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ABSTRA CT

The NRAO Robert C. Byrd Green Bank Telescog (GBT) is a 100m diameter advanced single dish radio
telescope designedfor a wide range of astronomical projects with special emphasison precisionimaging. Open-
loop adjustmernts of the active surface,and real-time correctionsto pointing and focus on the basisof structural
temperatures already allow obsenations at frequenciesup to 50 GHz. Our ultimate goal is to extend the
observing frequency limit up to 115 GHz; this will require a two dimensional tracking error better than 1.3",
and an rms surfaceaccuracy better than 2101 m.

The Precision Telescog Control System project has two main componerts. One aspect is the continued
deployment of appropriate metrology systems,including temperature sensors,inclinometers, laser range nders
and other devices. An improved cortrol system architecture will harnessthis measuremen capability with the
existing seno systems,to deliver the precision operation required.

The secondaspect is the execution of a seriesof experimerts to identify, understand and correct the residual
pointing and surface accuracy errors. These can have multiple causes,many of which depend on variable
ernvironmental conditions. A particularly novel approad is to solve simultaneously for gravitational, thermal and
wind e®ectsin the developmert of the telescope pointing and focus tracking models. Our precisiontemperature
sensorsystemhas already allowed us to compensatefor thermal gradierts in the antenna, which were previously
responsible for the largest \non-rep eatable" pointing and focus tracking errors. We are currently targetting the
e®ectsof wind asthe next, currently uncompensated,sourceof error.

In this paper, we will presert the results of recert commissioningactivities, which will highlight the physical
processeghat must be mitigated in order to achieve preciseoperation of a 100mtelescope. We will also presen
an overview of the various metrology systemswhich will be usedto mitigate these e®ects,allowing e®ectie
operation of the GBT at frequenciesup to 115 GHz.
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1. INTR ODUCTION

The GBT! is an an o®set-Gregorianradio telescope on a alt-az mount with a designgoal of 115 GHz operation.
The structure is approximately 150 meters high and massesabout 8 million kilograms. The 100 meter aperture,
60 meter focal length paraboloidal primary mirror has 2004 movable panels usedto compensatefor structural
deformations. Prime focus operation is usedfor low frequencyobsenations, and an eight meter diameter, eleven
meter inter-focal distance ellipsoidal subre®ector is used for frequenciesabove 1 GHz to image onto receivers
located in areceiver cabin attached to the o®setfeedarm. The subre®ector mount hasservoswith approximately
oneHz bandwidth that canadjust all six degreesof freedomand canbe usedto adjust for the up to 400millimeters
of relative motion betweenthe feed arm and prime focus, over the antenna elevation range of 5* to 95*. The
receiver cabin has a turret with eight receiver mounting locations so that receivers can be changed relatively
easily The alt-az mount driveshave slewrates of 20* and 40* per minute, respectively, and have encaders with
0.3" secondresolution. Closedloop cortrol bandwidths are approximately 0.3Hz. The natural modesof vibration
of the GBT begin at 0.6 Hz, and the structure is very lightly damped due to its welded steel construction.

As delivered by the contractor, and with simple modelsto accourt for the traditional axis misalignmerts and
gravitational deformations, the telescope is suitable for obsenations up to » 10 GHz. We have ambitious plans
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to make the telescope usableup to 115 GHz, the highest frequency accessiblehrough the atmosphereat Green
Bank. This will require an order of magnitude improvemert in the pointing/trac king performance and surface
accuracy

Detailed requiremerts for the pointing accuracyand net wavefront error have beenderived from astronomical
requiremerts by Condon?:3 At 115GHz theserequiremerts are approximately 210 m net wavefrort error, < 3"
rms radial blind pointing, and 1.3" rms radial pointing error during sourcetracking. In addition, we wish to
stabilize pointing (and wavefront error) to theselevelsfor one-halfto one hour, over an environmental domain as
large as possible,i.e., over as great a range of tracking speeds,temperature changes,and wind loads as possible.

During the initial developmert phaseof the GBT, alaserrange nder metrology systent wasanticipated to be
the key to high-frequency operation, with a corresponding commitment of money and engineering. However, by
the end of the "rst phaseof GBT commissioning,in Fall 2002,it becameapparert that the metrology systemwas
still along way from being able to cortribute to normal astronomical operation. In November 2002,the Precision
Telescop Control System(PTCS) project ascurrently constituted wasformed, and a Conceptual Design Review
for the project was held in April 2003. In addition to the long-term goal of 115 GHz operation, we identi ed
at that point a key intermediate goal of delivering acceptableperformanceat Q-band (43GHz, 7mm) by Winter
2003/04.

Sincethe Conceptual DesignReview further developmert of the laserrange nder systemhascortin ued, albeit
currently at a rather low level. Howewer, in contrast to the original approadc relying almost exclusively in the
range nders, in the Spring 2003 we realized that in order to make signi cant progressin the short term, an
alternativ e strategy was needed. The approach now adopted includes:

2 incremenrtal improvemens with concreteintermediate deliverables.
2 adroit approadescombining appropriate technology and physical intuition.
2 tackle e®ectsin order of importance

2 combined engineering/astronony experimerts, i.e. using the GBT asa metrological instrument to charac-
terize itself.

In the “rst year since the Conceptual Design Review, we have had great successwith this approac, and
indeed we have met the Q-band performance goals as required.. As a speci ¢ example, the blind pointing
performance of the telescope has beenimproved from 10" rms, but with large systematic residuals,to 5" rms,
with no systematic residuals, by the dewelopmert of an elegan, but operationally simple systemto correct in
real time for thermal gradients in the antenna.

In the remainder of this paper, we will: describe the main causesof degradation to pointing and exciency;
describe our instrumentation; describe our approac to quartify and correct for many of these e®ectshy a
combination of astronomical and engineeringmeasuremets, and brie®y describe plans for future work.

2. DEGRAD ATIONS TO POINTING AND EFFICIENCY

The ideal pointing of the GBT is degradedby a variety of e®ectsthat can be divided into mecanical alignmert,
structural deformation, and servo and drive error. The rst category, mechanical alignmert, includesthe orthog-
onality of the elevation and azimuth axis, and the RF axis and the elewation axis, azimuth axis verticality, and
encaler o®sets. Thesee®ectsare compensatedfor by a traditional pointing model. A caveat with this procedure
is that corventional model generation usesall-sky surveysto produce pointing o®setsas a function of elewation
and azimuth, and can be corrupted by systematic wind and thermal e®ects.

Wind and thermal degradationsto pointing are causedby the assaiated deformations of GBT substructures.
The scalesof these e®ectsare summarizedin Condor? and are attributed to changesin primary focal length
and translations and rotations of the primary, the subre®ector (in the Gregorian con guration) and the feed.
Additional pointing perturbations are causedby distortions of the GBT alidade. The GBT design studies®



estimated the net e®ectof these deformationsto be aslarge as 20" for thermal gradients of 5* C and winds of 6
m/s, much larger than our 1.3" pointing stability goal.

Even when the GBT primary panels have been adjusted to the required accuracy at a speci ¢ elewation
angle and henceare producing the desiredexciency, thermal gradients, wind loads, and gravitational distortions
can causeuncompensateddeformations and result in reduced exciencies. These e®ectsare clearly obsened at
frequenciesof 20 GHz and above, and so needto be quanti ed and corrected.

Finally, the properties of the main drives and subre®ector senwos can introduce additional pointing errors.
For example, the elewation servwo system exhibits » 0.8" periodic errors due to closed-lmp seno resonancesat
» 0.3 Hz and a limit cycle at » 0.04 Hz. Unevennessin the azimuth track is probably causing azimuth seno
loop perturbations and hencetracking errors. Structural vibrations can causesigni cant pointing errors if they
have beenexcited by main drive angular accelerationsor pumped by wind gusts. The structural vibrations have
modal frequenciesfrom » 0.6 Hz and up, but are likely to be unimportant at frequenciesabove 2.0 Hz.

3. PTCS INSTR UMENT ATION

Various instruments are or will be usedto directly measureor infer GBT con guration. Static surveys using
convertional techniqueshave beenusedfor initial setting of componerts (such asinitial primary panel positions
via photogrammetry), but adjustments of the telescope during obsenation require additional measuremets.
Sincethe Conceptual Design Review in April 2003, four main systemsof instrumentation have beendeveloped,
ead designedto directly addressa speci ¢ causeof error:

Temp erature Sensors In 2003, starting from scratch, we designed,constructed and installed a system of
» 20 precision structural temperature sensors.The actual thermistor is a YSI devicewith 0.1*C interchangeable
accuracy The sensorshave 0.01*C resolution, an operating range of -35to 40*C, and total accuracyis 0.15°C,
limited by temperature cortrol of the conversion electronics. Sensorsare read out over RS232/Ethernet at a 1Hz
rate. Great care wastakento ensurethe sensorsare thermally well coupledto the structure, but isolated from
solar and corvective heat loads. As with all GBT instrumentation, the units had to be fully RFI mitigated and
ESD protected. Sensorsare located on the antenna alidade, vertical and horizontal feedarms,primary badkup
structure and subre’ector. The system has been operating reliably since Septenber 2003, with only two early
failures. We are currently installing additional structural temperature sensorsto support infrared thermography
of the primary surfaceand badup sturcture. Short time constart precision air temperature sensorshave also
beeninstalled on the structure at v e di®erert elewations to characterizethe GBT's corvective heat transfer and
support path group index calculations neededfor laser metrology.

Inclinometers . A two-axisinclinometer assenbly is beinginstalled on eact elewvation bearing casting. These
are Wyler, AG gas-damped capacitive readout pendula, with the special properties that their resonancesare far
from the GBT structural resonancesand their damping times ar relatively short (17 Hz and 1 s, respectively).
Short term accuracy of 0.1" and use of predictive Ttering should allow us to map our azimuth track, make
real-time alidade corrections, and most novel, use the alidade/inclinometer combination as a spring balanceto
measurewind forces. The inclinometers alsowill serveto measurestructural resonancerequenciesfor structural
health monitoring (modal analysis) and provide highly sensitive measuremets of tangertial accelerationsdue to
azimuth serwo perturbations. We have had a preliminary successn tting inclinometer pointing inferencesto
astronomical half-power track data, suggestingthat considerableimprovemern in strack stability may be possible.

Accelerometers  Three axis accelerometers(Silicon Designs model 1221 with 2 1 G/ Hz performance)
are being co-located with the inclinometers, and a third set installed inside our receiver cabin. These devices
will be the primary sourceof modal analysis data and may be usedto extend the bandwidth of inclinometer
measuremers. The receiver cabin set could also be usedfor microphonic/receiver vibration studies.

Quadran t Detector A "xed angle-anglemeasuringdevice hasbeenconstructed around a position sensitive
PIN photodiode and optics located on the tipping structure near the elewvation axle which imagesa divergedIR
laser diode sourcelocated on the feed arm closeto the subreector. Combined with a linear structure model,
“nite-element structure model predictions, and cornvertional survey data, the instrument caninfer sub-millimeter
motions of the feedarm in real time. This instrument is also potential sourceof modal analysis data.



4. ASTR ONOMICAL MEASUREMENTS

The astronomical measuremets performedaspart of the PTCS project are in principle rather cornvertional. One
advantage of the GBT comparedesypecially to other mm/submm telescopesis its great sensitivity. This means
that a suitable pointing calibrator canbe found within 2-3* of most celestialpositions north of declination += 40*.
For pointing and focus measuremets, our standard obsenation, referredto asa \jack scan", consistsof a pair of
forward and backward raster scansin ead of azimuth and elewation, and a radial focus scan. Measuremerts are
usually performed at a frequency of 10 GHz, which provides a good compromisebetweenbeing able to achieve
sub arcsecondaccuracy in “tting, while still being rather insensitive to weather conditions. An important

aspect of the PTCS project is the rigor in which we design experimerts, log ancillary data and analyze these
pointing/fo cus measuremets. While performing pointing runs, all of the data from all PTCS instrumentation

(temperature sensors,nclinometers, etc) is recorded simultaneously, archived as a set of engineeringFITS les,

and uploadedto a relational databasefor easeof manipulation and analysis. Comparison of the consistencyof
forward and backward scans,and the two polarizations of the receiver allow us to perform input data quality
control cheds. In addition to PTCS instrumentation, we routinely log site meteorologicaldata, main drive seno
currents, encader data, and soon. We have a number of well de ned observing strategies:

standard all-sky pointing runs Logged pointing and focus o®sets,and the corresponding temperature
and wind information are the main inputs to dewelopmert of the simultaneous gravity/thermal/wind models
described below.

\North  Celestial Pole" (NCP) observations A relatively bright pointing calibrator, 0117+8928, lies
within 1* of the North Celestial Pole. Obsenations of this sourceallow us to easily track the e®ectsof changing
ervironmental conditions, while excluding the confounding e®ectsof gravity.

single-source pointing runs Repeat jack scanmeasuremets on bright sourcessud as 3C286,which span
essetially the whole elewation range of the GBT, allow us to map systematic elewation variations and residuals
with high accuracy

close-double sources We haveidenti ed a number of pointing sourcepairs or triplets which lie within a few
degreesof ead other. Repeated jack scanson these pairs allow us to quartify the o®setpointing performance
of the antenna in detail.

half-p ower trac king . In addition to peak/focus measuremets, we regularly measureour tracking per-
formance by performing continuum measuremets at 10 Hz while tracking the half-power point of a bright
calibrator. Fluctuations in antenna temperature can then be converted directly into upper-limit variations in
tracking. Again, these experimernts are performed whilst simultaneously logging engineeringdata.

Finally, we have usedtraditional (phasecoheren) and phase-retriewal holography to make measuremets of
both the small and large-scalesurfaceerrors. These measuremets are discussedin detail in Section 6.

5. MEASUREMENT AND MITIGA TION OF FACTORS EFFECTING POINTING
AND FOCUS

5.1. Thermal E®ects

As noted, thermal gradierts in the antenna were identi ed as one of the major contributors to pointing error.
Thermal gradients a®ectthe blind pointing both directly, and indirectly via their confounding e®ectsin devel-
opmernt of the pointing models. Changesin the thermal gradients also introduce drifts in the o®setpointing
over the required tracking timescalesof one-halfto one hour. In addition, thermal gradients may causetens of
millimeters of radial focus error, an e®ectnot explicitly anticipated during early operation.

The bulk of the thermal e®ectson pointing and radial focus are now removed using an elegart correction
medanism basedon the precision temperature sensorsystem described above. The medanism is described in
detail for the focus corrections; the correctionsto azimuth and elewation pointing are analogous. This work was
performed by Constartik es,and is described in detail in PTCS/PN/25. ©

The e®ectsof both temperature and gravity on focus position are assumedto be superposable,i.e. the e®ect
of any one temperature's changeis a linear perturbation of focus, and the feedarmtip position is linear in the



direction of the gravity vector. The following procedure simultaneously estimates thermal and gravity e®ects,
and thus we claim that the resulting gravity model is \thermally-neutral", i.e. is the focus tracking curve for
the idealized GBT where there are no thermal gradients. This is an important point; prior to the developmert
of this technique, both the gravitation focus-tracking and pointing models were contaminated by systematic
temperature e®ectsintro duced during the acquisition of the input data.

The gravity focus-tracking model is the sameasthat used previously, i.e.:

¢ F = a; + azsin(A) + azcoqA) (1)

where A is the telescope elevation angle. ¢F is then the displacemen of the subre®ector from its home
position in the radial focus direction. The model compensatesthe subre®ector position both for the bending of
the feedarmand the displacemen of the prime focus position.

Thermal features are linear combinations, generally expressingsymmetry properties, of the 19 temperature
sensoron the alidade, feedarm, primary badkup structure and subre®ector. Theseattempt to capture the macro-
e®ectof substructureswithin the GBT on the correct focus position of the subre®ector, force good generalization
(prevent over tting the data, frequertly a problem with functional approximation learning techniques) and to
reduce the dimensionality of the feature spaceto a mimumum so asto make the best use of the limited data
set. Models under developmert are basedon more extensive data (over 10,000measuremets) and hencehave
increaseddimensionality and concomitant better predictive ability.

All featureswere selectedto be di®erenceof somesort to ensurethat the resulting predictor of focusdoesnot
have any absolute temperature sensitivity; the working assumptionis that the GBT homology is good enough
that a thermally \°at" (no temperature gradients) GBT will be in focus regardlessof the bulk temperature.
Note that no alidade temperatures are included since the alidade could only in°uence focus via imposition of
stressesnto the tipping structure, and this is evidertly not the case.

Through someintuition, insights and discovery via numerical experimernts, six featureswere selected. As an
example, primary-subre®ector homology is represened by:

Tg1+ Tgo+ Tega+ Tes+ Tgs
5

T = Tor (2)

Where Tgspg is the temperature of the subre®ector, and Tg; to Tg 5 are the temperature sensorsn the primary
badkup structure. This represerts the e®ectsof the di®erencein material thermal expansioncoetcient between
the primary (steel), and the subre®ector (aluminum). The remaining features, similarly de ned as combinations
of the appropriate temperature sensors,are intended to accourt for primary-feedarm homology, expansion or
bending of the horizontal feedarm, and three featurescapturing \curling” and translation of the primary badckup
structure.

The correction to focusis then approximated as a linear combination of the temperature and gravity terms:

2 3

T

¢FATD) = MO g T(:f) =M® g T 3)
6
1

sin(A)

coqA)

Where ¢ F‘(A;T-(f )) is the focus perturbation asa function of elewation angle A and the temperature features

T"). The vector M () is the linear map from the feature vector T to F. M () is estimated from an experimental
dataset as follows:
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Figure 1. The training dataset used to develop the focus model. The X-axis is local time in hours. Measured focus
positions are shown by black crosses,predicted positions by red dots. The four subgraphs show the total o®setin mm
(including the gravitational componert), the antenna azimuth and elevation for each measuremen, and the focus residuals
in mm.

[CF({) ¢ F(th)] = M £ [T(ty):::T(tn)]

(4)
M) = [CF(ty) ¢ F(th)] £ [T(ty) Tt Y

Where the T matrix is composedof columns of T as above, with the temperatures and elewation anglesat
times tj, the inverseof the T matrix is the Moore-Penrosepseudo-inverse,and the row vector ¢ F is the measured
focus o®setat times t;. This yields the least-squared-errorsolution for the linear map Nt (f),

The focusmodelswere\trained" by using a number of the all-sky and North Celestial Pole data-setsdescribed
in Section4, and then tested by using the resulting coe+cients to predict the corrections for the remaining data-
sets. Example training and test results are shown in Figures 1 and 2.

The training dataset contains two all-sky pointing runs and one NCP run. Data are plotted as a function of
local time, the data are sparseduring daylight hours due to arestriction placedon site wind speed. The measured
focus positions are shavn as black crosseswhile the predicted positions are shavn asred dots. The measured
positions are absolute o®setsfrom the subre°ector home position, and so include the large elevation-dependert
gravitational term.

The test dataset shown is a single NCP experimert. In this case,sincethe sourceis essetially stationary
in elewation, all of the residuals are attributed to thermal e®ects. Even during daylight hours, in this casethe
model doesan excellert job of removing the large (» 30mm) diurnal variation in focus. In extensiwe testing we
have found that this model is capable of reducing thermal e®ectson focusto < 3mm, excluding mid-day.

A similar approadc has beenusedto correct azimuth and elewation for temperature and gravity e®ects.
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Figure 2. A test of the focus model. In this case,the black crossesare the measuredpositions, the red dots the prediction
of the model derived from the data in Figure 1. Note that this is an \NCP" dataset, so that the antenna is e®ectively

stationary and the gravitational term constant. Thus the large systematic errors presert in the data are ertirely due to
thermal gradients.
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Figure 3. 45minutes of data showing the e®ectsof wind on the feedarm. The rst two subgraphsare the relativ e positions

of the tip of the feedarm in cross-elewation and elevation. The last subgraph is the wind speedin MPH measured during
the experiment.



5.2. Wind E®ects

During the construction phaseof the GBT, there was considerableconcernthat wind might induce vibrations
in the feedarm. Although the e®ectis obsened, it turns out that it is not yet a dominant cortributor to the
pointing error budget. An example 45 minutes of wind and quadrant detector data is shawn in Figure 3. This
was obtained on particularly windy morning; the peak wind speed was about 19 MPH (9.0 m/s), the wind
was rapidly dying o®, and was substartially gusty. The gure shows the relative position of the feedarm tip
(subre®ector) perpendicular and parallel to the elewation axle, as well as the wind speed. Note the smooth
changesof position as large as 6mm over periods of the order of 90 seconds(along-axle). This is around 25"
of equivalent pointing error. Detailed analysis shows a strong correlation between wind speed and feed-arm
motions; clearly the dominant pointing error e®ectis in the intermediate ( » 10 second)timescales. Structural
vibrations evidernt in these data were on the order of "v e times smaller than the grossde®ections due to the
meanwind kinetic head.

Analogously to the simultaneous gravit y/temp erature analysis described above, we have started simultane-
ously “tting for gravity, temperature, wind and azimuth track unevenness,where the feature set in this case
includes the wind velocity, and the direction relative to the telescope azimuth. Using this technique, we appear
to be able to compensatepointing and focus for the » 10 secondtimescalesof wind-induced error, up to winds
of around 8 m/s (the limits of our current training data-sets). The best focus model exhibits 68th percertile
focus residuals of 2.1mm from a dataset spanning eight months and including all times of day and wind speeds
to 8 m/s. The best model for elewation, which includes wind and azimuth track e®ects,has a 68th percertile
residual of 2.9" from the samedataset, and removes mode than 15" of systematic thermal pointing error. The
corresponding azimuth model has a residual of 3.4"

5.3. Half-p ower Tracking and Correction of Other E®ects

With the dominant \non-rep eatable" error sourcesof thermal gradients and wind e®ectsremoved, at least on
timescaleslongerthan 10 secondswe are now in a position to quantify other e®ectdn more detail. The dominant
onesappear to be seno error and track irregularities.

Astronomically, the most relevant obsenations to probe these e®ectsare half-hour long integrations on the
half-power point of a bright calibrator, integrating at 10 Hz. One of our best examplesis shown in Figure 4.

Without any form of processing,this already shows a one-dimensionalrms tracking error of 0".6, within our
115 GHz speci cation. A music pseudo-pwer spectrum of this dataset is shavn in Figure 5. The dominant
e®ectsof the 0.04 Hz sticktion and the 0.28 Hz serwo resonanceare clearly visible.

Other datasets show a clear correlation between half-power tracking and wind, and between half-power
tracking and inclinometer measuremets. Thus, we believe that 10 secondperiod corrections to pointing could
be madewith perturbations of the subre®ector tilt and/or translation and capture the dominant pointing errors,
consonat with the 1 Hz control bandwidth of the subre®ector platform.

6. SURF ACE EFFICIENCY IMPR OVEMENTS

In line with our intermediate priorities, the bulk of the PTCS e®ortsto date have been applied to improving
the pointing performance of the antenna. Howewer, we have made some surface measuremets, and these are
described here.

The GBT primary is composedof 2004 panelsmounted in rings that are conceriric to the vertex of the 208m
parent (virtual) parabola. The rms surfaceaccuracyof individual panelsis about 751 m on average. The panels
are mounted at their corners on computer-cortrolled actuators such that the corners of four adjacert panels
share one actuator. The actuators consist of electric motor driven precision ball screwsthat can be positioned
to within a tolerance of 251 m. Each actuator assenbly includes an LVDT position sensorfor positive serno
feedbak.

Currently, the demandactuator positions are adjusted at the start of each scanasappropriate for the elevation
corresponding to the mid point of the scan. Thesedemandsare madeup of three separatecontributions. First, we
usethe results of photogrammetry to provide a static zero-point correction appropriate for the so-calledrigging



Figure 4. A 30 minute half-p ower track on DR21, sampled at 10 Hz. The Y-axis is elevation pointing error in arcseconds,
assuming all measuredintensity variations are due to tracking errors

Figure 5. A music pseudo-power spectrum of the data shown in "gure 4, showing the dominant contributions to tracking
error.



angle of » 50*. The rms surface accuracy at this angle, under benign night-time conditions, is approximately
400 m. Secondly we apply a correction at ead elevation basedon the predictions of a nite elemeri model (FEM)
of the antenna. This provides the adjustments required to move ead panel to the predicted \b est t' parabola
for the appropriate elevation. Finally, arbitrary deformations of the surfacemay be applied, currently speci ed
as the coexcients of a set of Zernike polynomials. These may be usedto correct for thermal deformations, or
residual gravitational deformationsnot correctly predicted by the FEM. The active surfacehardware is extremely
reliable, and takesonly a few secondsto position the actuators for normal moves, so we have had no hesitation
in experimenting with di®eren adjustment techniques.

We have used two independert methods to measuresurface deformations. First, we have used traditional
phase-coheren holography, performed at 12 GHz using a geo-stationary satellite at an elevation angle of about
42* nearthe rigging angle. Secondly we have usedthe phase-retrie\al technique’ (also know asthe \out-of-fo cus”
beam map, or OOF technique) developed and implemented by the Radio Astronomy Group at the University
of Cambridge, UK. In this approad, only the power pattern of the antenna is measured, usually at two or
more di®eren focus settings. The phaseof the signal in the aperture is later recovered by numerical processing.
Usually, this technique is used with arti cial sources,but the Cambridge group have extended this to provide
measuremen of surfaceerrors with moderate spatial resolution, by observingastronomical sourcesusing existing
astronomical receivers. We have tested this technique at 12, 22 and 43 GHz, using astronomical methanol, water
and SiO maser sources. The two techniques are complemenary: phase-coheren holography provides higher
resolution, but our systemis currently restricted to 12 GHz and a single elewation; the OOF technique provides
lower spatial resolution, but can be performed over a range of elevations, and at higher frequencies.

The results of a 150x150point phase-coheren holography map (» 0.7m resolution on the dish) is shavn in
Figure 6. The corresponding OOF maps showv good agreemen Details at the individual panel level (especially
a few stuck actuators) are easily visible in the holography amplitude and phaseplots. Howewer, the rms surface
error in thesemaps,» 400 m, is entirely dominated by the large-scaleerror, which is well represenied by a series
of Zernike polynomials.

The gain elewation curve of the antenna at 43 GHz, using the FEM predictions but without any attempt to
correct for residual thermal or gravitational distortions is shavn in Figure 7. Clearly, the surfaceerrors increase
away from the rigging angle; this may be due to primary errors, miscollimation due to displacemen of the
subre®ector, or a combination of both. The absolute exciency scaleis somewhatuncertain due to uncertainties
in the receiwer calibration. However, the measuredvalue of 0.43 givesa Ruze equivalent surfaceerror of 3901 m,
in good agreemen with the holography measuremets.

Since measuring this gain-elewation curve, we have performed tests of the surface corrections predicted by
the holography measuremets, by performing badk-to-back jack scan measuremers on 3C286 and 3C279, with
and without the corrections applied. Unfortunately, attempts to determine absolute exciencies using these
measuremets were prevented by the uncertainties in the receiwer calibration, and the poor weather conditions at
the time of the obsenations. Howeer, in all casesthe peakgain wasimproved (by » 20-30%),the beam FWHM
becamecloserto the theoretical value, and sidelobeswere signi cantly reduced. We are therefore con dent that
we can use holographic measuremets to substartially improve the surfaceaccuracy of the antenna.

7. FUTURE WORK

The PTCS project hasfallen naturally into a six-month cycle,with instrumentation developmert work proceeding
primarily in the summer, and extensive commissioningwork performed mainly during the winter high-frequency
observingseason.We are currently upgrading the tempature sensorsand installing inclinometers and accelerom-
eters. We are planning a seriesof experiments using infrared thermography of the primary surfacein conjunction
with OOF beam mapsto attempt to isolate (and correct for) thermal gradiernt gure error, and simultaneously
re ne the FEM model of gravitational distortions, much the sameas was donein our pointing corrections.

Laser metrology is now a risk mitigator, in the casethat the above-mertioned techniques fail to take us all
of the way to our pointing and exciency goals. When we have completed a seriesof o®set-minting and tracking
analyseswe will have a better idea if laser metrology might be neededfor pointing improvemen, but our initial
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Figure 6. A phase-coherem holography map showing the total wavefront error. The peak-to-peak rangeis § 1.3mm, the
rms error » 4001 m.
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Figure 7. The 43.124 GHz aperture exciency of the GBT using only FEM-based corrections. The etciency peaks at
E = 52%, and falls o® symmetrically at higher and lower elevations, as expected for gravitational deformations. The lower
exciencies at around 70* elevations were measured after sunrise. Filled symbols indicate LCP data and open symbols
show RCP data. The absolute exciency scaleis somewhat uncertain due to uncertainties in the receiver calibration.



emphasiswill beto provide additional surface gure and collimation data. We anticipate a secondround of laser
metrology tests as early as summer 2005.

Pointing errors at times scaleslessthan 10 s appear to be on the cuspof our 1.3" goal|if we needto address
them it will require seweral major modi cations and additions to the GBT, potentially including a high-rate
tertiary optical elemen (that could sere for fast beam chopping as well), improvemerts to the azimuth track
°atness and/or improved main drive servo controls, and a modi ed cortrol software architecture to accommalate
calculation and delivery of seno demands.

8. CONCLUSIONS

Developmen of the GBT Precision Telescog Control System has made excellert progressover the last year.
The performance of the antenna has beenimproved from barely acceptableat 20 GHz, to capable of 50 GHz
operation, in lessthan a year. All of the current performanceimprovemen hasbeengainedvia crafty techniques
and physical insights, using targeted instrumentation with comparatively minute capital costs(to date, » $100k
for a $79M dollar telescope) We believe that many of our techniques, and even speci ¢ instrumentation, may be
of useto other telescopes.

We beliewve that we are well on target for prototype 86 GHz operation of GBT in the Winter of 04/05, with
115 GHz performanceto be delivered a year later.
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