.

Truncation Loss at Cryostat Window

The beam profiles at the cryostat window are shown in Figures 12(d), (e) and (f). Truncation
loss of the beam for a range of window diameters is given in Table XI(d) — XI(i).

0 z=150 mm, 50 mm
z =140 mm, 60 mm
-10 r z=130 mm, 70 mm
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-70
0 5 10 15 20 25
Distance from Beam Axis (mm)
0
Refer to Table for range of distances. Refer to Table for range of |distances.
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Figure 12. Beam profile at various distances from mirror 2; (d) 602 GHz, (e) 661 GHz and (f) 720 GHz.
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TABLE XI(d)
Truncated beam power at cryostat window for Band 9 low limit frequency 602 GHz.

Distance from Window diameter (mm.)
mirror 2 (mm.) 50 45 40 35 30 26 20 15
50 1.000 1.000 1.000 1.000 0999 0.999 0987 0.989
60 1.000 1.000 1.000 1.000 1.000 0.999 0.998 0.993
70 1.000  1.000 1.000 1.000 1.000 0.999 0.998 0.995
80 1.000 1.000 1.000 1.000 1.000 0.999 0999 0.997
90 1.000 1.000 1.000 1.000 1.000 0.999 0999 0.997
1007 1.000 1.000 1.000 1.000 1.000 0.999 0999 0.998
110 1.000  1.000 1.000 1.000 1.000 0.999 0999 0.997
120 1.000  1.000 1.000 1.000 1.000 0.999 0999 0.997
130 1.000 1.000 1.000 1.000 1.000 0.999 0998 0.995
140 1.000 1.000 1.000 1.000 1.000 0.999 0.998 0.993
150 1.000 1.000 1.000 1.000 0999 0.999 0997 0.988

T Cassegrain focus.

TABLE XI(e)
Beam truncation loss in dB at cryostat window for Band 9 low limit frequency 602 GHz.

Distance from Window diameter (mm.)
mirror 2 (mm.) 50 45 40 35 30 26 20 15
50 -0.000 -0.001 -0.001 -0.001 -0.002 -0.004 -0.013 -0.049
60 -0.000 -0.000 -0.001 -0.001 -0.002 -0.003 -0.009 -0.032
70 -0.000 -0.000 -0.001 -0.001 -0.002 -0.003 -0.007 -0.021
80 -0.000 -0.000 -0.001 -0.001 -0.002 -0.002 -0.006 -0.014
90 -0.000 -0.000 -0.001 -0.001 -0.002 -0.002 -0.005 -0.011
100" -0.000 -0.000 -0.001 -0.001 -0.002 -0.002 -0.005 -0.010
110 -0.000 -0.000 -0.001 -0.001 -0.002 -0.002 -0.005 -0.011
120 -0.000 -0.000 -0.001 -0.001 -0.002 -0.002 -0.006 -0.015
130 -0.000 -0.000 -0.001 -0.001 -0.002 -0.003 -0.007 -0.021
140 -0.000 -0.000 -0.001 -0.001 -0.002 -0.003 -0.009 -0.033
150 -0.000 -0.000 -0.001 -0.001 -0.002 -0.004 -0.012 -0.050

T Cassegrain focus.
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TABLE XI(f)
Truncated beam power at cryostat window for Band 9 mid frequency 661 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 50 45 40 35 30 26 20 15
50 1.000 1.000 1.000 1.000 1.000  0.999 0998  0.991
60 1.000 1.000 1.000 1.000 1.000  0.999 0998  0.994
70 1.000 1.000 1.000 1.000 1.000 1.000  0.999  0.996
80 1.000 1.000 1.000 1.000 1.000 1.000 0999  0.997
90 1.000 1.000 1.000 1.000 1.000 1.000 0.999  0.998
1007 1.000 1.000 1.000 1.000 1.000 1.000  0.999  0.998
110 1.000 1.000 1.000 1.000 1.000 1.000  0.999  0.998
120 1.000 1.000 1.000 1.000 1.000 1.000  0.999  0.997
130 1.000 1.000 1.000 1.000 1.000 1.000  0.999  0.996
140 1.000 1.000 1.000 1.000 1.000 0.999 0998  0.994
150 1.000 1.000 1.000 1.000 1.000  0.999 0998  0.990
T Cassegrain focus.
TABLE XI(g)
Beam truncation loss in dB at cryostat window for Band 9 mid frequency 661 GHz.
Distance from Window diameter (mm.)
mirror 2 (mm.) 50 45 40 35 30 26 20 15
50 -0.000 -0.000 -0.001 -0.001 -0.002 -0.003 -0.009 -0.041
60 -0.000 -0.000 -0.001 -0.001 -0.001 -0.002 -0.007 -0.026
70 -0.000 -0.000 -0.001 -0.001 -0.001 -0.002 -0.005 -0.017
80 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.004 -0.012
90 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.004 -0.009
100" -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.003 -0.009
110 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.004 -0.010
120 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.004 -0.012
130 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.005 -0.018
140 -0.000 -0.000 -0.001 -0.001 -0.001 -0.002 -0.007 -0.027
150 -0.000 -0.000 -0.001 -0.001 -0.002 -0.003 -0.010 -0.042

T Cassegrain focus.
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TABLE XI(h)
Truncated beam power at cryostat window for Band 9 high limit frequency 720 GHz.

Distance from Window diameter (mm.)
mirror 2 (mm.) 50 45 40 35 30 26 20 15
50 1.000 1.000 1.000 1.000 1.000 0.999 0998 0.992
60 1.000  1.000 1.000 1.000 1.000 1.000 0.999 0.995
70 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.997
80 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.998
90 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.998
1007 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.998
110 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.998
120 1.000  1.000 1.000 1.000 1.000 1.000 0.999 0.997
130 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.997
140 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.995
150 1.000 1.000 1.000 1.000 1.000 0.999 0998  0.992

T Cassegrain focus.

TABLE XI(i)
Beam truncation loss in dB at cryostat window for Band 9 high limit frequency 720 GHz.

Distance from Window diameter (mm.)
mirror 2 (mm.) 50 45 40 35 30 26 20 15
50 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.008 -0.034
60 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.006 -0.022
70 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.005 -0.015
80 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.004 -0.011
90 -0.000 -0.000 -0.000 -0.001 -0.001 -0.001 -0.003 -0.009
100" -0.000 -0.000 -0.000 -0.001 -0.001 -0.001 -0.003 -0.008
110 -0.000 -0.000 -0.000 -0.001 -0.001 -0.001 -0.003 -0.009
120 -0.000 -0.000 -0.000 -0.001 -0.001 -0.001 -0.004 -0.011
130 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.005 -0.015
140 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.006 -0.022
150 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.008 -0.034

T Cassegrain focus.

10.2 Physical Optics Analysis
10.2.1  Beam Profile at Cassegrain Focus

Figures 12(g) — (j) show the beam profile at the Cassegrain focus with comparison of results
obtained by both quasi-optics and physical optics.
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Figure 12(g). Beam profile at Cassegrain focus for Band 9 mid frequency 661 GHz.
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Figure 12(h). Beam profile of co-polar field at Cassegrain focus, Band 9 mid frequency 661 GHz;
x-polarised source solid line, y-polarised source dotted line.
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Figure 12(i). Beam profile at Cassegrain focus Band 9 mid frequency 661 GHz., x-polarised source;
¢=0° co-polar field solid line, ¢ = 90° co-polar field dotted line, ¢ = 90° X-polar field dash line.

87





=188

=128

Figure 12(j). Beam profile at Cassegrain focus Band 9 mid frequency 661 GHz., y-polarised source;
¢=0° co-polar field solid line, ¢ = 90° co-polar field dotted line, ¢ = 90° X-polar field dash line.

10.2.2  Beam Profile at Subreflector & Edge Taper

Figure 12(k). Beam profile at subreflector Band 9 mid frequency 661 GHz.; ¢ = 0° solid line, ¢ = 90° dash line.

The edge tapers at the subreflector corresponding to the four positions where ¢ = 0° and 90°
are—11.7,-11.4, -11.4 and —11.4 respectively.
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10.2.3  Far Field Radiation Pattern
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Figure 12(1). Antenna far field radiation pattern for Band 9 mid frequency 661 GHz.;
x-polarised source solid line, y-polarised source dash line.

Figure 12(m). 3-D plot of antenna co-polar field radiation pattern.

Figure 12(n). 3-D plot of antenna cross-polar field radiation pattern.
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524  Beam & Cross-Polar Efficiencies
The beam efficiencies are shown in Table XI(j) below.
TABLE XI(j)

Beam efficiencies for Band 9 mid frequency 661 GHz
defined by contours of the co-polarisation field.

Level below Co-polar  Cross-polar
peak (dB) (%) (%)
3.0 40.82 0.00
6.0 63.90 0.01
9.0 75.11 0.01
12.0 80.70 0.02
15.0 83.91 0.02
18.0 85.86 0.02
21.0 87.98 0.02
24.0 88.89 0.02
27.0 89.26 0.02
30.0 89.57 0.02
33.0 89.98 0.02
36.0 90.34 0.02
39.0 90.72 0.02
42.0 91.06 0.02
45.0 91.39 0.02
48.0 91.61 0.02
51.0 91.72 0.02
54.0 91.77 0.02
57.0 91.85 0.02
60.0 91.93 0.02

90





11 BAND 10
11.1 Quasi-Optics Analysis
11.1.1  Gaussian Beam Parameters

TABLE XII(a)
Quasi-optics Gaussian beam parameters for Band 10.

Frequency [GHz]| 787 868 950
A [mm] 0.380931  0.345383  0.315571
Horn diameter 8.06

Horn axial length 26.77

Horn slant length 17.072

Horn waist, w, 1.138 1.049 0.972
Horn waist offset, Az(w) -21.8631 -22.6380 -23.2675
Waist at horn aperture, wy, 2.593 2.593 2.593
d; 82.0

Ry 105.379 104.959 105.597 106.108
fi 35.31

R, 53.31 53.211 53.049 52.921
Waist at mirror 1, wyy (dia. = 55) 11.130 11.012 10.921
Zypl 53.0670 52.9261 52.8156
Wi 0.579 0.529 0.486
d, 100.0

Ry, 47.151 47.096 47.212 47.302
1 37.77

Ry 189.847 190.741 188.866 187.434
Waist at mirror 2, wyp, (dia. = 49) 9.847 9.797 9.759
Zy(Cass.) 181.00 180.473 180.422 180.383
Wass. 2.285 2.071 1.893
Amirror-subrefl 6180.17 6180.17 6180.17
Weubrefl (dia. = 750) 318.428 318.428 318.428
Rbrent 6000.00  6000.006  6000.002  5999.999
Edge Taper (dB) 12.00 12.05 12.05 12.05

All dimensions in mm.
11.1.2  Truncation Loss at Mirrors

The beam profiles at mirror 1 and mirror 2 are shown in Figures 13(a), (b) and (c). Truncation
loss of the beam for a range of mirror diameters is given in Table XII(b) and XII(c).
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Figure 13. Beam profile at mirror 1 and mirror 2; (a) 787 GHz, (b) 868 GHz and (c) 950 GHz.

TABLE XII(b)

Truncated beam power and loss at mirror 1 for Band 10.

Frequency 787 GHz 868 GHz 950 GHz

Diameter Power Loss Power Loss Power Loss
70 1.000 -0.001 1.000 -0.001 1.000 -0.000
65 1.000 -0.001 1.000 -0.001 1.000 -0.001
60 1.000 -0.002 1.000 -0.001 1.000 -0.001
55 0.999 -0.003 0.999 -0.003 1.000 -0.002
50 0.999 -0.006 0.999 -0.005 0.999 -0.004
45 0.997 -0.013 0.998 -0.010 0.998 -0.008
40 0.994 -0.028 0.995 -0.022 0.996 -0.018
35 0.985 -0.066 0.987 -0.056 0.989 -0.047

Diameter in mm., loss in dB.
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TABLE XII(c)

Truncated beam power and loss at mirror 2 for Band 10.

Frequency 787 GHz 868 GHz 950 GHz

Diameter Power Loss Power Loss Power Loss
60 1.000 -0.000 1.000 -0.000 1.000 -0.000
55 1.000 -0.001 1.000 -0.000 1.000 -0.000
50 1.000 -0.001 1.000 -0.001 1.000 -0.001
49 1.000 -0.001 1.000 -0.001 1.000 -0.001
45 0.999 -0.002 1.000 -0.002 1.000 -0.001
40 0.999 -0.006 0.999 -0.004 0.999 -0.003
35 0.996 -0.016 0.997 -0.013 0.998 -0.011
30 0.988 -0.052 0.990 -0.045 0.991 -0.039

Diameter in mm., loss in dB.

11.1.3  Truncation Loss at Cryostat Window

The beam profiles at the cryostat window are shown in Figures 13(d), (e) and (f). Truncation
loss of the beam for a range of window diameters is given in Table XII(d) — XII(i).
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Figure 13. Beam profile at various distances from mirror 2; (d) 787 GHz, (¢) 868 GHz and (f) 950 GHz.
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TABLE XII(d)
Truncated beam power at cryostat window for Band 10 low limit frequency 787 GHz.

Distance from Window diameter (mm.)
mirror 2 (mm.) 45 40 35 30 25 20 15 10
80 1.000 1.000 1.000 0.999 0998 0.990 0950 0.772
90 1.000  1.000 1.000 0.999 0998 0.993 0965 0.823
100 1.000 1.000 1.000 1.000 0999 0.996 0977 0.868
110 1.000 1.000 1.000 1.000 0999 0.997 0985 0.905
120 1.000  1.000 1.000 1.000 0999 0.998 0991 0.935
130 1.000 1.000 1.000 1.000 1.000 0.999 0994 0.958
140 1.000  1.000 1.000 1.000 1.000 0.999 0996 0.974
150 1.000  1.000 1.000 1.000 1.000 0.999 0998 0.984
160 1.000 1.000 1.000 1.000 1.000 0.999 0.998 0.990
170 1.000 1.000 1.000 1.000 1.000 0.999 0.999 0.994
1817 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.995
190 1.000 1.000 1.000 1.000 1.000 0.999 0999 0.994
200 1.000 1.000 1.000 1.000 1.000 0.999 0998 0.991

T Cassegrain focus.

TABLE XII(e)
Beam truncation loss in dB at cryostat window for Band 10 low limit frequency 787 GHz.

Distance from Window diameter (mm.)
mirror 2 (mm.) 45 40 35 30 25 20 15 10
80 -0.000 -0.001 -0.001 -0.003 -0.011 -0.045 -0.224 -1.124
90 -0.000 -0.001 -0.001 -0.003 -0.007 -0.029 -0.153 -0.847
100 -0.000 -0.001 -0.001 -0.002 -0.005 -0.019 -0.101 -0.617
110 -0.000 -0.000 -0.001 -0.002 -0.004 -0.013 -0.065 -0.433
120 -0.000 -0.000 -0.001 -0.001 -0.003 -0.009 -0.041 -0.292
130 -0.000 -0.000 -0.001 -0.001 -0.002 -0.006 -0.026 -0.188
140 -0.000 -0.000 -0.001 -0.001 -0.002 -0.004 -0.016 -0.116
150 -0.000 -0.000 -0.001 -0.001 -0.001 -0.003 -0.011 -0.070
160 -0.000 -0.000 -0.001 -0.001 -0.001 -0.003 -0.008 -0.042
170 -0.000 -0.000 -0.001 -0.001 -0.001 -0.002 -0.006 -0.028
1817 -0.000 -0.000 -0.001 -0.001 -0.001 -0.002 -0.006 -0.023
190 -0.000 -0.000 -0.001 -0.001 -0.001 -0.002 -0.006 -0.027
200 -0.000 -0.000 -0.001 -0.001 -0.001 -0.002 -0.007 -0.040

T Cassegrain focus.
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TABLE XII(f)
Truncated beam power at cryostat window for Band 10 mid frequency 868 GHz.

Distance from

Window diameter (mm.)

mirror 2 (mm.) 45 40 35 30 25 20 15 10
80 1.000 1.000 1.000 0999 0998 0.992 0955 0.779
90 1.000 1.000 1.000 1.000 0999 0.995 0970 0.831
100 1.000 1.000 1.000 1.000 0999 0.996 0.981 0.877
110 1.000 1.000 1.000 1.000 0999 0998 0.988 0915
120 1.000 1.000 1.000 1.000 0999 0.999 0993 0.944
130 1.000 1.000 1.000 1.000 1.000 0999 0.996 0.966
140 1.000 1.000 1.000 1.000 1.000 0999 0.997 0.980
150 1.000 1.000 1.000 1.000 1.000 0999 0.998  0.989
160 1.000 1.000 1.000 1.000 1.000 1.000  0.999  0.994
170 1.000 1.000 1.000 1.000 1.000 1.000  0.999  0.996
1817 1.000 1.000 1.000 1.000 1.000 1.000  0.999  0.997
190 1.000 1.000 1.000 1.000 1.000 1.000  0.999  0.996
200 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.994
T Cassegrain focus.
TABLE XII(g)
Beam truncation loss in dB at cryostat window for Band 10 mid frequency 868 GHz.
Distance from Window diameter (mm.)
mirror 2 (mm.) 45 40 35 30 25 20 15 10
80 -0.000 -0.001 -0.001 -0.003 -0.009 -0.037 -0.200 -1.087
90 -0.000 -0.000 -0.001 -0.002 -0.006 -0.024 -0.132 -0.803
100 -0.000 -0.000 -0.001 -0.002 -0.004 -0.015 -0.085 -0.570
110 -0.000 -0.000 -0.001 -0.001 -0.003 -0.010 -0.052 -0.386
120 -0.000 -0.000 -0.001 -0.001 -0.002 -0.007 -0.031 -0.248
130 -0.000 -0.000 -0.000 -0.001 -0.002 -0.004 -0.019 -0.150
140 -0.000 -0.000 -0.000 -0.001 -0.001 -0.003 -0.011 -0.086
150 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.007 -0.047
160 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.005 -0.026
170 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.004 -0.016
1817 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.003 -0.013
190 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.004 -0.015
200 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.005 -0.024

T Cassegrain focus.
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TABLE XII(h)
Truncated beam power at cryostat window for Band 10 high limit frequency 950 GHz.

Distance from Window diameter (mm.)
mirror 2 (mm.) 45 40 35 30 25 20 15 10
80 1.000 1.000 1.000 1.000 0999 0.993 0960 0.785
90 1.000 1.000 1.000 1.000 0999 0.996 0974 0.839
100 1.000  1.000 1.000 1.000 0999 0.997 0983 0.885
110 1.000 1.000 1.000 1.000 1.000 0.998 0990 0.922
120 1.000  1.000 1.000 1.000 1.000 0.999 0994 0.950
130 1.000 1.000 1.000 1.000 1.000 0.999 0996 0.971
140 1.000  1.000 1.000 1.000 1.000 0.999 0998 0.984
150 1.000  1.000 1.000 1.000 1.000 1.000 0.999 0.992
160 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.996
170 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.997
1817 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.998
190 1.000 1.000 1.000 1.000 1.000 1.000 0.999 0.998
200 1.000 1.000 1.000 1.000 1.000 1.000 0.998  0.996

T Cassegrain focus.

TABLE XII(i)
Beam truncation loss in dB at cryostat window for Band 10 mid frequency 950 GHz.

Distance from Window diameter (mm.)
mirror 2 (mm.) 45 40 35 30 25 20 15 10
80 -0.000 -0.000 -0.001 -0.002 -0.006 -0.030 -0.179 -1.050
90 -0.000 -0.000 -0.001 -0.002 -0.004 -0.019 -0.116 -0.764
100 -0.000 -0.000 -0.001 -0.001 -0.003 -0.012 -0.072 -0.532
110 -0.000 -0.000 -0.000 -0.001 -0.002 -0.008 -0.044 -0.353
120 -0.000 -0.000 -0.000 -0.001 -0.002 -0.005 -0.026 -0.221
130 -0.000 -0.000 -0.000 -0.001 -0.001 -0.003 -0.016 -0.129
140 -0.000 -0.000 -0.000 -0.001 -0.001 -0.002 -0.010 -0.071
150 -0.000 -0.000 -0.000 -0.000 -0.001 -0.002 -0.006 -0.037
160 -0.000 -0.000 -0.000 -0.000 -0.001 -0.002 -0.004 -0.019
170 -0.000 -0.000 -0.000 -0.000 -0.001 -0.001 -0.004 -0.011
1817 -0.000 -0.000 -0.000 -0.000 -0.001 -0.001 -0.003 -0.009
190 -0.000 -0.000 -0.000 -0.000 -0.001 -0.001 -0.004 -0.011
200 -0.000 -0.000 -0.000 -0.000 -0.001 -0.001 -0.004 -0.018

T Cassegrain focus.

11.2 Physical Optics Analysis [*This section pending design revision.]
11.2.1  Beam Profile at Cassegrain Focus

Figures 13(g) — (j) show the beam profile at the Cassegrain with comparison of results
obtained by both quasi-optics and physical optics.

Figure 13(g). Beam profile at Cassegrain focus for Band 10 mid frequency 868 GHz.
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11.2.2  Beam Profile at Subreflector & Edge Taper

11.2.3  Far Field Radiation Pattern

11.2.4 Beam & Cross-Polar Efficiencies
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ABSTRACT

This is the third report following the preliminary and second reports on the electromagnetic analysis of
the optics design. The two previous reports were issued on 4 September 2001 and 1 July 2003 (last
update) respectively. The second report covers bands 3, 6, 7 and 9. Band 3 has since been redesigned
using a phase-corrected horn-lens combination. A separate report for this redesigned Band 3 was issued
by Tercero et al. [3]. This report covers the bands of 4, 8 and 10. The following introduction which
gives the background information and other relevant analysis data is taken from the second report and
repeated here for convenience of reference. For this report the added noise is calculated at 50° angle of
elevation.

Abstract of Second Report

This is the second report following the preliminary one on the electromagnetic analysis of the optics
design presented at the Front End Cryogenics and Optics Meeting on 26-27 Sept. 2001 at Rutherford
Appleton Laboratory, UK. Since then practically all of the receiver bands have undergone redesign.
Some of the revisions are quite major while minor changes at least have been made to almost all the
other bands. This second report is intended to provide the electromagnetic analysis of the receiver
optics for the priority bands of 3, 6, 7 and 9. As before analysis was carried out using quasi-optics and
physical optics. Gaussian beam parameters including the truncation levels at the subreflector calculated
using multimode Gaussian are given. Feed horn performance is modelled using mode matching and
compared with a HE11 hybrid mode ideal horn. The mirror system far field is modelled and compared
against the result using an ideal horn feed. This provides a check on the mirror system performance
independent of the Cassegrain reflectors. The subreflector truncation and far field cross-polarisation
levels are obtained for the mirror combination. This cross-polarisation level gives an indication of how
well the mirror combination achieves cancellation. Physical optics results are obtained for the field
distribution at the subreflector (giving the actual truncation levels), the far field radiation pattern, main
beam and cross-polar efficiencies, spillover at, and added noise from, each of the reflectors. Results are
given for mid-band as well as low and high band edge frequencies.

1 INTRODUCTION

A preliminary report on the electromagnetic analysis of the optics design for the bands was presented at
the Front End Cryogenics and Optics Meeting on 26-27 Sept. 2001 at Rutherford Appleton Laboratory,
UK. The analysis was based on the designs submitted in ALMA Memo 362 “ALMA Receiver Optics
Design” of April 11, 2001 [1]. Subsequently most of the receiver bands have undergone redesign.

In the preliminary report the Gaussian beam parameters are given. These include the beam radii at
the mirrors and subreflector, and the edge taper at the latter based on the fundamental Gaussian. The
beam profile, beam power and truncation losses at the mirrors, cryostat windows and IR filters were
calculated using multimode Gaussian beam quasi-optics. Beam powers and truncation losses at a range
of radii at the mirrors, windows and filters are tabulated. The information are intended to help decide
the mirror, window and filter diameters. The data are given for the low band edge, centre, and high
band edge frequencies of each band.

The earlier report also gives the preliminary results for the antenna radiation patterns and beam
efficiencies calculated by physical optics using an ideal Gaussian feed. Other physical optics
calculations carried out were beam profile at Cassegrain focus and subreflector plane. Both x- and y-
polarized feed and field cuts for ¢ = 0° and ¢ = 90° planes were calculated. These calculations were
carried out for Bands 3, 4, 5, 6 and 9 at the band centre frequencies.

The groups assigned to work on the various bands are as follows —





Band Group

1 -
2 -

3 HIA, Canada

4 NAO, Japan

3 -

6 NRAO, US

7 IRAM, France

8 NAO, Japan

9 SRON, Netherlands
10 NAO, Japan

Antenna Data

The 10 frequency bands of the antenna array are shown in Table 1.1 below.

TABLE 1.1
Receiver frequency bands.

Band Low Edge (GHz) Mid-Band (GHz) High Edge (GHz)
1 313 38 45
2 67 78 90
3 84 (89" 100 116
4 125 144 163
5 163 187 211
6 211 243 275
7 275 323 370
8 385 442 500
9 602 661 720
10 787 868 950

" Band 3 low band edge frequency extended from 89 GHz down to 84 GHz.

The optical configuration for the antenna is shown in Fig. 1.1 and the configuration data are given in
Table 1.2.





1.5 m clear aperture - 0.6 m minimum

275m

receiver cabin depth 3 m

= 3m =

Fig. 1.1 Antenna optical configuration.
TABLE 1.2
Antenna optical configuration data.

Symbol Description Data
D Primary Aperture 12.0 m
o Focal Length of Primary 4.8 m

f/D of Primary 0.40
d Secondary Aperture 0.75m
Final f/D 8.00
e Secondary Eccentricity 1.10526
6, Primary Angle of Illumination 128.02°
o, Secondary Angle of Illumination 7.16°
2c Distance Between Primary and Secondary Foci  6.177 m
v Primary Vertex Hole Clear Aperture 0.75m

Gaussian Beam Quasi-Optics

Quasi-optics analysis [2] is carried out using thin lens approximation for the focusing elements. It is
stated in [1] that the original optics designs are based on a best-fit Gaussian beam achieving an edge
taper of 12 dB at the subreflector. The expected truncation level will be about 10 dB when calculated
by multimode Gaussian analysis. Modelling results have shown that the designs arrived at basing on
fundamental Gaussian give wide variation of performance across the bandwidth. The results in this





report are for designs revised by basing the truncation level at 10 dB using multimode analysis. The
revised design data are given in the tables of Gaussian beam parameters in the later sections.

Definitions for the symbols used are shown in Fig.1.2.

dl dz Cl?3

+ «—n

Zyl
Whn
le Wirags
Feed horn
&
/Nyx
) _ Cassegrain

Mirror 1 Mirror 2 foeus

Iy

Fig. 1.2 Definition of symbols used. Focusing elements are represented by lenses.
Only one element is present in Bands 1 — 4.

Physical Optics

Physical optics modelling is carried out on the software GRASPS version 8.2.5 from TICRA
Engineering Consultants of Copenhagen, Denmark. The feed input to the optical system is obtained
from the actual horn for each band. The far field of the horn is first obtained by mode matching
technique. The horn field at the first mirror is then obtained using spherical wave expansion. In all the
cases the real horn performance is compared against a HE11 hybrid mode ideal horn.

For physical optics modelling, the beam axis is targeted at the vertex of the hyperboloidal secondary
reflector surface.

Coordinate System

The coordinate system refers to in the results take the x- axis as the radial direction passing through the
centre of the cryostat window for that particular band. This is the plane of symmetry for the band. The
@ = 0 plane refers to this plane. The layout of the cryostat showing the locations of the band cartridges
is shown in Fig. 1.3. The coordinate positions are given in the table inset.





Band Window  Window Beam Radial Beam angle on
x-location y-location Location secondary
1 -180.3 180.3 255 2482
2 -180.3 -180.3 255 2.482
3 54.0 -306.0 181 1.762
4 54.0 306.0 181 1.762
5 173.2 -173.2 245 2.385
6 173.2 173.2 245 2.385
7 100.0 0.0 100 0.974
8 0.0 -103.3 100 0.974
9 0.0 100.0 100 0.974
10 -100.0 0.0 100 0.974
Fig. 1.3 Layout of band cartridges in cryostat.
Added Noise at Zenith

The noise added at the respective reflector stage is calculated from the following procedure.

Relative power from source falling on reflector

Source noise (assumed)

=X

= TSOUTCC

... Calculated by PO.
.. (A)





Noise contribution from source = l T, e ...(B)
Temperature of surrounding = 7)”;”

Noise contribution from surrounding = %— lj xT, . ...(C)
Noise output of reflector =B+C .. (D)
Noise added by reflector =D-A

Tsource for the first mirror is the receiver temperature, taken as 50 K. For subsequent mirror or reflector
Tsource 18 the noise output of the preceding reflector (D).

Ty for the two mirrors placed inside or outside the cryostat depending on the band is the thermal
shield or ambient temperature which they “see”.

Ture for the subreflector is the effective sky temperature work out from —
Teffective = T\'ky X ( 1 - e—f )3
where Ty = the equivalent sky temperature, taken at an assume 15 K (Band 3), 100
K (band 6) and depends on the band frequency, and
7 (opacity) is calculated using standard atmosphere at 5 km altitude, 1 mm precipitate water
and 45 km maximum integrated atmosphere height profile [4].

Ture for main reflector is the temperature of the ground, taken as 300 K.

Added Noise Calculations for Bands 4, 8 and 10

The noise is calculated at observation elevation angle of 50° (air mass 4 = 1.3). The receiver single side
band (SSB) noise is based on 84 v/k where & is Planck’s constant, v the frequency and k& Boltzmann’s
constant. The ambient temperature T, is taken to be 273 K.





2

BAND 4 RESULTS

TABLE 2.1

Quasi-optics Gaussian beam parameters.

Frequency (GHz) Design 125 144 163
A (mm) Parameters 2.398340 2.081892 1.839218
Horn diameter 24.0
Horn axial length 100.040
Horn slant length 100.757
Horn waist, wy 6.103 5.760 5.431
Horn waist offset, Az(wy) -37.8211 -44.704 -50.923
Waist at horn aperture, wy, 7.722 7.722 7.722
d, 154.116
Ry 211.417 204.339 211.423 217.416
fi 150.474
Ry 522.006 570.832 521.972 488.714
Waist at mirror 1, wyy (dia. = 152) 24.773 23.590 22.761
6 60.0°
d, 128.268
Waist at mirror 2, wyp, (dia.=118) 19.496 18.033 16.981
& 61.834°
Zy(Cass.) 245.188 248.091 245.107 243.102
Wass. 14.343 12.453 11.004
A inirror-subrefl 6367.356  6367.356  6367.356
Wsubretl (dia. = 750) 319.035 319.035 319.035
Raubrett 6000.00  6000.000 6000.000  6000.000
Edge Taper (dB) 12.00 12.00 12.00 12.00
Multimode E. Taper (dB) 9.50 9.50 9.50
Dimensions in mm.
TABLE 2.2

Beam efficiency in area defined by contour of co-polar field.

Co-polar beam efficiency (%)

Level below

X-polar beam efficiency (%)

Peak (dB)
125GHz 144GHz 163GHz 125GHz 144GHz 163 GHz
3 50.06 49.49 49.59 0.03 0.02 0.02
6 71.33 71.06 70.13 0.07 0.07 0.06
9 80.76 80.52 79.75 0.11 0.10 0.10
12 84.90 84.56 83.58 0.14 0.13 0.12
15 86.62 86.17 85.36 0.16 0.15 0.14
18 87.37 86.93 86.09 0.17 0.16 0.15
21 87.68 87.29 86.68 0.18 0.17 0.16
24 89.77 89.52 89.02 0.19 0.18 0.17
27 90.28 90.03 89.55 0.20 0.19 0.18
30 90.47 90.28 89.79 0.21 0.20 0.19






TABLE 2.3

Spillover and added noise at 50° elevation angle.

Stage Reflector Item 125 GHz 144 GHz 163 GHz
Receiver T (receiver)* 47.99K  5529K  62.58K
Mirror 1 Relative power on reflector 0.9986 0.9991 0.9993

T (shield) 273K 273 K 273 K
T (after M1) 48.444K 55585K 62.820K
Added noise (M1) 0.450K 0296K 0.235K
Added noise (percent of total)  5.18 % 3.18% 2.19%
Mirror 2 Relative power on reflector 0.9974 0.9982 0.9988
T (shield) 273K 273 K 273 K
T (after M2) 48.831 K 55.882 K 62.988 K
Added noise (M2) 0.387K  0.296K 0.168 K
Added noise (percent of total)  4.45 % 3.19% 1.57 %
Subreflector Relative power on reflector  0.9466 0.9463 0.9422
Opacity at zenith, 7, 0.04 0.05 0.08
Sky T (effective)t 13.14K  1632K  25.62K
T (after subreflector) 52.157K 59.842 K 68.311 K
Added noise (subreflector) 3.326 K 3.960K  5.323 K
Added noise (percent of total) 38.27%  42.60%  49.63 %
Main Reflector Relative power on reflector  0.9336 0.9330 0.9286
T (ground) 273 K 273 K 273 K
T (after main reflector) 56.685K 64.586 K 73.309 K
Added noise (main reflector) 4.528 K 4.745K 4999 K
Added noise (percent of total) 52.10%  51.04%  46.61 %

*SSB receiver noise 8/ v/k. TEffective sky temperature Ty, = Ty (1 —€7).

The opacity 75y = A1, air mass 4 = 1.3 at 50° elevation angle.

Temperature of the atmosphere Ty, = 0.95 T, With ambient temperature at ground level 7, =273 K.
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Band 4 Low Edge 125 GHz Feed Horn E- & H-Plane Far Field

Fig. 2.5 E and H-plane far field of real corrugated horn by mode matching.
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Edge taper (at secondary angle of illumination 7.16°); corrugated horn: 10.30, 10.30, ideal horn: 9.97, 9.97.
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Fig. 2.9 Field at subreflector plane, ¢=90° cut.

TABLE 2.4
Edge taper at subreflector. (125 GHz)

¢=0°Plane ¢=90° Plane

Corrugated Horn 991, 9.97 10.14, 10.14
Ideal Horn 9.91,9.97 9.79,9.79
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Band 4 Low Edge 125 GHz Antenna Far Field, Antenna Axis
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Fig. 2.10 Antenna pattern on antenna axis coordinates.
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Fig. 2.11 Real corrugated horn antenna pattern on beam axis coordinates.
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Fig. 2.14 45°-plane far field of feed horn by mode matching.
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Fig. 2.15 E and H-plane far field of feed horn by mode matching.
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Band 4 Mid Band 144 GHz Mirror 2 Symmetry Plane Far Field

Corrugated Horn Feed
Corrugated Horn X-Polar
Ideal Horn I>I‘<—P0Iar )

Edge taper (at secondary angle of illumination 7.16°); corrugated horn: 9.69, 10.49, ideal horn: 9.76, 10.60.
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Fig. 2.17 Mirror 2 symmetry-plane far field.
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Edge taper (at secondary angle of illumination 7.16°); corrugated horn: 10.16, 10.16, ideal horn: 10.16, 10.16.
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Fig. 2.19 Field at subreflector plane, ¢=90° cut.

TABLE 2.5
Edge taper at subreflector. (144 GHz)

¢=0°Plane ¢=90° Plane

Corrugated Horn 9.77, 9.84 9.88, 9.88
Ideal Horn 9.84, 9.94 9.87,9.87
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Band 4 Mid Band 144 GHz Antenna Far Field, Antenna Axis
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Fig. 2.20 Antenna pattern on antenna axis coordinates.
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Fig. 2.21 Real corrugated horn antenna pattern on beam axis coordinates.
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Fig. 2.24 45°-plane far field of feed horn by mode matching.
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Fig. 2.25 E and H-plane far field of corrugated horn by mode matching.
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Band 4 High Edge 163 GHz Mirror 2 Asymmetry Plane Far Field
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Fig. 2.26 Mirror 2 asymmetry-

Edge taper (at secondary angle of illumination 7.16°); corrugated horn: 9.54, 10.04, ideal horn: 9.84, 10.41.
Fig. Mirror 2 symmetry-plane far field.

Edge taper (at secondary angle of illumination 7.16°); corrugated horn: 9.43, 9.43, ideal horn: 9.99, 9.99.

-10
Band 4 High Edge 163 GHz Mirror 2 Symmetry Plane Far Field

-15

30
10
-20





Amplitude (dB)

Amplitude (dB)

-2
-4
-6
-8
¢ =0 Plane
10 Real Horn
—— Ideal Horn
-12
-400 -200 0 200 400
Radial Distance (mm)
Fig. 2.28 Field at subreflector plane, ¢ = 0° cut.
0
-2
-4
-6
-8
¢ =90 Plane
0 ——Real Horn
——Ideal Horn
-12
-400 -200 0 200 400

Radial Distance (mm)

Fig. 2.29 Field at subreflector plane, ¢=90° cut.

TABLE 2.6
Edge taper at subreflector. (163 GHz)

¢=0°Plane ¢=90° Plane
Corrugated Horn 9.89, 9.60 9.40, 9.40
Ideal Horn 10.17,9.92 9.94, 9.94






Band 4 High Edge 163 GHz Antenna Far Field, Antenna Axis
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Fig. 2.30 Antenna pattern on antenna axis coordinates.
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Fig. 2.31 Real corrugated horn antenna pattern on beam axis coordinates.





3

BAND 8 RESULTS

TABLE 3.1
Quasi-optics Gaussian beam parameters.

Frequency (GHz) Design 385 442 500
A(mm) Parameters 0.778682 0.678263 0.599585
Horn diameter 7.99

Horn axial length 24.1012

Horn slant length 24.4300

Horn waist, wy 1.7367 1.6036 1.4820
Horn waist offset, Az(wy) -13.2810  -14.9244  -16.3114
Waist at horn aperture, wy, 2.5708 2.5708 2.5708
d, 50.0

Ry 67.529 65.6209 67.1095 68.3085
h 49.59

Ry 186.663  202.9920  189.9575  180.9666
Waist at mirror 1, wy (dia. = 54.502) 9.1970 8.8869 8.6674
6 40.0°

dy 150.00

Zy(Cass.) 149.939 149.614 149.390
Wass, 4.7018 4.0955 3.6205
Aiirror-subrefl 6148.613  6148.607 6148.604
Waubrefl (dia. = 750) 316.266 316.266 316.265
Raupren 6000.00  6000.000 6000.000  6000.000
Edge Taper (dB) 12.00 12.21 12.21 12.21
Multimode truncation (dB) 9.75 9.75 9.75

Dimensions in mm.
TABLE 3.2

Beam efficiency in area defined by contour of co-polar field.

Level below

Co-polar beam efficiency (%)

X-polar beam efficiency (%)

Peak (dB)

385GHz 442GHz 500 GHz 385GHz 442GHz 500 GHz
3 50.71 49.47 49.41 0.01 0.01 0.01
6 73.22 71.39 71.19 0.04 0.03 0.03
9 83.20 81.02 80.82 0.06 0.05 0.05
12 87.59 85.27 85.12 0.08 0.07 0.06
15 89.48 87.10 86.95 0.09 0.08 0.07
18 90.29 87.87 87.75 0.10 0.08 0.08
21 90.64 88.20 88.10 0.11 0.09 0.08
24 92.65 90.23 90.21 0.12 0.09 0.09
27 93.22 90.75 90.79 0.13 0.10 0.10
30 93.41 90.93 90.96 0.14 0.10 0.10






TABLE 3.3

Spillover and added noise at 50° elevation angle.

Stage Reflector Item 385 GHz 442 GHz 500 GHz
Receiver T (receiver)* 147.8K 169.7K  192.0K
Mirror Relative power on reflector  0.9991 0.9992 0.9996

T (shield) 30K 30K 30K
T (after M1) 14798 K 169.87K 192.06 K
Added noise (M1) 0.156 K 0.157K  0.087K
Added noise (percent of total)  1.34 % 0.84 % 0.36 %
Subreflector Relative power on reflector 0.9706 0.9562 0.9511
Opacity at zenith, z, 0.3 0.5 0.8
Sky T (effective)t 83.76 K 123.96 K 167.68K
T (after subreflector) 154.79 K 183.08 K 210.41K
Added noise (subreflector) 6.81 K 13.22K  18.34K
Added noise (percent of total) 58.26%  70.79%  75.57 %
Main Reflector Relative power on reflector  0.9600 0.9452 0.9398
T (ground) 273 K 273 K 273 K
T (after main reflector) 159.52 K 18838 K 216.25K
Added noise (main reflector) 4.725K 5298 K  5.844 K
Added noise (percent of total) 40.40%  28.37%  24.08 %

*SSB receiver noise 8/ v/k. TEffective sky temperature Ty, = Tpom (1 — 7).

The opacity 75y = 41, air mass 4 = 1.3 at 50° elevation angle.

Temperature of the atmosphere Ty, = 0.95 Ty, With ambient temperature at ground level Ty, = 273 K.
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Band 8 Low Edge 385 GHz Mirror Asymmetry Plane Far Field
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Fig. 3.9 Field at subreflector plane, ¢=90° cut.

TABLE 3.4
Edge taper at subreflector (385 GHz).

¢=0°Plane ¢=90° Plane
Corrugated Horn 9.86, 10.60 10.17,10.17
Ideal Horn 9.91, 10.76 9.96, 9.96
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Band 8 Low Edge Frequency 385 GHz Antenna Far Field, Antenna Axis
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Fig. 3.13 H-plane far field of Feed Horn.
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45) Far Field
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Fig. 3.14 45°-plane far field of Feed Horn.
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Fig. 3.15 E and H-plane far field of real corrugated horn by mode matching.
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Band 8 Mid Band 422 GHz Mirror Asymmetry Plane Far Field
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Fig. 3.16 Mirror asymmetry-plane far field. Edge taper (at secondary angle of illumination 7.16°);
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real horn: 9.44, 10.32, ideal horn: 9.74, 10.72.
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Fig. 3.17 Mirror symmetry-plane far field. Edge taper (at secondary angle of illumination 7.16°);

real horn: 9.66, 9.66, ideal horn: 9.87, 9.87.

35





Amplitude (dB)

Amplitude (dB)

-2
-4
-6
-8
¢ =0 Cut
——Real Horn
-10
——Ideal Horn
-12
-400 -200 0 200 400
Radial Distance (mm)
Fig. 3.18 Field at subreflector plane, ¢ = 0° cut.
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Fig. 3.19 Field at subreflector plane, ¢=90° cut.

TABLE 3.5
Edge taper at subreflector (442 GHz).

¢=0°Plane ¢=90° Plane

Corrugated Horn 9.57, 10.03 9.62, 9.62
Ideal Horn 9.89, 10.44 9.85,9.85
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Band 8 Mid Band Frequency 442 GHz Antenna Far Field, Antenna Axis
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Fig. 3.23 H-plane far field of Feed Horn.
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Fig. 3.24 45°-plane far field of Feed Horn.
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Band 8 High Edge 500 GHz Mirror Asymmetry Plane Far Field
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Fig. 3.28 Field at subreflector plane, ¢= 0° cut.
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Fig. 3.29 Field at subreflector plane, ¢=90° cut.

TABLE 3.6
Edge taper at subreflector (500 GHz).

¢=0°Plane ¢=90° Plane

Corrugated Horn 10.09, 10.43 9.72,9.72
Ideal Horn 10.04, 10.52 9.99, 9.99
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Band 8 High Edge Frequency 300 GHz Antenna Far Field, Antenna Axis
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Fig. 3.30 Antenna pattern on antenna axis coordinates.
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Fig. 3.31 Real corrugated horn antenna pattern on beam axis coordinates.





4

BAND 10 RESULTS

TABLE 4.1

Quasi-optics Gaussian beam parameters.

Frequency (GHz) 787 868 950
A (mm) 0.380931 0.345383 0.315571
Horn diameter 5.609

Horn axial length 12.7500

Horn slant length 14.0126

Horn waist, wy 0.8347 0.7716 0.7159
Horn waist offset, Az(wy) -11.0155  -11.4512  -11.8078
Waist at horn aperture, wy, 1.8048 1.8048 1.8048
d, 35.0

R 47.09 46.7329 47.0827 47.3639
fi 34.80

Ry 13334 136.2873  133.3975  131.1901
Waist at mirror 1, wyy (dia. =39.0) 6.7365 6.6631 6.6065
6 45.0°

d, 120.00

Zy(Cass)) 120.3308  120.2735  120.2299
Weass. 2.3050 2.0899 1.9096
rmirror-subrefl 6120.01 6120.01 6120.01
Waubrefl (dia. = 750) 315.62 315.62 315.62
Rsubrent 6000.00  6000.000  6000.000  6000.000
Edge Taper (dB) 12.26 12.26 12.26
Multimode truncation (dB) 9.81 9.81 9.81
Dimensions in mm.

TABLE 4.2

Beam efficiency in area defined by contour of co-polar field.

Co-polar beam efficiency (%)

Level below

X-polar beam efficiency (%)

Peak (dB)

787 GHz *868 GHz *950 GHz 787 GHz 868 GHz *950 GHz
3 49.79 49.52 0.02 0.02
6 71.41 71.23 0.05 0.05
9 81.06 80.81 0.08 0.08
12 85.27 85.05 0.10 0.10
15 87.12 86.95 0.11 0.11
18 87.94 87.77 0.13 0.12
21 88.60 88.64 0.13 0.13
24 90.85 90.89 0.14 0.14
27 91.40 91.39 0.15 0.15
30 91.50 91.50 0.15 0.15

* HE11 hybrid mode ideal horn feed.





TABLE 4.3
Spillover and added noise at zenith.

Stage Reflector Item 787 GHz 868 GHz 950 GHz
Receiver T (receiver)* 302.2K 3333K  3648K
Mirror Relative power on reflector 0.9997

T (shield) 30K 30K 30K
T (after M1) 333.38 K
Added noise (M1) 0.109 K
Added noise (percent of total) -
Subreflector Relative power on reflector
Opacity at zenith, 7, 1.3 0.9577 1.6
Sky T (effective)t 211.50 K 178.86 K 226.95K
T (after subreflector) 355.85K
Added noise (subreflector) 22.46 K

Added noise (percent of total) -

Main Reflector Relative power on reflector
T (ground) 273 K 273 K 273 K

T (after main reflector)

Added noise (main reflector)

Added noise (percent of total)

*SSB receiver noise 8/ vik. TEffective sky temperature Ty = Ty (1 — 7).
Temperature of the atmosphere Ty, = 0.95 Ty, With ambient temperature at ground level Ty, = 273 K.
The opacity 759 = 41, air mass 4 = 1.3 at 50° elevation angle.





oy

Fig. 4.1 Band 10 co- and cross-polar field contour at subreflector plane; from top: low band edge, mid-band and
high band edge frequencies. The contour lines are spaced at 0.5 dB intervals.
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45) Far Field
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Fig. 4.4 45°-plane far field of Feed Horn.

Band 10 Low Band Edge 787 GHz Feed Horn E- & H-Plane Far Field
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Fig. 4.5 E and H-plane far field of real corrugated horn by mode matching.
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Band 10 Low Band Edge 787 GHz Mirror Asymmetry Plane Far Field
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Fig. 4.7 Mirror symmetry-plane far field. Edge taper (at secondary angle of illumination 7.16°);
real horn: 10.34, 10.34, ideal horn: 9.93, 9.93.
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Fig. 4.9 Field at subreflector plane, ¢=90° cut.

TABLE 4.4
Edge taper at subreflector. (787 GHz)

¢=0°Plane ¢=90° Plane

Corrugated Horn 10.02,11.32  10.49, 10.49
Ideal Horn 9.83,11.21 10.08, 10.08
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Fig. 4.10 Antenna pattern on antenna axis coordinates.

(NOT AVAILABLE)

Fig. 4.11 Real corrugated horn antenna pattern on beam axis coordinates.
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Fig. 4.15 E and H-plane far field of real corrugated horn by mode matching.
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Fig. 4.19 Field at subreflector plane, ¢=90° cut.

TABLE 4.5
Edge taper at subreflector. (868 GHz)

¢=0°Plane ¢=90° Plane

Corrugated Horn 10.15,11.36  10.38, 10.38
Ideal Horn 9.75,11.03 9.98, 9.98
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Fig. 4.20 Antenna pattern on antenna axis coordinates;
HE11 hybrid mode ideal horn feed.
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Fig. 4.21 HEI11 hybrid mode ideal horn feed antenna pattern on beam axis coordinates.
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Fig. 4.25 E and H-plane far field of real corrugated horn by mode matching.
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Fig. 4.29 Field at subreflector plane, ¢=90° cut.

TABLE 4.6
Edge taper at subreflector. (950 GHz)

¢=0°Plane ¢=90° Plane

Corrugated Horn 16.40,17.63  11.93,11.93
Ideal Horn 9.85,11.10 10.08, 10.08
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Fig. 4.30 Antenna pattern on antenna axis coordinates,
HE11 hybrid mode ideal horn feed.
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ABSTRACT

This is the second report following the preliminary one on the electromagnetic analysis of the optics
design presented at the Front End Cryogenics and Optics Meeting on 26-27 Sept. 2001 at Rutherford
Appleton Laboratory, UK. Since then practically all of the receiver bands have undergone redesign.
Some of the revisions are quite major while minor changes at least have been made to almost all the
other bands. This second report is intended to provide the electromagnetic analysis of the receiver
optics for the priority bands of 3, 6, 7 and 9. As before analysis was carried out using quasi-optics and
physical optics. Gaussian beam parameters including the truncation levels at the subreflector calculated
using multimode Gaussian are given. Feed horn performance is modelled using mode matching and
compared with a HE11 hybrid mode ideal horn. The mirror system far field is modelled and compared
against the result using an ideal horn feed. This provides a check on the mirror system performance
independent of the Cassegrain reflectors. The subreflector truncation and far field cross-polarisation
levels are obtained for the mirror combination. This cross-polarisation level gives an indication of how
well the mirror combination achieves cancellation. Physical optics results are obtained for the field
distribution at the subreflector (giving the actual truncation levels), the far field radiation pattern, main
beam and cross-polar efficiencies, spillover at, and added noise from, each of the reflectors. Results are
given for mid-band as well as low and high band edge frequencies.

1 INTRODUCTION

A preliminary report on the electromagnetic analysis of the optics design for the bands was presented at
the Front End Cryogenics and Optics Meeting on 26-27 Sept. 2001 at Rutherford Appleton Laboratory,
UK. The analysis was based on the designs submitted in ALMA Memo 362 “ALMA Receiver Optics
Design” of April 11, 2001 [1]. Subsequently most of the receiver bands have undergone redesign.

In the preliminary report the Gaussian beam parameters are given. These include the beam radii at
the mirrors and subreflector, and the edge taper at the latter based on the fundamental Gaussian. The
beam profile, beam power and truncation losses at the mirrors, cryostat windows and IR filters were
calculated using multimode Gaussian beam quasi-optics. Beam powers and truncation losses at a range
of radii at the mirrors, windows and filters are tabulated. The information are intended to help decide
the mirror, window and filter diameters. The data are given for the low band edge, centre, and high
band edge frequencies of each band.

The earlier report also gives the preliminary results for the antenna radiation patterns and beam
efficiencies calculated by physical optics using an ideal Gaussian feed. Other physical optics
calculations carried out were beam profile at Cassegrain focus and subreflector plane. Both x- and y-
polarized feed and field cuts for ¢ = 0° and ¢ = 90° planes were calculated. These calculations were
carried out for Bands 3, 4, 5, 6 and 9 at the band centre frequencies.

The groups assigned to work on the various bands are as follows —

Band Group
1 -
2 -
3 HIA, Canada
4 NAO, Japan
5 -
6 NRAO, US
7 IRAM, France
8 NAO, Japan
9 SRON, Netherlands

—_
(=]

NAO, Japan






Antenna Data

The 10 frequency bands of the antenna array are shown in Table 1.1 below.

TABLE 1.1
Receiver frequency bands.

Band Low Edge (GHz) Mid-Band (GHz) High Edge (GHz)
1 313 38 45
2 67 78 90
3 84 (89" 100 116
4 125 144 163
5 163 187 211
6 211 243 275
7 275 323 370
8 385 442 500
9 602 661 720
10 787 868 950

"Band 3 low band edge frequency extended from 89 GHz down to 84 GHz.

The optical configuration for the antenna is shown in Fig. 1.1 and the configuration data are given in
Table 1.2.

1.5 m clear aperture - N 006 17 IR

275m

receiver cabin depth 3 m

= 3m =

Fig. 1.1 Antenna optical configuration.





TABLE 1.2
Antenna optical configuration data.

Symbol Description Data
D Primary Aperture 12.0 m
o Focal Length of Primary 4.8 m

/D of Primary 0.40
d Secondary Aperture 0.75m
Final f/D 8.00
e Secondary Eccentricity 1.10526
o, Primary Angle of Illumination 128.02°
o, Secondary Angle of Illumination 7.16°
2c Distance Between Primary and Secondary Foci ~ 6.177 m
v Primary Vertex Hole Clear Aperture 0.75 m

Gaussian Beam Quasi-Optics

Quasi-optics analysis [2] is carried out using thin lens approximation for the focusing elements. It is
stated in [1] that the original optics designs are based on a best-fit Gaussian beam achieving an edge
taper of 12 dB at the subreflector. The expected truncation level will be about 10 dB when calculated
by multimode Gaussian analysis. Modelling results have shown that the designs arrived at basing on
fundamental Gaussian give wide variation of performance across the bandwidth. The results in this
report are for designs revised by basing the truncation level at 10 dB using multimode analysis. The
revised design data are given in the tables of Gaussian beam parameters in the later sections.

Definitions for the symbols used are shown in Fig.1.2.

< < p
2
Wi
wI’u‘Il wCass
Feed horn

h

L
/Nyx

) ) Cassegrain
Mirror 1 Mirror 2 focus

Iy

Fig. 1.2 Definition of symbols used. Focusing elements are represented by lenses.
Only one element is present in Bands 1 — 4.





Physical Optics

Physical optics modelling is carried out on the software GRASP8 version 8.2.5 from TICRA
Engineering Consultants of Copenhagen, Denmark. The feed input to the optical system is obtained
from the actual horn for each band. The far field of the horn is first obtained by mode matching
technique. The horn field at the first mirror is then obtained using spherical wave expansion. In all the
cases the real horn performance is compared against a HE11 hybrid mode ideal horn.

For physical optics modelling, the beam axis is targeted at the vertex of the hyperboloidal secondary
reflector surface.

Coordinate System

The coordinate system refers to in the results take the x- axis as the radial direction passing through the
centre of the cryostat window for that particular band. This is the plane of symmetry for the band. The
¢ = 0 plane refers to this plane. The layout of the cryostat showing the locations of the band cartridges
is shown in Fig. 1.3. The coordinate positions are given in the table inset.






Band Window  Window Beam Radial Beam angle on

x-location y-location Location secondary
1 -180.3 180.3 255 2.482
2 -180.3 -180.3 255 2.482
3 54.0 -306.0 181 1.762
4 54.0 306.0 181 1.762
5 173.2 -173.2 245 2.385
6 173.2 173.2 245 2.385
7 100.0 0.0 100 0.974
8 0.0 -103.3 100 0.974
9 0.0 100.0 100 0.974
10 -100.0 0.0 100 0.974
Fig. 1.3 Layout of band cartridges in cryostat.
Added Noise at Zenith

The noise added at the respective reflector stage is calculated from the following procedure.

Relative power from source falling on reflector =X ... Calculated by PO.
Source noise (assumed) = Tsource e (A)
1

Noise contribution from source =—xT ... ...(B)
Temperature of surrounding = Tur

1
Noise contribution from surrounding = (— - IJ XT, - (C)

X
Noise output of reflector =B+C ...(D)
Noise added by reflector =D-A

Tsource for the first mirror is the receiver temperature, taken as 50 K. For subsequent mirror or reflector
Tsource 18 the noise output of the preceding reflector (D).

Ty for the two mirrors placed inside or outside the cryostat depending on the band is the thermal
shield or ambient temperature which they “see”.

Ture for the subreflector is the effective sky temperature work out from —
Teffective = ley ><( 1_ e_T ):
where Ty = the equivalent sky temperature, taken at an assume 15 K (Band 3), 100
K (band 6) and depends on the band frequency, and
7 (opacity) is calculated using standard atmosphere at 5 km altitude, 1 mm precipitate water
and 45 km maximum integrated atmosphere height profile [3].

Ture for main reflector is the temperature of the ground, taken as 300 K.
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BAND 3 RESULTS
TABLE 2.1
Quasi-optics Gaussian beam parameters.
Frequency (GHz) 84 89 100 116
A (mm) 3.568958  3.368455 2997925  2.584418
Horn diameter 23.94
Horn axial length 140.1073
Horn slant length 140.6177
Horn waist, wy 7.221 7.168 7.045 6.854
Horn waist offset, Az(w) -17.0461 -18.8556 -22.9953 -29.2873
Waist at horn aperture, wy, 7.703 7.703 7.703 7.703
d, 154.90
Ry 193.100 184.197 186.969 193.100 201.890
fi 151.20
Ry 696.825 844.042 790.341 696.825 602.207
Waist at mirror 1, wyy (dia. = 168) 27.999 26.962 25.106 23.146
7 50.0°
d, 170.00
Waist at mirror 2, wyp, (dia. = 140) 23.400 22.216 20.051 17.677
6 51.7623
Zy(Cass.) 303.85 338.161 335.056 329.784 324.616
Wass, 21.676 20.464 18.221 15.714
Ainirror-subrefl 6309.51 6309.52 6309.54 6309.56
Wsubretl (dia. = 750) 313.700 313.701 313.702 313.703
Ryuprett 6000.00  6000.000  6000.000  6000.000  6000.000
Multimode truncation (dB) 10.00 10.00 10.00 10.00 10.00
Edge Taper (dB) 12.00 12.41 12.41 12.41 12.41
Dimensions in mm.
TABLE 2.2

Beam efficiency in area defined by contour of co-polar field.

Co-polar beam efficiency (%)

Level below

X-polar beam efficiency (%)

Peak (dB)

84GHz 100GHz 116GHz 84GHz 100GHz 116 GHz
3 50.03 50.74 49.74 0.02 0.02 0.02
6 71.71 72.33 70.42 0.05 0.04 0.04
9 8132  81.97 79.89 0.08 0.07 0.06
12 8542  86.20 83.96 0.10 0.09 0.08
15 87.21 88.03 85.65 0.12 0.10 0.09
18 87.96  88.79 86.30 0.13 0.11 0.10
21 8827  89.12 86.67 0.13 0.12 0.10
24 90.27  90.84 88.93 0.14 0.12 0.11
27 90.78  91.40 89.38 0.15 0.13 0.12
30 90.95  91.58 89.68 0.15 0.13 0.12






TABLE 2.3
Spillover and added noise at zenith.

Stage Reflector Item 84 GHz 100 GHz 116 GHz
Receiver T (receiver) 50K S0K 50K
Mirror 1 Relative power on reflector  0.9980 0.9991 0.9991

T (shield) 300K 300 K 300 K
T (after M1) 50.701 K 50.315K 50.315K
Added noise (M1) 0.701 K  0315K 0.315K
Added noise (percent of total)  8.00 % 3.94 % 343 %

Mirror 2 Relative power on reflector  0.9967 0.9981 0.9985
T (shield) 300K 300K 300K
T (after M2) 51.159K 50.666 K 50.526 K
Added noise (M2) 0.457K 0351K 0211K
Added noise (percent of total)  5.22 % 4.39 % 229 %

Subreflector Relative power on reflector 0.9504 0.9556 0.9421
T (effective) *0.404 K *0.331 K *3.756 K
T (after subreflector) 53.671 K 52.934K 53.775K
Added noise (subreflector) 2.512K  2268K  3.250K
Added noise (percent of total) 28.65%  28.38% 3536 %

Main Reflector Relative power on reflector  0.9369 0.9421 0.9279
T (ground) 300K 300K 300 K
T (after main reflector) 58.767 K 57.992K 59.189 K
Added noise (main reflector) 5.096K  5.057K 5.414K
Added noise (percent of total) 58.13%  63.28%  58.92 %

* Calculated from T = Toky (1 — €7). The opacity 7is calculated using standard atmosphere at 5 km altitude, 1 mm
precipitate water and 45 km max. integrated atmosphere height profile. 7= 0.0223 at 100 GHz (Band 3 centre
frequency). The equivalent sky temperature is taken at an assume 15 K.
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Fig. 2.7 Mirror 2 E-plane far field; full line — real horn, dashed — HE11 hybrid mode ideal horn.

Edge taper (at secondary angle of illumination 7.16°); real horn: 11.58, 11.58, ideal horn: 10.78, 10.78.
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TABLE 2.4

Edge taper at subreflector.

¢=0°Plane ¢=90° Plane

Corrugated Horn
Ideal Horn

11.73,11.27  11.28,11.28
10.72,10.53  10.47, 10.47
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Band 3 188 GHz Antenna Far Field, Antenna Axis

- =] =
[ s | | | | | ' | | H
| i | | | | | | .__,ﬂrruJ. @ i ' ' ' ' ' : ' ' @
1 R T O R T T T e 2 I
R S S O S PR S 1 ' ' ' ' ' ' ' '
1) ]
A A A R A N -2 A A R N
i i i i i i i i i o L=} I I I I 1 1 ] 1 [=1:]
L H 1 J L 1 J L H [ = L - - R | A =
B S e e e ; i -=J 1 i i i 1 i 1 i _ﬁ.ﬂlnrlﬂw -
1 1 1 1 1 1 1 1 |
T R B i T T R R
SRS SR U S SRS SRS SO I g -} N S S S SR B N e,
i T ] ] T ] ] L= c I I I I I 1 '
A L 48 5 AR S NN S S _ g
S S S S R N e S - B S S :
SRS U S R S S a2 1 o =
1 1 1 1 1 1 1 1 F * 50 = 1 1 1 1 1
1 1 1 1 1 1 1 1 s 2= ' ' ' '
1 1 1 1 1 1 1 1 L o o L A 1 1 1 1
1 I 1 1 1 1 1 1 39 = ' ' ' '
I 1 i I I I I I ] ' ' ' '
il ikt sl S R 5 Coriniaite el dellaieit o 9 = 1 1 1 1
1 1 1 1 1 ==+ 1 1 1) m 1 Y - 1 L
1 I 1 I 1 1 1 [ .= — 1 1 1 1
i ' i i i i i [ % o ] I 1 1 1
' 1 1 ' ' ' ' few =72 m | | ;
1 1 1 1 1 1 1 1 - = [T I I i
——————————— Rl e e P P e e PR PP PR = < O 1 1 1
] 1 1 1 1 1 L% = > = 1 1
Lo oL e £E . L |
1 1 1 1 1 1 ” = — L 1 1 =]
SRR VNS Ry SRy RS AU SRR SU 1 g =21 - . L =]
1 1 1 1 1 N |84 L] T T T »
| | | | 1 [ o T LI 1 H =
A R T T - “ “
1 1 1 1 1 [ & = | [T '
R i VU VRPN SO SURpUp SEpmep B R = Y 1 I 1
1 | 1 1 | 1 1 [+ S o L ' '
1 1 1 1 1 1 1 = '
P A A hl _ _
I 1 I ! I I I I o -% e J“. - “1
1 I 1 1 1 = 1 1 1 1
i i i i i i i [ 5 £ m ] i I
1 1 1 1 1 1 1 3 o 1 1
: H 1 \ E, 1 \ 1 1 r®2 < [T ! !
= A A Sy S e - | | K
A ; @ o 8 g e - <
' ' ' ' ' — i |
. 4 =
e R R SRS I N _
L 0.8 1 1 1 1 1
m m m m m - 202 e i i i i 1
N L — 1 1 1 1 1
b T B g - I S S A
N R R . R o G S S
A N Poboh
1 i 1 1 1 1 1 1 ] | | | | |
OSSN S L O SV VPOV 1 Y SV SR I 1 1 1 1 1 1
| | | | | | | ] [ = | | | | |
T i s sl o o
H H H H H H H H S .} =] ! ! ! ! ! -
e et _ AREALE A . f } f } i HH
- -] - i
= ==] = = = = = ==] = =
- =] = = =] i) - =] = [ i=]

=90) co- and cross-polar.

0), dashed — H-plane (¢
13

Fig. 2.11 Real corrugated horn antenna pattern on beam axis coordinates;
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Fig. 2.17 Mirror 2 E-plane far field; full line — real horn, dashed — HE11 hybrid mode ideal horn.

Edge taper (at secondary angle of illumination 7.16°); real horn: 11.42, 11.42, ideal horn: 10.58, 10.58.
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TABLE 2.5
Edge taper at subreflector.

¢=0°Plane ¢=90° Plane

Corrugated Horn 10.29,10.22 11.22,11.22
Ideal Horn 10.70,10.61  10.41, 10.41
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Band 3 84 GHz Antenna Far Field, Antenna Axis Coord.
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Fig. 2.21 Real corrugated horn antenna pattern on beam axis coordinates;
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Fig. 2.24 45°-plane far field of Feed Horn; full line — real corrugated horn by mode matching,

—HE11 hybrid mode ideal horn.
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Fig. 2.26 Mirror 2 E-plane far field; full line — real horn, dashed — HE11 hybrid mode ideal horn.

Edge taper (at secondary angle of illumination 7.16°); real horn: 9.58, 9.75, ideal horn: 10.73, 10.83.
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Fig. 2.27 Mirror 2 E-plane far field; full line — real horn, dashed — HE11 hybrid mode ideal horn.

Edge taper (at secondary angle of illumination 7.16°); real horn: 10.14, 10.14, ideal horn: 10.70, 10.70.

21





dB

dB

-2

-10

-12

/

\

¢ =0°F

lane

——Real Horn
—— |deal Horn

-400

-2

-6

-8

-10

-12

-200

0

200

Radial Distance (mm)

Fig. 2.28 Field at subreflector plane, ¢ = 0° cut.
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Fig. 2.29 Field at subreflector plane, ¢=90° cut.

TABLE 2.6

Edge taper at subreflector.

¢=0°Plane ¢=90° Plane
Corrugated Horn 9.88, 9.30 9.97,9.97
Ideal Horn 10.04,10.35 10.49, 10.49
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Band 3 116 GHz Antenna Far Field, Antenna Axis Coord,
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Fig. 2.30 Antenna pattern on antenna axis coordinates;
full line — real horn, dashed — HE11 hybrid mode ideal horn.

Band 3 116 GHz Antenna Far Field, Real Horn Feed, Bean Axis=

Fig. 2.31 Real corrugated horn antenna pattern on beam axis coordinates;

full line — E-plane (¢

=90) co- and cross-polar.

0), dashed — H-plane (¢
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3 BAND 6 RESULTS

TABLE 3.1
Quasi-optics Gaussian beam parameters.

Frequency (GHz) 211 243 275
A (mm) 1.420817  1.233714  1.090154
Horn diameter 7.08

Horn axial length 46.5373

Horn slant length 46.6717

Horn waist, wy 2212 2.192 2.169
Horn waist offset, Az(wy) -2.6601 -3.4637 -4.3454
Waist at horn aperture, wy, 2.278 2.278 2.278
d 46.00

Ry 52.489 51.066 52.489 53.999

fi 29.37

Ry 66.681 69.128 66.681 64.394
Waist at mirror 1, wyy (dia. = 64) 10.191 9.129 8.340
6 30.0°

Zy1 63.3852 60.6897 58.3706
w 2.938 2.736 2.551
d» 158.00

Ro 101.047 98.462 101.047 103.158

5 76.611

Ry 316.802 345.210 316.802 297.697
Waist at mirror 2, wy, (dia. = 85) 14.860 14.230 13.791
& 32.3848°

Zy(Cass.) 230.0 230.162 229.996 229.884
Wass. 8.579 7.449 6.582
rmirror-subrefl 6225.75 6226.67 6227.28
Waubrefl (dia. =750) 316.197 316.224 316.243
Raypren 6000.00  6000.000  6000.000  6000.000
Multimode truncation (dB) 10.00 9.99 10.00 9.99
Edge Taper (dB) 12.00 12.22 12.21 12.21

Dimensions in mm.

24





TABLE 3.2
Beam efficiency in area defined by contour of co-polar field.

Co-polar beam efficiency (%) X-polar beam efficiency (%)
Level below

Peak (dB)
211 GHz 243 GHz 275GHz 211 GHz 243 GHz 275GHz

3 51.11 47.54 48.40 0.01 0.00 0.00

6 69.93 68.77 67.35 0.02 0.01 0.01

9 79.02 76.81 76.07 0.03 0.02 0.02

12 83.34 81.24 79.62 0.03 0.02 0.03

15 84.44 83.54 82.06 0.04 0.03 0.03

18 85.90 84.62 83.70 0.04 0.03 0.04

21 89.26 89.30 88.54 0.05 0.04 0.06

24 90.62 89.96 89.17 0.05 0.04 0.06

27 90.87 90.19 89.37 0.05 0.04 0.06

30 91.14 90.91 90.27 0.05 0.04 0.07

TABLE 3.3
Spillover and added noise at zenith.

Stage Reflector Item 211 GHz 243 GHz 275GHz
Receiver T (receiver) 50K 50K 50K
Mirror 1 Relative power on reflector 0.9986 0.9989 0.9992

T (shield) 30K 30K 30K
T (after M1) 50.112K 50.088 K 50.064 K
Added noise (M1) 0.112K  0.088K  0.064K
Added noise (percent of total) 1.41 % 1.05% 0.73 %
Mirror 2 Relative power on reflector 0.9984 0.9987 0.9991
T (shield) 30K 30K 30K
T (after M2) 50.128 K 50.104 K 50.072 K
Added noise (M2) 0.016 K  0.016 K 0.008 K
Added noise (percent of total)  0.20 % 0.19% 0.09 %
Subreflector Relative power on reflector 0.9524 0.9499 0.9449

T (effective) *5.522K *6.882 K *8.231K

T (after subreflector) 52.816 K 53.032K 53.416 K
Added noise (subreflector) 2.688K 2928 K  3.344K
Added noise (percent of total) 33.74%  34.74% 3797 %

Main Reflector Relative power on reflector 0.9387 0.9356 0.9307
T (ground) 300 K 300K 300K
T (after main reflector) 57.965K 58.428 K 58.809 K
Added noise (main reflector) 5.149K 5396 K  5392K
Added noise (percent of total) 64.65%  64.03%  61.22 %

* Calculated from T = Tqy (1 — €). The opacity 7is calculated using standard atmosphere at 5 km altitude, 1 mm
precipitate water and 45 km max. integrated atmosphere height profile. 7= 0.0568, 0.0713, 0.0859 at 211, 243 and
275 GHz respectively. The equivalent sky temperature is taken at an assume 100 K.
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Fig. 3.9 Field at subreflector plane, ¢=90° cut.

TABLE 3.4
Edge taper at subreflector (243 GHz).

¢=0°Plane ¢=90° Plane

Corrugated Horn 10.83,10.46 10.07,10.07
Ideal Horn 11.18,10.68  10.83, 10.83
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Fig. 3.10 Antenna pattern on antenna axis coordinates;
full line — real horn, dashed — HE11 hybrid mode ideal horn.
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Fig. 3.11 Real corrugated horn antenna pattern on beam axis coordinates;

=0), dashed — H-plane (¢ = 90) co- and cross-polar.

full line — E-plane (¢
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Fig. 3.12 E-plane far field of Feed Horn; full line — real corrugated horn by mode matching,

—HE11 hybrid mode ideal horn.
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—HE11 hybrid mode ideal horn.
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Fig. 3.17 Mirror 2 E-plane far field; full line — real horn, dashed — HE11 hybrid mode ideal horn.
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Edge taper (at secondary angle of illumination 7.16°); real horn: 10.77, 10.77, ideal horn: 10.82, 10.82.
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Fig. 3.19 Field at subreflector plane, ¢=90° cut.

TABLE 3.5
Edge taper at subreflector (211 GHz).

¢=0°Plane ¢=90° Plane

Corrugated Horn 10.74, 9.92 10.63, 10.63
Ideal Horn 11.15,10.37 10.67,10.67
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90) co- and cross-polar.

8} Antenna Far Field, Antenna Axis.
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Fig. 3.22 E-plane far field of Feed Horn; full line — real corrugated horn by mode matching,

dashed — HE11 hybrid mode ideal horn.
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Fig. 3.23 H-plane far field of Feed Horn; full line — real corrugated horn by mode matching,
dashed — HE11 hybrid mode ideal horn.
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45} Far Field

Band 6 275 GHz Feed Horn Diagonal Flane {phi

e T e et S e S B o el

T

e e kel

L
3

] : | I o
B s et EEEEY SRR 2ot
1 1 1 1 -
1 1 [
1 1 ——
1 s 1
1 n....... 1 1
1 1 1
R kLTt o
1 1
1 1
- I I
LI | I
.:“. 1
T 1
===F-1--t
[
1 1]
I [
1 1 -
1 1
1 1
I N
1 1 1 =
1 1 1
1 1 [
1 1 -
i ey
1 1 T
[ R P P ——
] TP
1 o, 1
[ 1
T
1

28

dBi 1

18

b ittt bl Bkt Bl

=18

=28

-G8
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dashed — HE11 hybrid mode ideal horn.
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8} Far Field

Band 6 275 GHz Hirror 2 E-Flane {phi
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Fig. 3.27 Mirror 2 E-plane far field; full line — real horn, dashed — HE11 hybrid mode ideal horn.

Edge taper (at secondary angle of illumination 7.16°); real horn: 9.80, 9.80, ideal horn: 10.37, 10.37.
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Fig. 3.28 Field at subreflector plane, ¢ = 0° cut.
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Fig. 3.29 Field at subreflector plane, ¢=90° cut.

TABLE 3.6
Edge taper at subreflector (275 GHz).

¢=0°Plane ¢=90° Plane

Corrugated Horn 10.32, 10.27 9.77,9.77
Ideal Horn 10.68,10.56  10.33, 10.33
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8} Antenna Far Field, Antenna Axis.
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Fig. 3.30 Antenna pattern on antenna axis coordinates;
full line — real horn, dashed — HE11 hybrid mode ideal horn.
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Fig. 3.31 Real corrugated horn antenna pattern on beam axis coordinates;

full line — E-plane (¢

=90) co- and cross-polar.

0), dashed — H-plane (¢
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4 BAND 7 RESULTS

TABLE 4.1
Quasi-optics Gaussian beam parameters.

Frequency (GHz) 275 323 370
A (mm) 1.090154  0.928150  0.810250
Horn diameter 6.0045

Horn axial length 45.6832

Horn slant length 45.7817

Horn waist, wy 1.881 1.862 1.842
Horn waist offset, Az(wy) -2.3948 -3.2395 -4.1590
Waist at horn aperture, wy, 1.932 1.932 1.932
d 38.0

Ry 44.581 42.967 44.581 46.265

fi 25.759

Ry 61.011 64.318 61.011 58.117
Waist at mirror 1, wyy (dia. = 35) 7.687 6.802 6.183
7 40.0°

Zoy1 56.287 52.972 50.375
wy 2.716 2.469 2.257
dy 157.00

Ry 108.122 105.202 108.122 110.283

f 77.071

R; 268.367 288.226 268.367 255.921
Waist at mirror 2, wyp, (dia. =70) 13.150 12.690 12.392
& 25.0°

Zy(Cass.) 216.00 215.975 216.001 216.017
Weass. 6.584 5.605 4.893
irror-subrefl 6213.37 6214.11 6214.58
Wsubrefl (dia. =750) 316.166 316.185 316.196
Raypren 6000.00  6000.000  6000.000  6000.000
Multimode truncation (dB) 10.00 10.00 10.00 9.98
Edge Taper (dB) 12.00 12.22 12.22 12.22

Dimensions in mm.
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TABLE 4.2
Beam efficiency in area defined by contour of co-polar field.

Co-polar beam efficiency (%) X-polar beam efficiency (%)
Level below

Peak (dB)
275GHz 323 GHz 370 GHz 275GHz 323 GHz 370 GHz
3 49.53 49.34 49.03 0.01 0.01 0.01
6 71.70 71.24 70.79 0.03 0.02 0.02
9 81.56 80.99 80.42 0.05 0.03 0.03
12 85.92 85.23 84.58 0.07 0.04 0.03
15 87.79 87.05 86.40 0.08 0.05 0.04
18 88.59 87.82 87.17 0.08 0.05 0.04
21 88.93 88.14 87.48 0.09 0.05 0.05
24 90.22 90.40 89.74 0.09 0.06 0.05
27 90.88 90.91 90.23 0.10 0.06 0.06
30 91.07 91.09 90.41 0.10 0.06 0.06
TABLE 4.3
Spillover and added noise at zenith.

Stage Reflector Item 275GHz 323 GHz 370 GHz
Receiver T (receiver) 50K 50K 50K
Mirror 1 Relative power on reflector  0.9953 0.9971 0.9977

T (shield) 30K 30K 30K
T (after M1) 50378 K 50.233 K 50.184K
Added noise (M1) 0378 K  0.233 K 0.184 K
Added noise (percent of total) 4.94 % 2.38% 1.79 %
Mirror 2 Relative power on reflector 0.9948 0.9969 0.9975
T (shield) 30K 30K 30K
T (after M2) 50418 K 50.249K  50.201 K
Added noise (M2) 0.040K  0.016 K 0.016 K
Added noise (percent of total) 0.53 % 0.16 % 0.16 %
Subreflector Relative power on reflector  0.9492 0.9470 0.9427

T (effective) *8.231 K *55260K *54.761 K
T (after subreflector) 53.236 K 55.808 K 56.302 K
Added noise (subreflector) 2.818 K 5.560 K 6.101 K
Added noise (percent of total) 36.86 %  56.97 % 59.15%

Main Reflector Relative power on reflector 0.9375 0.9366 0.9322
T (ground) 300 K 300 K 300 K
T (after main reflector) 57.644 K 59.759 K  60.315K
Added noise (main reflector) 4.408K 3951 K 4.013K
Added noise (percent of total) 57.67 %  40.48 % 38.91 %

* Calculated from T = Tqy (1 — €). The opacity 7is calculated using standard atmosphere at 5 km altitude, 1 mm
precipitate water and 45 km max. integrated atmosphere height profile. 7= 0.0859, 0.8043, 0.7932 at 275, 323 and
370 GHz respectively. The equivalent sky temperature is taken at an assume 100 K.
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Band 7 Centre Frequency 323 GHz

Band 7 323 GHz Feed Horn E-Plane {phi
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Fig. 4.2 E-plane far field of Feed Horn; full line — real corrugated horn by mode matching,

HEI11 hybrid mode ideal horn.
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Fig. 4.3 H-plane far field of Feed Horn; full line — real corrugated horn by mode matching,

HE11 hybrid mode ideal horn.
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45} Far Field

Band 7 323 GHz Feed Horn Diagonal Flane {phi
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Fig. 4.4 45°-plane far field of Feed Horn; full line — real corrugated horn by mode matching,

dashed — HE11 hybrid mode ideal horn.
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Fig. 4.5 E and H-plane far field of real corrugated horn by mode matching;
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Fig. 4.6 Mirror 2 E-plane far field,
Edge taper (at secondary angle of illumination 7.16°);

real horn: 10.21, 10.27, ideal horn: 10.46, 10.58.
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Fig. 4.7 Mirror 2 E-plane far field; full line — real horn, dashed — HE11 hybrid mode ideal horn.

Edge taper (at secondary angle of illumination 7.16°); real horn: 9.92, 9.92, ideal horn: 10.44, 10.44.
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Fig. 4.8 Field at subreflector plane, ¢= 0° cut.
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Fig. 4.9 Field at subreflector plane, ¢=90° cut.

TABLE 4.4
Edge taper at subreflector.

¢=0°Plane ¢=90° Plane
Corrugated Horn 10.38, 10.16 9.90, 9.90
Ideal Horn 10.65,10.48 10.43,10.43
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Band 7 323 GHz Antenna Far Field, Antenna Axis Coord,
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Fig. 4.10 Antenna pattern on antenna axis coordinates;
full line — real horn, dashed — HE11 hybrid mode ideal horn.
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Fig. 4.11 Real corrugated horn antenna pattern on beam axis coordinates;

full line — E-plane (¢

dashed — H-plane (¢ = 90) co- and cross-polar.
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—HE11 hybrid mode ideal horn.
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Fig. 4.13 H-plane far field of Feed Horn; full line — real corrugated horn by mode matching,

—HE11 hybrid mode ideal horn.
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Fig. 4.16 Mirror 2 E-plane far field; full line — real horn,
Edge taper (at secondary angle of illumination 7.16°); real horn: 10.82, 10.67, ideal horn: 10.70, 10.57.
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Fig. 4.17 Mirror 2 E-plane far field; full line — real horn, dashed — HE11 hybrid mode ideal horn.

Edge taper (at secondary angle of illumination 7.16°); real horn: 11.57, 11.57, ideal horn: 10.79, 10.79.
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Fig. 4.18 Field at subreflector plane, ¢ = 0° cut.
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Fig. 4.19 Field at subreflector plane, ¢=90° cut.

TABLE 4.5
Edge taper at subreflector.

¢=0°Plane ¢=90° Plane

Corrugated Horn 10.99,10.52  10.50, 10.50
Ideal Horn 10.89,10.43 10.74, 10.74
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Band 7 275 GHz Antenna Far Field, Antenna Coord, Axis
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Fig. 420 Antenna pattern on antenna axis coordinates;
full line — real horn, dashed — HE11 hybrid mode ideal horn.
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Fig. 4.21 Real corrugated horn antenna pattern on beam axis coordinates;
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—HE11 hybrid mode ideal horn.
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Fig. 4.26 Mirror 2 E-plane far field; full line — real horn, dashed — HE11 hybrid mode ideal horn.

Edge taper (at secondary angle of illumination 7.16°); real horn: 9.99, 10.62, ideal horn: 10.17, 10.74.
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Fig. 4.27 Mirror 2 E-plane far field; full line — real horn, dashed — HE11 hybrid mode ideal horn.

Edge taper (at secondary angle of illumination 7.16°); real horn: 9.07, 9.07, ideal horn: 10.18, 10.18.
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Fig. 4.29 Field at subreflector plane, ¢=90° cut.

TABLE 4.6
Edge taper at subreflector.

¢=0°Plane ¢=90° Plane

Corrugated Horn 10.15,
Ideal Horn 10.34,

10.48 9.01,9.01
10.59  10.14, 10.14
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5 BAND 9 RESULTS

TABLE 5.1
Quasi-optics Gaussian beam parameters.

Frequency (GHz) 602 661 720
A (mm) 0.497994  0.453544  0.416378
Horn diameter 5.066

Horn axial length 15.516

Horn slant length 15.722

Horn waist, w, 1.115 1.059 1.006
Horn waist offset, Az(wy) -8.364 -9.089 -9.735
Waist at horn aperture, wy, 1.630 1.630 1.630
d 44.484

Ry 54.698 54.012 54.698 55.293
N 24.862

Ry 45.579 46.067 45.579 45.174
Waist at mirror 1, wyy (dia. = 45) 7.595 7.381 7.214
7 50.0°

Zy1 45.340 44.924 44.584
wy 0.954 0.885 0.824
dy 95.906

Ry 51.559 51.217 51.559 51.835
f 39.410

R; 167.241 170.942 167.241 164.410
Waist at mirror 2, wyp (dia. = 40) 8.457 8.363 8.291
& 50.0°

Zy(Cass.) 150.00 149.482 149.435 149.399
Weass. 2.996 2.729 2.505
mirror-subrefl 6148.95 6148.99 6149.03
Wsubrefl (dia. = 750) 317.407 317.409 317.410
Rgubrett 6000.00  6000.000  6000.000  6000.000
Multimode truncation (dB) 9.68 9.67 9.67
Edge Taper (dB) 12.00 12.12 12.12 12.12

Dimensions in mm.
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TABLE 5.2
Beam efficiency in area defined by contour of co-polar field.

Co-polar beam efficiency (%) X-polar beam efficiency (%)
Level below

Peak (dB)
602 GHz 661 GHz 720GHz 602 GHz 661 GHz 720 GHz
3 56.27 54.09 44.10 0.01 0.01 0.00
6 74.45 68.84 68.21 0.02 0.01 0.01
9 79.78 80.78 81.40 0.02 0.02 0.02
12 85.63 83.01 83.67 0.03 0.02 0.02
15 86.46 87.17 84.31 0.03 0.02 0.02
18 87.85 87.89 86.93 0.03 0.03 0.02
21 88.34 87.78 87.69 0.03 0.02 0.02
24 90.73 90.54 90.05 0.04 0.03 0.02
27 91.37 91.41 90.68 0.04 0.03 0.03
30 91.59 91.51 90.86 0.04 0.03 0.03
TABLE 5.3
Spillover and added noise at zenith.

Stage Reflector Item 602 GHz 661 GHz 720 GHz
Receiver T (receiver) 50K 50K 50K
Mirror 1 Relative power on reflector  0.9986 0.9990 0.9991

T (shield) 30K 30K 30K
T (after M1) 50.112K  50.080 K  50.072 K
Added noise (M1) 0.112K 0.080 K 0.072 K
Added noise (percent of total) 1.02 % 0.82 % 0.61 %
Mirror 2 Relative power on reflector  0.9985 0.9989 0.9990
T (shield) 30K 30K 30K
T (after M2) 50.120K  50.088 K  50.080 K
Added noise (M2) 0.008 K 0.008 K 0.008 K
Added noise (percent of total) 0.07 % 0.08 % 0.07 %
Subreflector Relative power on reflector  0.9547 0.9548 0.9490

T (effective) *93.288 K *68.670 K *94.772 K
T (after subreflector) 56.699 K 55573 K  57.712K
Added noise (subreflector) 6.579 K 5485K 7.632 K
Added noise (percent of total)  59.96 % 56.01 % 64.73 %

Main Reflector Relative power on reflector 0.9434 0.9436 0.9383
T (ground) 300 K 300K 300K
T (after main reflector) 60.97 K 59.794 K  61.791 K
Added noise (main reflector) 4.27 K 4220 K 4.079 K
Added noise (percent of total) 38.94 % 43.09 % 34.60 %

* Calculated from T = Tgy (1 — ). The opacity 7is calculated using standard atmosphere at 5 km altitude, 1 mm
precipitate water and 45 km max. integrated atmosphere height profile. 7=2.7012, 1.1606, 2.9512 at 602, 661 and
720 GHz respectively. The equivalent sky temperature is taken at an assume 100 K.
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Band 9 Centre Frequency 661 GHz
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Fig. 5.2 E-plane far field of Feed Horn.
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Fig. 5.3 H-plane far field of Feed Horn.
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Fig. 5.4 45°-plane far field of Feed Horn.
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Fig. 5.5 E and H-plane far field of real corrugated horn by mode matching.
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0) Far Field

Band 9 661 GHz Mirror 2 E-Plane (phi
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10

CorrUgated' Horn Feed
HE11 Hybrid Mode Ideal Horn
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Fig. 5.6 Mirror 2 E-plane far field.

Edge taper (at secondary angle of illumination 7.16°); real horn: 10.67, 10.73, ideal horn: 10.56, 10.60.
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Fig. 5.7 Mirror 2 E-plane far field.

Edge taper (at secondary angle of illumination 7.16°); real horn: 10.38, 10.38, ideal horn: 10.13, 10.13.
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Amplitude (dB)

Amplitude (dB)
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Fig. 5.8 Field at subreflector plane, ¢= 0° cut.
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Radial Distance (mm)

Fig. 5.9 Field at subreflector plane, ¢=90° cut.

TABLE 5.4
Edge taper at subreflector.

¢=0°Plane ¢=90° Plane

Corrugated Horn 10.89, 10.61 10.45,10.45
Ideal Horn 10.79,10.49  10.21, 10.21
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HE11 Hyhrid Mode Ideal Horn Feed

Band 9 Mid Band 661 GHz Antenna Far Field, Antenna Axis
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Fig. 5.10 Antenna pattern on antenna axis coordinates.

Band 9 661 GHz Antenna Far Field, Real Horn Feed, Beam Axis
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Fig. 5.11 Real corrugated horn antenna pattern on beam axis coordinates.
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0) Far Field

Band 9 602 GHz Feed Horn E-Plane (phi

Band 9 Low Band Edge Frequency 602 GHz

60

deg

30

Fig. 5.13 H-plane far field of Feed Horn.
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45) Far Field

Band 9 602 GHz Feed Horn Diagonal Plane {phi

b0

deg

Corrugated Horn by Mode Matching
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Corrugated Horn X-Polar
HE11 Hybrid Mode Ideal Horn

Fig. 5.14 45°-plane far field of Feed Horn.

Band 9 602 GHz Feed Horn E- & H-Plane Far Field

30 deg 60

69

-30
Fig. 5.15 E and H-plane far field of real corrugated horn by mode matching.
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0) Far Field

Band 9 602 Mirror 2 E-Plane (phi

Corfugated Horn Feed

HE11 Hybrid Mode Ideal Horn

dBi
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20

10

-10

-20

15

deg

10

Fig. 5.16 Mirror 2 E-plane far field.

Edge taper (at secondary angle of illumination 7.16°); real horn: 11.00, 11.02, ideal horn: 10.78, 10.69.

90) Far Field
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Fig. 5.17 Mirror 2 E-plane far field.

Edge taper (at secondary angle of illumination 7.16°); real horn: 10.38, 10.38, ideal horn: 10.29, 10.29.
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Fig. 5.19 Field at subreflector plane, ¢=90° cut.

TABLE

5.5

Edge taper at subreflector.

p=0°

Plane ¢=90° Plane

Corrugated Horn
Ideal Horn

11.14,
10.92,

10.87  10.35,10.35
10.56  10.26, 10.26

71





Band 9 Low Edge Frequency Antenna Far Field, Antenna Axis
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Fig. 5.20 Antenna pattern on antenna axis coordinates.
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Fig. 5.21 Real corrugated horn antenna pattern on beam axis coordinates.
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Band 9 High Band Edge Frequency 720 GHz

0) Far Field

Band 9 720 GHz Feed Horn E-Plane (phi
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Fig. 5.22 E-plane far field of Feed Horn.

90) Far Field
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Fig. 5.23 H-plane far field of Feed Horn.
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Fig. 5.24 45°-plane far field of Feed Horn.
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Fig. 5.25 E and H-plane far field of real corrugated horn by mode matching.
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Fig. 5.27 Mirror 2 E-plane far field.

Edge taper (at secondary angle of illumination 7.16°);
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Fig. 5.28 Field at subreflector plane, ¢= 0° cut.
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Fig. 5.29 Field at subreflector plane, ¢=90° cut.

TABLE 5.6
Edge taper at subreflector.

¢=10°Plane ¢=90° Plane

Corrugated Horn 10.01, 9.99 9.63, 9.63
Ideal Horn 10.45, 10.33 9.94, 9.94
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Fig. 5.30 Antenna pattern on antenna axis coordinates.
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Fig. 5.31 Real corrugated horn antenna pattern on beam axis coordinates.
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ABSTRACT

This option B modifies relative positions of horn and flat mirror respect
the eliptical mirror that it is still fixed in its current position. The aperture
of the horn is also reduced to 14.90 mm in order to decrease the taper to
the level of -10 dB

|. INTRODUCTION

The results of the PO simulations of the band 3 for Option A shows good results in aperture
efficiency but little worse noise tempterature is achieved due to spillover in the reflectors. This
option modifies the horn aperture in order to achieve ataper of about -10dB.

In this option, the mirror is fixed to the current values (focal distance of mirror is 203 mm). The
layout of the system is the same that Option A and the horn aperture is 14.90 mm

The whole system is simulated with PO in the actual antenna position (that is offset in the
cassegrain focus and tilted to hit the secundary mirror) reviewing the truncation levelsin the
eliptical and flat mirror in order to determine the accurate diameters of both mirrors. Complete
antenna analysis is available with the calculated values of aperture efficiency and noise temperature
due to spillover in mirrors





Il. RADIOTELESCOPE DATA

Data of the radiotelescope useful to synthetize the system and cal culate the coupling of the radiated
fields to the subreflector like an aperture efficiency measurement.

D := 1240° Main dish diameter
FED =8 Equivaent foca ratio
M2_2c := 6177 Distance between primary and secondary foci
exc = 110526 Secondary eccentricity
rs:= 375 Subreflector radius
[]
Lr = 5882.87 Cassegrain focus to hiperboloid vertex distance
prof =111.33 Thickness of the subreflector between edge and vertex
Fr=358 Semiangle of secundary

Beam radius in the subreflector in order to achieve the -12dB of taper in the

ws(12) = 319014 edge of the subreflector

[
[
[11. HORN AND LENS DATA
radio_boc := 14.9 Aperture radius
aboc_boc =18 Half flare angle (deg)
n:=232 Refraction index of HDPE at 300 K
tand:= 340 * Losses LAMB
e=1 Edge thickness
[
Horn only QO data
FD = 1.837 wo(1 0,FD,b) = 4.121 axia(FD, b) = 45.857
b = 5073 D(10,FD,b) = 37.3%6 slant(FD,b) = 48217

z(10,FD,b) = 17.796

band3_PO_optionB.mcd
01/07/2003





Horn plus lens data
f1 = 53589 focal distance of the lens

etotal(FD, b, n,f1,e) = 7.731 total thickness of the lens since the horn aperture to elipsoidal
vertex lens

wOout = 10.388 Beam waist in the vertex lens
[
Theoretical radiation pattern of the horn plus lens at central frequency

q:=-25,-248.25

. RN
. / \
/ \

relative power (dB)
N
o
)

Ay
S L1 |

~50
25 20 -15 10 5 0 5 0 15 20 25
angle (deg)
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V. CABIN OPTICS

The fundamental GBM of the system horn plus lens and ideal lens (elliptical mirror) is optimizied
with -12 dB goal in the edge of the subreflector. The radius of curvature is opmizied to be equa to
the distance between the cassegrain focus to the edge of the subreflector. That is Lr+prof.

The multimode analisys and the futher PO analysis shows that the actual edge taper in the
subreflector edge is higher (-9 dB / -10 dB).

T:=13 Taper goal
d30 := 287.46 Mirror to cassegrain focus distance goal
Fundamental GBM taper in subreflector Defocused in wavelengths
14 40
135
28
1
% 3
% 125 g 16
B 12 3
g 115 & 4
o
11
105 8
1084 88 92 96 100 104 108 112 116 —20
84 88 92 96 100 104 108 112 116
frequency (GHz)

frequency (GHz)

Rout(d2,d3 + Lr + prof,f2, wOout, | 0) =6.079" 103 Fundamental GBM curvature radius in subreflectc

waistout(d2,d3 + Lr + prof,f2, wOout,| 0) = 311.068 Fundamental GBM beam radius in subreflector

Feed horn data Lensdata System data
FD = 1.837 f1 = 53589 f1 = 53589

b =5.073 etotal(FD, b, n,f1,e) = 7.731 d2 = 209.779
radio(FD, b) = 14.9 e=1 f2 = 203
axid(FD,b) = 45.857 n=1523 d3 = 287.459
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Fundamental GBM propagation (5* beam radius). d2 is the position from horn to eliptical mirror and
d2+d3 is the position from the horn to cassegrain focus.

Beam propagation
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axia distance from horn (mm)

Radiation pattern in cryostat window and elliptical mirror at low frequency. Multimode

calculation.
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Near field pattern in window and mirror
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The truncation level in the
cryostat window is about -35
dB and in the dliptical mirror
is-30dB
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r:=0,20..800

20:=d2 + d3 + Lr + prof distance since the vertex lens to the edge of the subreflector

0 \ Peo(rs, 20,1 low) = - 9.926
5 rs
- 12 Pco(rs, 20,1 0) = - 9.926

Pco(rs,zO,I upp) =-9.926

45 /\ m
AW
0 200 400 600 800 1000

[
Efficiency is calculated as coupling to top-hat function in the subreflector

etaper(l Iow) =0923 etaper(l 0) =0923 etaper(l upp) =0923
espill(l low) = 0.97 espill(1 0) = 097 espill(l upp) = 0.97
eD(I low) = 0.994 eD(10) = 0991 eD(I upp) = 0.988
eblk(l low) = 0.988 eblk(1 0) = 0.989 eblk(l upp) = 0.989
eap(l low) = 0.879 eap(1 0) = 0877 eap(l upp) = 0.874
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V. GRASP DATA

The script is calculated using some inputs that define the layout. We supose that the eliptical
mirror has to be fixed in the clasical and alternative band 3 solution. It is one of the most
problematic mirror in the warn optics design. The inputs of the system are the following:

qi

d2 d3

x_dip, y_€ip, z dip
diam_dlip, diam flat

The outputs of the system will be:

Detailed geometry data

Clearance in cassegrain focus
Pointing angle of the antenna due to offset

GRASPfile

V-a. Input/Output data

gi := 25deg

d2 =209.779

d3 = 287.459

e dip 0 %40 0
Ey_elip T = g 3060 °
ezdipg e-245lg
diam_dllip := 130
diam_flat := 115

D

d31l §
¥ 460024947 &

¢ d2 + ¢ 5
: b;:c127.434445_,
SO0 T & 1792078 g
edeg g

B

cass_clearance = 60.806

gpointing
deg

= 0.10990914

gflat
deg

= 24104

Incidence angle

Horn to eliptical mirror distance

Elliptical mirror to cassegrain focus distance

: Incidence angle respect the normal (highly fixed to 25 deg)
: System distances defined aong this doc
: Central point of eliptical mirror

: Projected diameters of both mirrors

Position of the elliptical mirror (center or main ray incidence) referred

to cassegrain focus.

Projected diametre of eliptical mirror

Projected diametre of flat mirror

Elliptical to flat mirror distance
Flat mirror to cassegrain plane distance
Tilted angle of main ray

Radius of clearance in cass focus

New antenna pointing (deg)

Flat mirror angle respect the cryostat plane
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r eip =7172 Rim radius of dliptica mirror (large)

0.5diam_dllip = 65 Rim radius of eliptical mirror (short)
r_flat = 62.992 Rim radius of flat mirror (large)
0.5diam flat =575 Rim radius of flat mirror (short)

V-b. System layout

The system has been simulated off axis, in the actual position in the receiver's cabin.

<)

d_¥lat

[
V-c. GRASPfile

Click in areato see the detailled GRASP data

[*] GRASP data
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VI. DATA ADQUISITION

The analysis of several critical points of the optics is done for the frequencies 85, 100 and 115 GHz.
The analysis is done for the simulated horn. These results must be compared with the results of the
current band 3 optics related in the report2.pdf from Tham.

The points to be compared are the following:

Far field comparation of simulated/measured horn with the SWE

Radiation pattern in eliptical mirror, flat mirror and in cassegrain focus. Truncation levels
Radiation pattern in subreflector. Taper and coupling to top-hat function

Radiation pattern of antenna. Gain, aperture efficiency, SLL

Noise temperature of the system

VI-a Simulated Horn 85 GHz

[
[
NF in Elliptical Mirror 85 GHz
10
- dip r_dip
0
~10

relative power (dB)
o
o

.
O

—70
-100 -8 -60 —40 —20 0 20 40 60 80 100

distancein mirror (mm)
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relative power (dB)

relative power (dB)

NFin FHat Mirror 85 GHz
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NF in Subreflector

10
5 375 75
0 — _—

; / ~

5 / \
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/ \
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I e P V)

relative power (dB)
N
o

A N N
B/ N/ VARV
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50
—1000 —800 ~—600 ~—400 —200 0 200 400 600 800 1000
radia distance (mm)

The mean value of the taper in the edge of the subreflector

Taper = 10.103

R 0= 6021

R 90 = 6034

The coupling to the top hat function en the subreflector

etaper = 0.9089 espill = 0.9557 eD = 0.9925 eblk = 0.9883

eap = 0.8519
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Antenna Far Field 85 GHz. Beam Axis
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gain (dBi)

I

gain = 79.672

0.813

Iﬁ

SL=27671

Uil =L Equivalent noise temperature after main reflector

band3_PO_optionB.mcd
01/07/2003





VI1-b. Smulated Horn 100 GHz
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The mean value of the taper in the edge of the subreflector
Taper = 9.987

R _f0 = 5991

R f90 = 5970

The coupling to the top hat function en the subreflector

etaper = 0.9103 espill = 0.9627 eD = 0.9901 eblk = 0.9888

eap = 0.8579

D

Antenna Far Fiedld 100 GHz. Beam axis

85
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35
-01 ~0.075 ~005 ~0.025 0 0.025 0.05 0.075 0.1

theta (deg)

gain (dBi)

gain = 81.117
eap = 0.8191
SLL = 20413

Tln5 = 58.327

Equivalent noise temperature after main reflector
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VI1-c. Smulated Horn 115 GHz

NFin Elliptica Mirror 115 GHz
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relative power (dB)

relative power (dB)

NF in Cass Focus 115 GHz
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The mean value of the taper in the edge of the subreflector
Taper = 10.064
R _f0 = 6054

R_90 = 6010

The coupling to the top hat function en the subreflector

eaper = 0914 espill = 0.9633 eD = 0.9874 eblk = 0.9886

eap = 0.85%4

Antenna Far Fidd 115 GHz. Beam axis
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Equivalent noise temperature after main reflector
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VIl. CONCLUSIONS

Option B optics has been calculated. The difference with Option A optics is the aperture radius of
the horn (15.465 mm A and 14.900 mm B). Other parameters like distances between elements are
unchanged. The conclusions of optionA document concerning to the changes to do in the layout are
directly applicable in this optics.

The main difference in the results of the calculations are the following.

The taper in the edge of the subreflector is a frequency-independent taper of -10 dB.

The changes in the efficiency figures are 0.3 % in low frequency and 0.1 % in the rest of the
bandwidth. No practical differences in the aperture efficiency are observed.

The noise temperature due to spillover in the reflector isimproved 1.2K in the center and the high
range of the band.

Sidelobes are aso dightly improved due to the less uniform illumination in the subreflector

As main conclusion this horn lets a more standard taper in the subreflector with an digthly
improvement in the noise temperature.
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Technical note

ALMA band n.2 horn measurements

Author: Renzo Nesti

Summary

This document is intended to give pattern and return loss measurements of the ALMA band n.2
horn (69-90 GHz) produced by CLOEMA and designed by MECSA and Arcetri.

Both return loss and pattern measurements have been made at IRAM.

We found that the measurements agree very well with simulations, concluding that the design
method and, in particular, the fabrication process is very good in this band.
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Reflection coefficient measurements:

The reflection coefficient measurements have been made at IRAM with an arrangement composed
by an HP Vector Network Analyser (VNA) and other devices giving the capabilities to cover the
band from 67 to 115 GHz.

Graphs with reflection coefficient measurements are reported and compared with simulations.
Standard short/offset short/match WR12 calibration have been applied giving a dynamic of about
50dB. A first set-up is formed by the port 1 of the VNA feeding the transition+horn radiating in free
space. A second set-up is formed by the VNA feeding the transition radiating in the free space.
With the first set-up we have a direct measure of the horn plus the circular to WR12 transition as a
whole. With the second set-up we are able to estimate the contribution of the transition to the horn
plus transition return loss. We found that the return loss of the single transition has probably the
predominant effect on the return loss of the horn plus transition arrangement.

Results show a reflection coefficient of the horn+transition with a mean value around —26 dB (-23
dB maximum) which, by observing the transition radiating in free space curve, seems to be due to
the transition, as a predominant effect, especially in the 69-90 GHz ALMA band 2. This lead to the
conclusion that the stand alone feed would be fairly better.

Horn profile and phase centre location (PCL):
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Horn reflection coefficient:
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Pattern measurements:

The pattern measurements have been made at the Institut de RadioAstronomie Millimétrique
(IRAM) in Grenoble (FR).

Tests have bee made on the field pattern different frequencies. In this note, amplitude and phase
patterns, for the E-plane and H-plane are given at 69, 80 and 90 GHz and compared with
simulations.

In the amplitude pattern plots are organised in two parts: the upper half part is related to the E-plane
while the lower half part to the H-plane. In all plots it has to be noticed the fair shape of the main
beam and quite good features in terms of azimuthal symmetry. The results agree very well with
simulations.

The phase diagrams are quite flat in the region corresponding to the maximum amplitude radiation.
Because the measurements have been made by rotating the horn under test on the expected phase
centre we conclude that the estimation of the phase centre position does agree well with tests.
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		217.475		217.475

		217.8		217.8

		218.125		218.125

		218.45		218.45

		218.775		218.775

		219.1		219.1

		219.425		219.425

		219.75		219.75

		220.075		220.075

		220.4		220.4

		220.725		220.725

		221.05		221.05

		221.375		221.375

		221.7		221.7

		222.025		222.025

		222.35		222.35

		222.675		222.675

		223		223

		223.325		223.325

		223.65		223.65

		223.975		223.975

		224.3		224.3

		224.625		224.625

		224.95		224.95

		225.275		225.275

		225.6		225.6

		225.925		225.925

		226.25		226.25

		226.575		226.575

		226.9		226.9

		227.225		227.225

		227.55		227.55

		227.875		227.875

		228.2		228.2

		228.525		228.525

		228.85		228.85

		229.175		229.175

		229.5		229.5

		229.825		229.825

		230.15		230.15

		230.475		230.475

		230.8		230.8

		231.125		231.125

		231.45		231.45

		231.775		231.775

		232.1		232.1

		232.425		232.425

		232.75		232.75

		233.075		233.075

		233.4		233.4

		233.725		233.725

		234.05		234.05

		234.375		234.375

		234.7		234.7

		235.025		235.025

		235.35		235.35

		235.675		235.675

		236		236

		236.325		236.325

		236.65		236.65

		236.975		236.975

		237.3		237.3

		237.625		237.625

		237.95		237.95

		238.275		238.275

		238.6		238.6

		238.925		238.925

		239.25		239.25

		239.575		239.575

		239.9		239.9

		240.225		240.225

		240.55		240.55

		240.875		240.875

		241.2		241.2

		241.525		241.525

		241.85		241.85

		242.175		242.175

		242.5		242.5

		242.825		242.825

		243.15		243.15

		243.475		243.475

		243.8		243.8

		244.125		244.125

		244.45		244.45

		244.775		244.775

		245.1		245.1

		245.425		245.425

		245.75		245.75

		246.075		246.075

		246.4		246.4

		246.725		246.725

		247.05		247.05

		247.375		247.375

		247.7		247.7

		248.025		248.025

		248.35		248.35

		248.675		248.675

		249		249

		249.325		249.325

		249.65		249.65

		249.975		249.975

		250.3		250.3

		250.625		250.625

		250.95		250.95

		251.275		251.275

		251.6		251.6

		251.925		251.925

		252.25		252.25

		252.575		252.575

		252.9		252.9

		253.225		253.225

		253.55		253.55

		253.875		253.875

		254.2		254.2

		254.525		254.525

		254.85		254.85

		255.175		255.175

		255.5		255.5

		255.825		255.825

		256.15		256.15

		256.475		256.475

		256.8		256.8

		257.125		257.125

		257.45		257.45

		257.775		257.775

		258.1		258.1

		258.425		258.425

		258.75		258.75

		259.075		259.075

		259.4		259.4

		259.725		259.725

		260.05		260.05

		260.375		260.375

		260.7		260.7

		261.025		261.025

		261.35		261.35

		261.675		261.675

		262		262

		262.325		262.325

		262.65		262.65

		262.975		262.975

		263.3		263.3

		263.625		263.625

		263.95		263.95

		264.275		264.275

		264.6		264.6

		264.925		264.925

		265.25		265.25

		265.575		265.575

		265.9		265.9

		266.225		266.225

		266.55		266.55

		266.875		266.875

		267.2		267.2

		267.525		267.525

		267.85		267.85

		268.175		268.175

		268.5		268.5

		268.825		268.825

		269.15		269.15

		269.475		269.475

		269.8		269.8

		270.125		270.125

		270.45		270.45

		270.775		270.775

		271.1		271.1

		271.425		271.425

		271.75		271.75

		272.075		272.075

		272.4		272.4

		272.725		272.725

		273.05		273.05

		273.375		273.375

		273.7		273.7

		274.025		274.025

		274.35		274.35

		274.675		274.675

		275		275



24/03/2003

Horn 04

WR 3 Conical Horn

Frequency (GHz)

Return Loss (dB)

Return Loss Horns ALMA Band 6

-19.3925

-18.5175

-19.7822

-18.7714

-20.1435

-19.0332

-20.3906

-19.2607

-20.4589

-19.3652

-20.3007

-19.4121

-20.1923

-19.5302

-19.8671

-19.5351

-19.5791

-19.4736

-19.3544

-19.4179

-19.0507

-19.3095

-18.7568

-19.3027

-18.3867

-19.1738

-18.0537

-19.0214

-17.8427

-18.8339

-17.8105

-18.5234

-17.6171

-18.3144

-17.3193

-18.2265

-17.1455

-18.2011

-17.1855

-18.1914

-17.3466

-18.1582

-17.2734

-18.2744

-16.8955

-18.2451

-16.4843

-18.1542

-16.2353

-18.1171

-16.0859

-18.1884

-16.1601

-18.3359

-16.1455

-18.3613

-16.2783

-18.5966

-16.5214

-19.0205

-16.7626

-19.3339

-17.1728

-19.6787

-17.6074

-20.0957

-18.208

-21.0878

-18.582

-21.5947

-19.0839

-22.3583

-19.4384

-23.2402

-20.0722

-23.7207

-20.2919

-23.5605

-20.4267

-23.3251

-20.3027

-22.9785

-20.2285

-22.6972

-20.2656

-22.5908

-20.6113

-22.5498

-20.8964

-22.6289

-21.1933

-22.6337

-21.5878

-22.624

-21.9726

-22.5595

-22.4658

-22.5117

-22.8437

-22.4589

-22.9003

-22.1533

-22.8515

-22.0205

-22.4892

-21.8798

-22.0117

-21.6738

-21.5888

-20.9169

-21.5117

-20.6113

-21.3623

-20.1855

-21.2558

-19.7519

-20.6972

-19.6123

-20.7851

-20.1035

-21.3544

-20.3906

-22.2246

-20.7216

-22.58

-20.9082

-22.8359

-20.8339

-22.9433

-20.8916

-23.0029

-20.8642

-22.7871

-20.8535

-22.4248

-20.8212

-22.0654

-20.8447

-21.541

-20.8896

-21.2021

-20.8662

-21.0097

-21.1074

-20.8945

-21.2226

-21.0615

-21.4716

-21.4208

-21.5996

-21.8193

-21.9951

-22.0947

-22.3437

-22.3466

-22.9257

-22.581

-23.4345

-22.7929

-23.6181

-23.0839

-23.4482

-23.2695

-23.4765

-23.3066

-23.6787

-23.2871

-23.9824

-23.0048

-24.1982

-22.9189

-24.4619

-22.8378

-24.7734

-22.9492

-25.0849

-23.165

-25.3291

-23.4609

-25.5839

-23.8124

-25.9882

-24.1582

-26.291

-24.5869

-26.6835

-25.0166

-27.0195

-25.5087

-27.2851

-26.2519

-27.5029

-26.9306

-27.5263

-27.7021

-27.581

-28.0097

-27.206

-28.1064

-26.6601

-28.6289

-26.2334

-28.5458

-26.1962

-27.9316

-25.9931

-27.2138

-25.5556

-26.8916

-25.0703

-26.8281

-24.6816

-27.08

-24.3789

-27.1748

-24.0703

-27.4677

-23.8281

-27.6494

-23.6816

-27.5683

-23.4218

-27.5087

-23.0009

-27.1513

-22.7294

-26.7783

-22.0917

-26.5712

-21.6552

-26.5029

-21.456

-26.1162

-21.4531

-25.3818

-21.3339

-24.4677

-20.871

-23.9472

-20.8144

-23.4853

-20.6376

-22.6279

-20.5332

-21.996

-20.1757

-22.2099

-20.3584

-22.4775

-20.5605

-22.3867

-20.5976

-22.5478

-20.7363

-22.1796

-21.1787

-22.0195

-21.25

-21.9609

-21.2792

-21.2685

-21.2216

-21.5898

-21.5615

-22.333

-21.8623

-22.9267

-22.0029

-23.5527

-22.3457

-23.6015

-22.6757

-23.2519

-22.5351

-22.7959

-22.3974

-22.6669

-22.2041

-22.8427

-22.8964

-23.0576

-23.1542

-23.5029

-23.1259

-24.496

-23.0771

-24.8496

-23.957

-24.5966

-23.9677

-24.1992

-24.665

-24.4072

-24.955

-24.2705

-25.2021

-24.7587

-25.3623

-25.0908

-25.7099

-24.8798

-26.4746

-25.4873

-26.9316

-25.54

-26.9501

-24.9023

-26.7128

-24.3955

-26.4746

-23.9414

-26.0654

-24.1132

-25.9765

-24.082

-25.9716

-24.1455

-25.7236

-24.206

-26.4062

-23.8525

-25.3857

-23.3447

-24.4804

-22.7285

-24.0732

-21.5468

-23.7959

-21.7236

-22.9091

-21.4843

-22.5068

-21.1992

-21.7373

-20.7929

-21.3857

-20.5498

-20.7607

-19.5839

-19.9423

-18.6005

-19.2285

-18.038

-18.1923

-17.4072

-17.4042

-16.5175

-17.2851

-15.7436

-17.5292

-15.5781

-17.5478

-15.3007

-17.7207

-14.8725

-17.163

-14.6196

-16.8457

-14.4169

-17.791

-14.0307

-17.0996

-14.083

-17.3144

-14.059

-17.9414

-14.4536

-18.5722

-14.9023

-18.6835

-14.5825

-18.3964

-14.3237

-18.1562

-13.997

-17.414

-13.6167

-16.5039

-12.8964

-16.208

-12.7583

-16.1533

-12.9101

-16.1542

-12.9062

-16.0751

-12.9223

-16.166

-12.9296

-15.7104

-13.1103

-15.2094

-12.9995

-15.0258

-12.8803

-14.8012

-12.6611

-14.9101

-12.6084

-14.8916

-12.4721

-13.7182



Data

		

		Return Loss Horn ALMA band 6						3/24/03

		Frequency		Horn 02		Horn 04		Horn 05		WR 3 Conical Horn

		210.00		-11.50		-19.39		-17.68		-18.52

		210.33		-11.96		-19.78		-18.25		-18.77

		210.65		-12.32		-20.14		-18.93		-19.03

		210.98		-12.70		-20.39		-19.60		-19.26

		211.30		-13.11		-20.46		-19.96		-19.37

		211.63		-13.34		-20.30		-20.08		-19.41

		211.95		-13.53		-20.19		-20.26		-19.53

		212.28		-13.57		-19.87		-20.25		-19.54

		212.60		-13.54		-19.58		-20.23		-19.47

		212.93		-13.56		-19.35		-20.24		-19.42

		213.25		-13.52		-19.05		-20.20		-19.31

		213.58		-13.50		-18.76		-20.23		-19.30

		213.90		-13.21		-18.39		-19.99		-19.17

		214.23		-13.01		-18.05		-19.70		-19.02

		214.55		-12.45		-17.84		-19.42		-18.83

		214.88		-12.44		-17.81		-19.05		-18.52

		215.20		-12.57		-17.62		-18.89		-18.31

		215.53		-12.65		-17.32		-18.79		-18.23

		215.85		-12.73		-17.15		-18.41		-18.20

		216.18		-13.05		-17.19		-18.07		-18.19

		216.50		-13.19		-17.35		-18.19		-18.16

		216.83		-13.23		-17.27		-18.19		-18.27

		217.15		-13.01		-16.90		-17.88		-18.25

		217.48		-12.81		-16.48		-17.37		-18.15

		217.80		-12.62		-16.24		-16.83		-18.12

		218.13		-12.42		-16.09		-16.58		-18.19

		218.45		-12.34		-16.16		-16.62		-18.34

		218.78		-12.33		-16.15		-16.62		-18.36

		219.10		-12.46		-16.28		-16.69		-18.60

		219.43		-12.70		-16.52		-16.85		-19.02

		219.75		-13.02		-16.76		-16.88		-19.33

		220.08		-13.62		-17.17		-16.98		-19.68

		220.40		-14.32		-17.61		-17.21		-20.10

		220.73		-14.83		-18.21		-18.32		-21.09

		221.05		-15.27		-18.58		-18.81		-21.59

		221.38		-15.96		-19.08		-19.58		-22.36

		221.70		-16.22		-19.44		-19.91		-23.24

		222.03		-16.13		-20.07		-20.10		-23.72

		222.35		-16.07		-20.29		-20.06		-23.56

		222.68		-15.99		-20.43		-20.04		-23.33

		223.00		-15.90		-20.30		-19.85		-22.98

		223.33		-15.91		-20.23		-19.58		-22.70

		223.65		-15.92		-20.27		-19.53		-22.59

		223.98		-15.89		-20.61		-19.56		-22.55

		224.30		-15.99		-20.90		-19.69		-22.63

		224.62		-16.17		-21.19		-19.84		-22.63

		224.95		-16.27		-21.59		-19.89		-22.62

		225.27		-16.27		-21.97		-19.91		-22.56

		225.60		-16.25		-22.47		-19.86		-22.51

		225.92		-16.34		-22.84		-19.99		-22.46

		226.25		-16.34		-22.90		-19.89		-22.15

		226.57		-16.13		-22.85		-19.94		-22.02

		226.90		-15.65		-22.49		-19.87		-21.88

		227.22		-15.11		-22.01		-19.64		-21.67

		227.55		-14.79		-21.59		-18.71		-20.92

		227.87		-14.55		-21.51		-18.33		-20.61

		228.20		-14.05		-21.36		-17.74		-20.19

		228.52		-13.85		-21.26		-17.51		-19.75

		228.85		-13.89		-20.70		-17.10		-19.61

		229.17		-14.03		-20.79		-16.90		-20.10

		229.50		-14.31		-21.35		-17.01		-20.39

		229.82		-14.48		-22.22		-17.15		-20.72

		230.15		-14.43		-22.58		-17.16		-20.91

		230.47		-14.39		-22.84		-17.04		-20.83

		230.80		-14.37		-22.94		-17.04		-20.89

		231.12		-14.30		-23.00		-16.98		-20.86

		231.45		-14.13		-22.79		-16.82		-20.85

		231.77		-13.94		-22.42		-16.72		-20.82

		232.10		-13.84		-22.07		-16.59		-20.84

		232.42		-13.76		-21.54		-16.46		-20.89

		232.75		-13.86		-21.20		-16.31		-20.87

		233.07		-13.77		-21.01		-16.29		-21.11

		233.40		-13.87		-20.89		-16.22		-21.22

		233.72		-14.04		-21.06		-16.29		-21.47

		234.05		-14.30		-21.42		-16.25		-21.60

		234.37		-14.73		-21.82		-16.33		-22.00

		234.70		-15.18		-22.09		-16.45		-22.34

		235.02		-15.57		-22.35		-16.56		-22.93

		235.35		-15.87		-22.58		-16.57		-23.43

		235.67		-16.04		-22.79		-16.66		-23.62

		236.00		-16.10		-23.08		-16.90		-23.45

		236.32		-16.09		-23.27		-17.28		-23.48

		236.65		-16.02		-23.31		-17.53		-23.68

		236.97		-16.02		-23.29		-17.76		-23.98

		237.30		-16.09		-23.00		-18.33		-24.20

		237.62		-16.29		-22.92		-18.51		-24.46

		237.95		-16.61		-22.84		-18.73		-24.77

		238.27		-17.16		-22.95		-19.14		-25.08

		238.60		-17.86		-23.17		-19.55		-25.33

		238.92		-18.58		-23.46		-19.88		-25.58

		239.25		-19.15		-23.81		-20.28		-25.99

		239.57		-19.46		-24.16		-20.67		-26.29

		239.90		-19.95		-24.59		-20.99		-26.68

		240.22		-20.21		-25.02		-21.28		-27.02

		240.55		-20.31		-25.51		-21.59		-27.29

		240.87		-20.21		-26.25		-22.21		-27.50

		241.20		-20.06		-26.93		-22.85		-27.53

		241.52		-19.85		-27.70		-23.43		-27.58

		241.85		-19.58		-28.01		-23.75		-27.21

		242.17		-19.24		-28.11		-24.09		-26.66

		242.50		-19.10		-28.63		-24.73		-26.23

		242.82		-19.10		-28.55		-24.98		-26.20

		243.15		-19.33		-27.93		-25.05		-25.99

		243.47		-19.65		-27.21		-24.92		-25.56

		243.80		-19.81		-26.89		-24.81		-25.07

		244.12		-19.83		-26.83		-24.35		-24.68

		244.45		-19.84		-27.08		-24.92		-24.38

		244.77		-19.69		-27.17		-24.99		-24.07

		245.10		-19.20		-27.47		-24.90		-23.83

		245.42		-18.63		-27.65		-24.85		-23.68

		245.75		-17.98		-27.57		-24.77		-23.42

		246.07		-17.47		-27.51		-24.58		-23.00

		246.40		-16.85		-27.15		-24.23		-22.73

		246.72		-16.23		-26.78		-23.93		-22.09

		247.05		-15.82		-26.57		-23.86		-21.66

		247.37		-15.66		-26.50		-24.04		-21.46

		247.70		-15.61		-26.12		-24.04		-21.45

		248.02		-15.42		-25.38		-23.73		-21.33

		248.35		-15.29		-24.47		-23.27		-20.87

		248.67		-15.22		-23.95		-23.04		-20.81

		249.00		-16.16		-23.49		-22.70		-20.64

		249.32		-16.22		-22.63		-21.95		-20.53

		249.65		-15.87		-22.00		-21.32		-20.18

		249.97		-15.49		-22.21		-21.09		-20.36

		250.30		-15.06		-22.48		-21.17		-20.56

		250.62		-14.77		-22.39		-21.06		-20.60

		250.95		-14.77		-22.55		-21.24		-20.74

		251.27		-14.62		-22.18		-20.62		-21.18

		251.60		-14.45		-22.02		-20.35		-21.25

		251.92		-14.46		-21.96		-20.28		-21.28

		252.25		-14.14		-21.27		-19.81		-21.22

		252.57		-14.61		-21.59		-20.01		-21.56

		252.90		-14.84		-22.33		-20.50		-21.86

		253.22		-15.24		-22.93		-20.96		-22.00

		253.55		-15.71		-23.55		-21.40		-22.35

		253.87		-15.94		-23.60		-21.62		-22.68

		254.20		-16.07		-23.25		-21.27		-22.54

		254.52		-16.08		-22.80		-20.91		-22.40

		254.85		-16.59		-22.67		-21.11		-22.20

		255.17		-16.79		-22.84		-21.53		-22.90

		255.50		-16.79		-23.06		-21.70		-23.15

		255.82		-15.74		-23.50		-21.82		-23.13

		256.15		-15.37		-24.50		-21.83		-23.08

		256.47		-15.67		-24.85		-22.27		-23.96

		256.80		-16.07		-24.60		-22.02		-23.97

		257.12		-16.19		-24.20		-21.72		-24.67

		257.45		-16.09		-24.41		-21.82		-24.96

		257.77		-15.77		-24.27		-22.05		-25.20

		258.10		-15.70		-24.76		-22.32		-25.36

		258.42		-15.75		-25.09		-22.36		-25.71

		258.75		-15.83		-24.88		-22.51		-26.47

		259.07		-16.01		-25.49		-22.80		-26.93

		259.40		-15.56		-25.54		-22.58		-26.95

		259.72		-15.31		-24.90		-21.90		-26.71

		260.05		-15.03		-24.40		-21.34		-26.47

		260.37		-14.68		-23.94		-21.00		-26.07

		260.70		-14.56		-24.11		-20.67		-25.98

		261.02		-14.27		-24.08		-20.51		-25.97

		261.35		-14.20		-24.15		-20.64		-25.72

		261.67		-13.81		-24.21		-20.14		-26.41

		262.00		-13.26		-23.85		-19.80		-25.39

		262.32		-13.12		-23.34		-19.19		-24.48

		262.65		-13.10		-22.73		-18.89		-24.07

		262.97		-13.40		-21.55		-18.61		-23.80

		263.30		-13.16		-21.72		-18.52		-22.91

		263.62		-12.89		-21.48		-18.19		-22.51

		263.95		-12.67		-21.20		-17.87		-21.74

		264.27		-12.81		-20.79		-17.97		-21.39

		264.60		-12.76		-20.55		-17.62		-20.76

		264.92		-12.73		-19.58		-17.47		-19.94

		265.25		-12.43		-18.60		-16.92		-19.23

		265.57		-11.91		-18.04		-16.36		-18.19

		265.90		-11.67		-17.41		-16.05		-17.40

		266.22		-11.61		-16.52		-15.81		-17.29

		266.55		-11.57		-15.74		-15.51		-17.53

		266.87		-11.54		-15.58		-15.96		-17.55

		267.20		-11.60		-15.30		-16.27		-17.72

		267.52		-11.84		-14.87		-16.65		-17.16

		267.85		-11.76		-14.62		-16.47		-16.85

		268.17		-11.96		-14.42		-16.30		-17.79

		268.50		-11.91		-14.03		-15.99		-17.10

		268.82		-12.14		-14.08		-15.72		-17.31

		269.15		-12.19		-14.06		-15.77		-17.94

		269.47		-12.36		-14.45		-15.87		-18.57

		269.80		-12.26		-14.90		-16.86		-18.68

		270.12		-12.26		-14.58		-16.50		-18.40

		270.45		-12.85		-14.32		-16.69		-18.16

		270.77		-13.04		-14.00		-16.63		-17.41

		271.10		-13.11		-13.62		-15.98		-16.50

		271.42		-12.96		-12.90		-15.09		-16.21

		271.75		-13.13		-12.76		-14.07		-16.15

		272.07		-13.52		-12.91		-13.84		-16.15

		272.40		-14.01		-12.91		-13.40		-16.08

		272.72		-14.49		-12.92		-12.96		-16.17

		273.05		-14.73		-12.93		-12.43		-15.71

		273.37		-14.98		-13.11		-12.25		-15.21

		273.70		-15.17		-13.00		-11.34		-15.03

		274.02		-15.33		-12.88		-10.38		-14.80

		274.35		-15.23		-12.66		-9.40		-14.91

		274.67		-15.60		-12.61		-9.06		-14.89

		275.00		-15.54		-12.47		-8.36		-13.72
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