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Overview

 The Green Bank Telescope

« Scientific Requirements and Objectives
 The Real Telescope

* |nstrumentation

* Next Steps
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_Telescope Structure and Optics
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Telescope Structure and Optics

Offset-Gregorian design
Operation to 115 GHz, 40 GHz winter 2003-2004
Optics: 110 m x 100 m of a 208 m parent paraboloid
Effective diameter: 100 m
Off axis feedarm
F/D ~0.6
Elevation Limit: 5°
Slew Rates: Azimuth - 40°/min; Elevation - 20°/min
Main Reflector: 2004 actuated panels with 68 um rms.
Total surface: rms 400 um

FWHM Beamwidth: 740"/f(Ghz)
Prime Focus: Retractable boom

Gregorian Focus:
8-m elliptic subreflector with 6-degrees of freedom
Rotating Turret with 8 receiver bays

Typical 20-60 K Tsys, maximum efficiency 70-75%, NEDT 1 mK
to 1 uK
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Scientific Requirements

Table 1. PTCS Specifications and Constraints

r=>52GHz wv=86GHz r=115GHz

Wavelength A . i 26

FWHM beam # . 6.4 Eq. 1

“Usable™ offset tracking o3 . 13 Eq. 6
current wind |v| 2.0(4.5) Eqs. 6,12, 13
requirement wind |v| 25(56)

“Good” offset tracking o2 . . Eqs. 7and 12
current wind || Eqs. 7. 12,13
requirement wind |v|

Calibrator accuracy mafcal) . i i Eq. 8
Tracking time Af . i i Eq. 11

Blind azimuth pointing oy ! i i Eq. 16
Blind pointing gradient |AE|/rad _ : Eq. 18

“Usable™ effective ¢ ) Eq. 21
“Usable” focusing | A _ _ _ Eq. 23

“Good” effective ¢ . Eq. 20
“Good” focusing | Ay _ _ . Eq. 24
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PTCS / High Frequency Environmental Envelope B

2.5 m/s (50%) 5 mig (90%)
WIND




Scientific Requirements

« Efficiency/Collimation: Aperture error ~<1/16A
— Maximize flux collected from unresolved source
— Minimize background confusion, e.g., bright source in sidelobe
— Best spatial sampling for mapping, e.g., think of beam shape as
spatial impulse response
« Pointing
— Minimize calibration uncertainty of unresolved source intensity
— Maximize collected flux
— Accurate enough to find calibrator (blind)
— Offset good enough over ~5° to find program source
— Track stable over one-half hour
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Pointing Coefficients

Table 2. GET Pointing Coellicients

e Rt S S Ao 53S
e?é%‘é%ﬂ”cﬁ'&%%%%%%%ﬂ%%ﬁf{ﬁh:
Component Effect on 3%%?5&%%0?(3%%%%%%@9
Motion Pomting b@)onﬁnﬁ"b?. COSshi
>22095%? Sof rﬁ%@%%%‘é‘% PERUARARR
ey’

Primary focal length increase  — 1.9 arcsec mm !

Primary Y rotation +1.77 arcsec arcsec—!

Primary X translation +2. 7 arcsec mm—

Primary Y translation —.%arcsec mm—

Primary £ translation — L% arcsec mm— Entire pointing error budget is:

1
1
1
Subretlector X translation 3 R arcsec mm_l 0.32 mm subreflector X translation, or
1
1

Subreflector Y translation 12,9 arcsec mm-— 0.41 mm subreflector Y translation, etc.

Subreflector £ translation 421 arcsec mm—
1

1

Subretlector X rotation 015 arcsec arcsec

Subretlector Y rotation 40013 arcsec arcsec
1

1
1

Feed X translation 4 105 arcsec mm—
Feed Y translation — .05 arcsec mm—
Feed £ translation — .25 arcsec mm—
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Approach

« 2003

Develop and test methods for astronomical characterizations of
structure- pointing and efficiency- and collect data

Improvements in gravity model

Develop instruments and algorithms for thermal corrections, test
and refine

Develop algorithms and test existing laser rangefinder system

« 2004

Implement additional instrumentation
Develop additional algorithms, test

Emphasize slow perturbations: Available servo bandwidth < 1 Hz
(subreflector), dominant effects are ~ 0.1 Hz or less.

Have new pointing and surface corrections in place for winter 2004-
2005: Objective of “good” 52 GHz, “Usable” 86 GHz
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Pointing Degradation Mechanisms:
Most are slow, < 0.1 Hz

Gravitational distortions, alignment:
— Structure is linear (stress tensor), powerful constraint!

— Compensate with “Traditional” pointing model: sin/cos of az,el (2-D
Fourier series in general, “Condon Series”)

Thermal distortions (mostly gradient):

— Mechanical design is “homologous”. Diurnal focus variation ~ 40
mm, elevation variation ~ 30 arcsec, worst transient around sunup,
large effects persist to hours after sundown

Wind load distortions:
— Predicted and measured pointing effects up to 10’s of arcsec

Structural vibrations (particularly at “jerky” scan start)
— 10’s of arcsec

Azimuth track bumps, elevation anomaly ~ 5 arcsec

Servo errors, response to perturbations (wind, bumps) ~ 1-2
arcsec

Miscellaneous at <= 1 arcsec: Bearing wobble, encoder error...
Anomalous refraction at high frequencies
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Efficiency Loss Mechanisms, Polarization Errors

.

N2Y0

 Efficiency:
— Uncompensated gravitational distortions, l.e., structural finite
element model prediction errors

— Uncompensated thermal distortions of back-up structure
(also causes focus error)

— Primary panel shape errors
— Secondary figure errors
— Mis-collimation

» Polarization
— Squint and Squash
— Coupling
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The Real vs. Ideal GBT: Efficiency and Beam Shape & .
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Holography Results
o

« Surface errors ~300-400um rms; dominated by large scale errors.
« Traditional and “oof” measurements; consistent but complimentary results.
« Efficiency improvements of ~30-50% by quick, easy large-scale adjustments.

Surface Eor [microng), mapls0modified_02AprtH

4]
¥ [mEterz)
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PTCS Technical Achievements gﬁ!

« Successfully passed two design reviews
« Delivered Q Band (43GHz) performance:
— Blind pointing < 4" radial rms
— Offset pointing < 2.7” radial rms
— Focus < 2.5 mm rms
— 43% peak efficiency

RMS = 0.60 arcsec

Position Offset (arcsec)
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Correcting Focus for Thermal Distortions

Focus residuals after gravity model

Focus Madel Training: DataAndhodelRefract: unCanstrained; robustjinear

Offset mm

Offset mm

L
10
Hour EDT

Elevation

heas-Pred

Corrected via robust linear regression of
linearized features:

» Temperature differences

 Gravity model

» Wind velocities in alidade-relative frame
Include k-nearest neighbor estimates of az, el
anomalies

Current best model has 68% at < 2mm

Hour EOT
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The Real vs. Ideal GBT: Servo Effects and Structure
Vibration

Defrended Remaoving Periodic Servo Disturbant
Detrended DCR Elevation Offset
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The Real vs. Ideal GBT: Wind Effects

Feed Arm Pasitions and Wind Speed
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Wind-Servo Disturbance

O
[
s
O
—_
o
e
o]
O
[

2

=

TPTCSKTC040414 Scan15

Weather3

Weather2

| noise (1Hz)
1 sigma=0.66

200

400

600

| |
a00 1000 1200
Seconds

Ohio University May 24, 2004

| |
1400 1600




Azimuth and Elevation Anomaly
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Predicting Tracking Error From Inclinometers

FPredicting Elevation Tracking Errors From Inclinometers
I I I I I

1-sigma from half-power track = 2.5"

h '
I| | 1 : I
l HH*{]¢ I
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Red=Predicted
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Instrumentation

Structure Temperatures (4)

]
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Air Temperature
Quadrant Detector
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Quadrant Detector Laser
Structure Temperature
Air Temperature
IR Camera

Air Temperature

Structure Temperatures (4)
Air Temperature

Structure Temperatures (2)

Structure Temperatures (2)

Azimuth Encoder




- Voltage stabilisator
with Level-Shifter

- Digital frequency counter
Pendulum - Calibration data memory
- Asynchronous serial port

Connector
for RS 485

P

EIEctrades Housing airsealed welded

RC-Oscillator
Mcuntlng bracket




Accelerometers

3-axis, elevation bearings and
receiver cabin

MEMS torsion, capacitive
readout, nickel

2 micro-G/root Hz
10 Hz sampling
1 x 1 x 0.1 G dynamic range

24 x 24 x 16 bit mixed signal
ADC/microprocessor

Structural resonances
Receiver microphonics
Rate-aid inclinometers
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Node: ZAG731D Azimuth: 0 Elevation: 38

Retraoreflector
on Surface

Fig 1. The geometry of the metrology system.
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Structural/Air Temperature Sensors

0.15 C accuracy, -35t040 C

0.05 C interchangable thermistors
0.01 C resolution, 1 sec sampling
19 structure sensors (soon 23)

S air sensors (forced convection
cells, ~ 5 sec time constant)

Structure thermal distortions
Vertical air lapse

Laser rangefinder group index
calculations

Ohio University May 24, 2004
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Infrared Thermography B

160 x 120 8-12 micron uncooled microbolometer array
(Inframetrics)

* 0.1 C resolution, accuracy = ?
* |mage primary mirror from feedarm
« Primary surface coating black in long wave, Lambertian

« Supporting temperature sensors on two panels, two adjacent
locations in back-up structure (BUS)

« Thermal gradients of mirror
» Inferences of BUS gradients

 Combine with OOF maps to refine FEM stiffness estimates of
BUS

« Regressions with OOF to get thermal distortions
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Weather Stations, Servo Monitor

 Three weather stations

— Air temp, wind speed/direction, humidity, barometric
pressure

— Two on periphery of compound, one on feed arm tip

 All drives are monitored
— Currents and tachometers

Ohio University May 24, 2004
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Current Best Efficiency

« Zernike corrections of primary using OOF maps:
Improved 40° elevation efficiency (Q-band) by ~25 to
40%

« Beam width reduced
 Sidelobes attenuated
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31



Current Best Pointing Models B

« Training on all data but test sets
« Test sets: One “Track”, one all-sky run

« Train results: 68" percentile residuals, all elevations, all winds,
all hours-
Focus: 2.2 mm, Elevation: 2.6”, Azimuth 3.6”

« Track results: 68t percentile residuals, elevation 20-85, winds <
3.5 m/s, 0000-0800 EDT-
Focus: 0.7 mm
Elevation: 1.9" (6" offset)
Azimuth 2.8” (77 offset)

« All-sky results: 68 percentile residuals, elevation 20-85, winds
< 3.5 m/s, 0000-0800 EDT-
Focus: 1.1 mm
Elevation: 2.3” (2" offset)
Azimuth 2.6” (3" offset)
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Technical Challenges 2004-2005

« Laser Rangefinders
— Risk mitigation for other techniques
— Improved rangefinder pointing

— Improved ground and feedarm geometries: Larger acceptance
angle retros (n=2 glass), cantilevered supports on feedarm

— Next measurement campaign summer '05
« Ultilization of new instruments

— System ID for inclinometers: Separate vibrations, azimuth drive
hunting- attempt real time corrections for azimuth track and wind
forces. Possibly directly to half-power track data...

— IR Thermometry and OOF maps: Combined thermal/gravity
enhancements of active surface control

« Better characterization of pointing performance

— Quantitative offset and track analysis: What are metrics? Can
metrics be used for more sophisticated optimizations? Use for
Monte-Carlo detection experiment design?
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Technical Challenges 2004-2005

Implement and test new pointing models, including
— Wind effects
— Azimuth track effects
— Elevation anomaly
Start design of dense temperature sensor infrastructure-
Increase sensors by x107?
Algorithms for improved trajectory shaping/control
— Minimization of structure transients
— Maximize observing time

Engineering tests of bolometer array may be possible in early
spring 2005
— Great potential for investigating beam shape, optimizing efficiency,
speed up OOF mapping.
Collect/analyze additional astronomical data on pointing,
wavefront errors
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Technical Challenges 2004-2005

 Thermal-mechanical FEM of BUS

« Characterize main drive controls, investigate new

control algorithms- Does modern control approach
have advantages?

Ohio University May 24, 2004
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Backups
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GBT Science Summary - Frequency Coverage Eig

SCIENCE WITH THE GBT

Distant Normal Galaxies HI Spectroscopy CO Spectroscopy -

Distant Galaxy Formation Redshifted Lines _ Co, Cl _
Primordial Star Formation Dust Continuum _

Structure of the Universe - Continuum Imaging
Extragalactic MegaMasers l H,0 I Sio

Radio Galaxy Structure Radio Continuum

Black Hole Jet Physics VLBI Continuum Imaging

Structure of the Milky Way I I HI, OH, H,CO Spectroscopy CO, HCN, HCO" . Spectroscopy I I

Galactic Spectroscopy of Star Forming Atomic and Molecular Spectroscopy Molecular Spectroscopy
Regions and Circumstellar Envelopes

Supernovae and Star Formation Radio Continuum
Galactic Masers “@H @H;,dﬁ-l [ H,0 ‘SiO | i Sio
Astrochemistry ‘Molecular Spectroscopy Molecular Spectroscopy
Pulsar Physics Radio pulse timing

Solar System Studies Bi-static radar

“““m“““““ﬂwmmmmmw Atmospheric Stop Bands
I I I I | I |

10 20 30 40 50 70 80 90 100
Frequency (GHz)
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Loral Tech Memo 52 Table 2-20

El=5, AT=5,V,=0,Sun Az=180

Error Sources

El Errors (arcsec)

X-El Errors

(arcsec)

Repeatable

Nonrepeatable

Repeatable

Nonrepeatable

Mechanical Alignments
RF/El Axes Orthogonality
El/Az Axes Orthogonality

Az Axis Verticality

Structural Deformations

Reflector

Wind

Thermal Gradient
Alidade

Wind

Thermal Gradient

Servo and Drive

Miscellaneous

El Bearing Wobble
Az Bearing Wobble
Encoder Accuracy
Encoder Coupling
Encoder Referencing

RSS Subtotals




Error Sources

El Errors (arcsec)

X-El Errors

(arcsec)

Repeatable

Nonrepeatable

Repeatable

Nonrepeatable

Mechanical Alignments
RF/EI Axes Orthogonality
El/Az Axes Orthogonality

Az Axis Verticality

Structural Deformations

Reflector

Wind

Thermal Gradient
Alidade

Wind

Thermal Gradient

Servo and Drive

Miscellaneous

El Bearing Wobble
Az Bearing Wobble
Encoder Accuracy

Encoder Coupling

Encoder Referencing

RSS Subtotals




PTCS Project Team

* Richard Prestage: Project Manager, Green Bank Site
Deputy Director- Holography, Astronomy

« Jim Condon: Project Scientist- Astronomy,
Experimental Design/Analysis

« Kim Constantikes: Project Engineer- Instrumentation,
Algorithms, System Design, Pointing, etc.

« ~ 9 Full time participants- 2 software engineers, 2
electrical engineers/technicians, 1 metrologist, 1
mechanical designer

* Plus machine shop, mechanic, etc. support
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Laser rangefinder improvements:
—Pointing and geometry
—Risk mitigation for alternatives




Approaches

» Laser Metrology

— Measure position of all relevant components to ~ 100 microns, infer
orientations

— Currently low-level and long time-line

« Combined Astronomical, Structural Measurements, Models
— Semi-empirical models driven by indirect measurements

— E.g, astronomical pointing, linear regressions against suitable
parameters: Temperature gradients, wind pressure, etc.

— E.g., holography and linear structure model (very important!) to
refine finite element structure model prediction of primary shape vs.
elevation angle.

— Incremental improvements, small capital investment

Ohio University May 24, 2004

42



Main Drives N2}

« Azimuth: 1 drive/wheel, 4 wheels per truck, 4 trucks

« Elevation: 8 drives (bull gear/pinion)

« 0.37 per bit, azimuth and elevation encoders

* Analog velocity (tach) and torque (current) loops

 Digital position loop 50Hz sampling (10 Hz parabolic demand)

« ~0.3 Hz closed loop bandwidth
(< ~0.6 Hz first structural mode !)

« Current loop lag-compensated, velocity loop lead-lag
compensated, position loop type-Il with nonlinear compensation
for large angle motions

« < 1”7 spec tracking error for constant velocity
« Max 20 Deg/min elevation, 40 Deg/min azimuth
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Subreflector Drive/Stage, Active Surface Control

« Subreflector/six link “Stewart Platform”
— Full 6DOF control
— Magnetostrictive link length encoders
— Spec xx translation accuracy, yy tilt accuracy

 Active surface
— 2209 actuators, DC motor drives, LVDTs
— ~ 25 micron closed loop, ~ 75 micron accuracy (LVDT)
— Cube retroreflector at near each panel corner

Ohio University May 24, 2004
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Example: Multilateration with laser rangefinders

= WiT 7.2 - Igraph: working4_ziyc
File Edit Graph Tools Run  Windows Help

b ~ 8w |#] 3|« |#]2|8 DSBS & |m|E] 8] ol

delay

Sxx

| }
emgn_sz??_inpm

processiWesther
*

getField calc

GRI

L —
=

0 Eeer €
ErErr) = an

field: GRIndex

Calculate Smoothed Refractivity

3
3
3
3
3

haostname: wabooz
port: 5000

Receive and Demultiplex Data

processZero
*

Smooth LRF
Zero Points

init hiztlak start

o
Start Graph

Initialize Matlab Engine

processLeak
*

Smooth LRF
Leakages

hlankShiR:
*

reduceRange
hlankhdotion

Correct

Phase, Low
Calculate Ranges
Range dbinzert

makeTridata

F_

"2 Wil 7.2 - Igraph: blankSNR:
Flle Edit Graph Tools Run ‘Windows Help

B ~|g|w|#] 5|¢ £/ D] 5w ]

Format
%E\‘

Record

Insert into
database

saveResults makePozition

—
4
Save Results in
Database

plotPosn

riTrilat
zelect_trilatData

oy
A

Plot Results

Perform
Multilateration

*
4 —— *
4

select_target

Target: ZEG41040L

Select Target
Get Dataset

Mulitlateration of GBT Feedarm Retroreflector
Using GBT Laser Metrology System
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Example: Multilateration with laser rangefinders

floatéd 251.889

= triData -

EMS_triclata
rangefinder Zv110
target ZEG41040L
MJDats 52887 5

el 35.0428

&z 360.087

rmal; -118560
rmaly 183734
rmalz 354 815
ralx -3156.16
rtaly 11012.3
rtalz 138224
thokeas 179955
rhoPred 1758345
H1Counts 0.06048:
H1MR 204643
LARstio 0.00258214
leak 4 95086
leakSted 0 4008659
leakAmp 0.0001 706
leskampStd 6.841 5
zero 550303
zeroStd 0.0240329
My 0.000251539

;52887 8
1254454
T2
;10,6395
]

: 0.0156099

EMS_trickata [3]
&

rangefinder 2111

target ZEG410400

MJDate 526575

&l 380425

az 360087

rmals -93504 .5

rmaly 752626

rmalz 354.552

ralx 315613

rtaly 110124

ralz 138224

rhoheas 176917

rhoPred 176815

H1Courts 0173177

HINR 423823

LARatio 0.0118075

leak 5.64807

leakstd 0.114758

lzakAmp 0.00204452

leakAmpStd 0.000234862

Zero 413581

zeroStd 0.0327077

Mg 0.000251587

1

rangefinder Z%103

target ZEG410400

MJDate 52887 5

el 35.0429

Az 360.067

rmalx -75053 6

rmaly -93656.4

rmalz 352741

Halx 315616

rtaly 110123

rtalz 135224

rhohess 187445

rhoPred 167439

H1Counts 0.0977206

HIMNR 83,7342

LARatio 0.0407456

leak 4.13993

lzakStd 0.0356951

leakAmp 0.00395166

leakAmpst 0.000142022

zero 392366

zeroStd 0.00403883

My 0.000251589

2
rangefinder 2109
target ZEG41040L
MJDate 528878
&l 380429
az 360087
rmalx -111674
rmaly -43639.4
rmalz 350.864
ralx 315614
raly 110123
ralz 138224
rhoheas 183751
rhoPred 183771

J Figure No. 1: ZEG41040L
File Edit Graph Tools Run  Windows Help File Edit View Insert Tools Window Help

- WiT 7.2 - lgraph: working4_ziyc
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fin]

o
init Mtlal ! 9855 986 9BES  OB7 9675

N I—* o - o
Start Graph - -
Initialize Matlab Engine

1 L
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saveResUlts makePostion

- const : ] T

Save Results in
Database
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