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SUmmary

We have congdered pointing offsets that result from motion of the Gregorian subreflector
dongitsX and Y axes. The only expected offset is that the elevation changes with mationsin the
X axis, which can be characterized by alinear “plate sca€’. We have found evidence that this
relation isnot linear. We have aso found evidence that the X and Y motions of the subreflector are
not dong theideal Xsand Y s axes, but are tilted by small amounts of the order of a degree.

A. Introduction
In this memo, we will consder what pointing offsets might be caused by motions of the

subreflector. This memo uses the same data referred to in GBT Commissioning memo 7
"Gregorian Focus Tracking a S-band” (March 29, 2001). Refer to that memo for details of the

obsarving.

Figure 1 shows the subreflector geometry. The'Y axis Fgure 1. = §
(YsinFig.l) istowards and away from the primary (100- ©a
m) reflector; the X axis (Xsin Fig.1) isin the plane
bisecting the feed arm and the primary reflector. The“Z”
axisrises out of the paper perpendicular to X andY. The
(Xs, Ys, Z9) notation isused in GBT memo 165 (Goldman,
Feb. 1997). In this paper we will smply use (X, Y, Z) for
the subreflector axes.

Motions of the subreflector dong the X axis
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The effect can be characterized by a"plate scd€”, i.e, the 4
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The measurement of the plate scadleis described in b=,
section C. The effect of X motion of the subreflector on
the azimuth pointing is not zero as expected and is X
described in section D. Moation of the subreflector inthe Y / \
direction should, by design, produce minimal pointing \
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offsats. Wediscuss Y motion effects on devationin
section E, and effects on azimuth in section F.



B. Procedure

M easurements were made during February 23rd to March 6th of 2001 to determine the
optimum X and Y focus settings as a function of devation. Observing was at afrequency of
2.0 GHz with 80 MHz bandwidth in linear polarization. The noise cdlibration was switched a 2
Hz rate. Total power detection wasin the IF rack, and data was recorded with the DCR. The
observing procedure was the same as described in GBT commissioning memo 7. A summary of
observations may be found in Tables 1 and 2 of memo 7.

Many focus scan sequences were done, moving the subreflector in X (X-sequence) andin' Y
(Y-segquence). A focus scan sequence consisted of stepping the focus through its range. At each
step a calibration source was observed using a"'cross’ or "crossupdate”’ procedure to find the peak
amplitude of the observed radio source and its pointing offset.
ThesepsinY werefrom -10 inches to +10 inches (-254 to +254 mm) by steps of either 2.0
or 2.5inches (51 or 64 mm). For X the steps went from -9 to +9 inches (-228.6 to +228.6 mm),
also by steps of 2.0 or 2.5 inches.

A "cross' or "crossupdate”’ procedure consists of 4 scans. a scan across the source firg in
increasing RA, then back, followed by a scan in increasing DEC, then back.  After each set of
scans, new LPCs were caculated giving the improved pointing offsets. These corrections were
determined by the on-line program "GO _point” by fitting a gaussian curve to each scan. The center
pogition of each fitted gaussian gives the pogition offset from the LPCs. These offsets were added
to the LPCsto give atota position correction (delta-az, and delta-€l), i.e., the correction to the
telescope encoder settings. Thus we acquired a data set giving the position corrections (delta-az
and ddta-d) for avariety of X and Y subreflector settings and telescope elevations.

The data set we used consisted of the pointing cross data taken as part of sequencesin X or
Y, not data taken during these days for other purposes. We aso diminated severd scansthat were
contaminated by RFI.

C. Elevation errorsasafunction of X .

To illugrate the change in eevation pointing with the X position, we show d (EL) plotted
versus X in Figure 2, for three different elevetions. Therdation islinear for each X sequence, with
gmilar dope. Thisilludratesthe “plate sca€’ in X. The offsat between the three linesis due to
the devation dependant effects, i.e., the gravitationa deflection of the feed arm and the main
reflector. Note that the dope differs Sgnificantly for the low eevation data (E1=10°).

The whole data set is plotted in Figure 3. For each X, the curve of d(EL) versus elevation is
plotted. Each curveisthe pointing error as afunction of eevation when the subreflector X is fixed.
Therise at low devation is due to atmospheric refraction, which can be modded to sufficient
accuracy asaterm in cotangent of the devation. A moded wasfit to the data set of the form:

d(EL) = A0+ A1*X + A2*Cot(EL) + A3*cos(EL) + A4*sin(EL)



In Figure 3, the fitted modd is plotted as the solid curves. Theresiduasto the fit are shownin
Figure 4. The parameters of the mode fit are listed in Table 1, and the rms of the residuasis about
8.9 arcsec. The best estimate of the plate scaleis the parameter A1, which worked out to

-3.624" [mm.
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Table 1. Modd fit to eevation pointing correction as a function of X and Elevation.

Parameter Vdue Term
A0 107.8" (22 1
Al -3.624"/mm (.0036) X
A2 53.7" (1.6) cot(EL)
A3 -3829° (12) cos(EL)
A4 500.6" (18) sn(EL)

rmsresdua 8.9




Figure 3. d(EL) vs. EL for each X setting
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One may note, in Figure 4, that there seems to be some structure in the plot of resduas.
This becomes clear when the residuds are plotted versus X, as shown in Figure 5. Thus after
removing the eevation dependence (i.e., the pointing equation), and a linear plate scale, there
remains a nortlinear relation between eevation error and X. A fourth-order polynomiad wasfit the
dataand is shown in Figure 5 asthe solid curve.

The non-linear effect may be due to a non-planar focal surface, or could result from an
improper transformation between the actuator motions and the subreflector (Xs, Y's, Zs) coordinate
sysem.
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To seewhd, if any, relation the devation might have on these results, we have plotted in
Fgure 6 agmilar diagram of devation resdudsvs. X for 4 different ranges of elevation. The
same polynomid that was fit to the full data set is plotted as the solid line on each graph in Figure
6. One can see that the rms scatter about such afit varies considerably for the different elevation
ranges. For eevations between 0 and 32° and 32°-46°, the rms deviation is about haf that for the
higher devations. The ggnificance of thisisnot a al cear a the moment.

Note that the rms deviations from the solid curves are summarized in Table 5, at the end of
the paper. The column labeled “X-d(EL)” in Table 5 summarizes the results for the data plotted in
Figures5 and 6.



Figure 6. Elevation residuals versus X for different elevation ranges.
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The nontlinear plate scale seems to be mosily independent of devation. But the pointsin
the upper right plot of Figure 6 (dlevation < 32°) do not fit the curve as well asthe others. There
may be smal eevation dependent effects.



D. Azimuth errorsasa function of X.

The azimuth pointing corrections are plotted in Figure 7 as afunction of devation. The

different X settings are plotted as different symbols. One notes that there isa smal but systematic

difference between the various X settings. A modd smilar to that described for the elevation
corrections wasfit to this data set, with theresultsligted in Table 2. The solid curvesin Figure 7

arethe modd for the different vaues of X.

Table2. Modd to fit azimuth pointing correction as afunction of X and Elevation.

One notes that the azimuth plate scde (A1) issmal (-0.033"/mm), but Sgnificant. Moving the
subreflector over itsfull X range of 500 mm resultsin a shift of 17”.

Parameter Vdue Term
A0 -128.3" (8.0) 1
Al -0.0327"/mm (0.0024) X
A2 490.67" (6.4) cos(EL)
A3 91.2" (5.5 sn(EL)

rms residud 54"

Figure 7. Azimuth pointing correction for Various X
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A modd wasfit to the data set in which the linear term in X was not used. The resulting mode is
dAZ =-118.6 + 482.8cos(EL) + 84.0sin(EL).

The residuas to this second modd are plotted versus X in Figure 8, showing the remaining linear
trend.
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Again, we have divided the data into subsets for different elevation ranges. The resdud plots for
these subsets are shown in Figure 9, and the rms deviations from a sraight linefit to the full deta
st aeliged in Table 5. Again wefind the scatter isless at the lower eevations (devation < 46°).
A likely explanation for the linear trend is that the “ X -axis” dong which the subreflector is
moving is not the designed Xsaxis, but istilted alittle. The amount of skew can be estimated from

q=tar1(0.0327/3.63) = 0.52°

Thus it appears that the axis dong which the subreflector is actualy moving istitled inthe Z
direction by about haf a degree from theided X axis.




Figure?.
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Thetilt is mostly independent of eevation, dthough there may be asmadl differencein the

highest levation plot (65-78°).




E. Elevation pointing corrections asa function of Y.

Next we consder the data set in which pointing offsets were determined for severd
sequences of moving the subreflector dong the Y axis. For some of these sequences the X
coordinate was set to some value other than zero. 1n these cases the eevation offsets were
corrected for the X position using the linear plate scae derived in section C.

The eevation pointing corrections are plotted in Figure 10 as afunction of the elevation. The
elevation pointing corrections are shifted based on the X vaue using the equation

d(EL)shifted = d(EL) + 3.634 * X
The different Y settings are plotted as different symbols. Thereisasmall but sysematic
difference between the different Y settings. The modd wasfit to these elevation errors smilar to
that used for the X-segquence data:
D(EL) = A0 + A1*Y + A2*cot(EL) + A3*cos(EL) + A4*sin(EL)

The fitted parameters are listed in Table 3.

Figure 10 El - d(EL) shifted for each of the Y
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Table 3. Modd to fit devation pointing corrections as afunction of Y and Elevation

Parameter Vdue Term
A0 6251" (21) 1
Al -0.0665"/mm (0.0033) Y
A2 50.0" (2.7) cot(EL)
A3 -344.1" (8.8) cos(EL)
A4 523.1" (19 sn(EL)
rmsresidua 8.2"

The snusoidal pattern seen in the data pointsin Figure 10 (dso in Figure 7) is an artifact of
the order of taking data. The Y vaue was changed from —254mm to +254mm and back repeatedly,
producing related changesin d(EL). The effect is seen in amagnified view, Figure 11, in which
the eevation dependent terms have been subtracted ouit.
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The effect is more clearly seen in aplot of the devation resdudsversus'Y, shown below in
Figure 12. Here the devation dependent terms have been subtracted out, but the linear termin’Y
has not. From the fit resultsin Table 3, the dope of theline in Figure 12 is—0.0665" /mm.

The plot of the d(El) resduas asafunction of Y for dl pointsis shown below in Figure 12, and the
same data, separated into different eevationsisin Figure 13. The rms vaues with respect to a
lineer fit for these arein Table 5.
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Figure 13.
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If we consider the average linear term to result from a skew of the Y travel of the
subreflector from the ided Y-axis, then we can derive the angle:

q = tam 1(0.0665/3.634) = 1.05°

Thusit gppearsthat the Y travel of the subreflector istilted in the X direction by about 1°.
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F. Azimuth corrections as a function of Y

The azimuth pointing corrections as a function of the evation at each of the Y settings are
plotted in Figure 14. The different Y settings are marked with different symbols. The linesfor
each of the 9 different Y settings are plotted separately, and are essentidly equivaent, indicating no
change in the azimuth corrections as afunction of the Y vdue. Thelines arefit to:

d(AZ) = A0+ Al*cos(EL) + A2*sin(EL)
with the results listed in Table 4.

Table 4. Modd to fit azimuth pointing correction as a function of elevation

Parameter Vdue Term
A0 -143"  (5.1) 1
Al 507.6" (3.8) cos(EL)
A2 99.8" (4.0) an(EL)
ms 45"

Figure 14.
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The graphs of the d(AZ) resduds as afunction of Y are shown in Figure 15 for dl pointsand in
Figure 16 for the separate devations. In dl cases, these are resduals to the modd listed in Table 4.
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Figure 16.
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We seelittlesgn of tilting of the Y axisin the Z direction from the resduds plotted in Figure 15.
Theplotsin Figure 16, for different rangesin devation show possible non-linear effectswhich
should be investigated further.
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Findly, Table 5 summarizes the residuds to the various models, both for the whole
elevation range (the “All” row) and for the 4 different subsets.
The*X-d(AZ)" column summarizes rms deviaionsillustrated in Figures8 and 9;
“X-d(EL)” correspondsto Figures5 and 6; “Y -d(AZ)” to Figures 15 and 16; and “Y -d(EL)” to
Figures 12 and 13.

Table 5. rms deviation of resduasto the various moddls.

Elevation X-d(AZ) X-d(EL) Y-d(AZ) Y-d(EL)
0-32 2.6” 4.0" 4.4 5.7
32-46 5.3 3.1 2.6" 3.1
54-64 8.2 8.3" 3.2 2.7
65-80 7.9 9.4 5.3 8.7
Al 5,3 6.9 45" 6.3
Conclusions

The X-axisis tilted in Z by about 0.5°, and the effect may have adight evation
dependence.

The X-axis plate scale is non-linear, and should be compared with theoretica optical
modds. There may be adight €levation dependence.

The Y-axisistilted in X by about 1.0°, and the effect does not appear to be elevation
dependent.

Thetiltsimply that the actuator axes are not cdibrated properly, or the subreflector mount is
mis-set. Thetilts can be corrected by recdlibration of axes, or remounting the subreflector.
Another possihility isto add terms to the focus tracking algorithm to correct these errors.

These results mean that the focus tracking model we have been using since mid March of 2001
isincorrect. The pointing modd is compensating for these effects. The effects on gain or pointing
will not become sgnificant until we start observing at high frequencies of 80 GHz or more. We
will need to address these problems for phase 111 commissoning.
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