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0. Summary
The repeatability of the NA FEIC beam scanner has been measured using a Schottky receiver mounted
on the cryostat top plate. Using successive single-dimension cuts through the peak at a fixed table
elevation, the nearfield patterns are repeatable to 50 microns rms. There is no detectable change in the
peak position as a function of chamber temperature. However, the apparent beam waist moves as a
function of elevation by 0.77 mm in X and 2.23 mm in Y. The motion is confirmed by the twodimensional maps and is well-fit by a quadratic curve. The standard deviation of the residuals is 71
microns in X and 171 microns in Y, corresponding to 0.15" and 0.35" on the sky. Using a 4-sigma
criterion, we estimate that the system is potentially capable of detecting elevation-dependent
discrepancies of 0.6" in X and 1.4" in Y. Thus, it is not presently capable of measuring whether the
cold cartridges exhibit relative pointing changes vs. elevation at the 0.1" level, which is the previous
and pending ALMA requirement on the front end. We have also measured the Band 7 receiver and
find that it follows a similar quadratic curve as the Schottky receiver, so there appears to be no gross
pointing stability problem with this cartridge, at least to the sensitivity level of the scanner. We also
detect temporal settling in the beam location in both axes after arriving at a new elevation with a time
constant of 10 minutes and a variable magnitude of about 0.5 mm (1") in the Y direction. There is
some evidence that the settling effect is larger in the Band 7 data than in the Schottky data. However,
this phenomenon needs verification with more Schottky data, possibly with the newer generation NSI
scanner when it arrives at the NA FEIC. Finally, from the farfield maps of the Schottky feed, the
direction of the peak (i.e. the subreflector illumination direction) is stable to 0.05 degrees at elevations
below 90 degrees but is discrepant by -0.15 degrees at 90 degrees. The Band 7 data show similar
behavior but with a discrepancy of +0.10 degree at 90 degrees.

1. Introduction
The panel report from the North America Front End Integration Center (NA FEIC) Operational
Readiness Review (ORR) was released on May 11, 2009. Two of the 19 Level 1 Action Items (AI-09
and AI-11) relate to the Nearfield Systems Inc. (NSI) near-field beam scanner. In order to address these
action items, a number of experiments have been attempted recently with this scanner. This document
describes the results and the present status of the investigation. The repeatability of both the near-field
pattern position and the beam waist (corresponding to position changes on the sky) vs. tilt table
elevation have been analyzed.

1.1 Action Items
The text of the two Action Items from the ORR that are relevant to the near-field beam scanner at the
NA FEIC are provided below. The first item relates directly to the Test & Measurement System, while
the second relates more to the Front End performance:
AI-09 Repeatability of the scanner has not been demonstrated.
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"The repeatability of the scanner is an extremely crucial measurement as it determines the TMS
accuracy for both absolute and relative motion. Therefore, please provide data, any report(s), and
test results that clearly show the repeatability of the beam (amplitude and phase) measurement at least
three widely spaced elevation angles. Every elevation shall be repeated 4 times in a stochastic
matter to demonstrate the absence of hysteresis or drift and to aid in the determination of intrinsic
measurement error. Existing data sets may be used if the data quality is deemed to be of sufficient
quality and uniformity to demonstrate compliance with the beam measurement accuracy requirements."
AI-11 Cartridge assembly verification and differential beam measurement.
"To verify that there are no major cartridge/assembly failures, and to allow differential beam
measurements as a function of elevation implement the following procedure with the 100 GHz
Schottky mixer to verify the TMS. Utilizing a two strip scan (James Lamb), determine beam centroid at
five elevation angles between 0 and 90 degrees. With a-priori knowledge of the full beam scan, the two
strip scan will in principle determine the beam waist and location, thus providing a quick differential
beam measurement."

1.2 Relevant system specifications
1.2.1 NSI Scanner
In interpreting the results in this memo, it should be noted that page C-5 of the NSI 2000 scanner
operating manual says that the "typical X/Y errors for the 233L scanners are < 5 mils rms" (i.e. < 127
microns rms). However, it should be noted that we may be the first customer to utilize one of their
scanners in a tilting fashion, thus it should be expected that the performance we see at various
elevations may be worse than what is quoted in the generic manual.
1.2.2 Astronomical requirements
The original specification on the Front End pointing stability (FEND-40.00.00.00-00190-00/T) was 0.1
arcsecond: "Tipping of the Front End assembly from the zenith to the horizon shall result in an RF
pointing change of less than 0.1 arcseconds….” This was removed in subsequent versions for
unknown reasons. As of 2008-02-30, there is a change request (CRE) to reinstate it:
ALMA-40.00.00.00-122-A-CRE. In addition to these documents, the astronomical requirement on the
relative pointing calibration between receiver bands is provided in the document "Pointing Calibration
Steps" dated 2007-08-02 (ALMA-90.03.00.00-00x-A-SPE) which states that the relative pointing will
be stable unless a receiver dewar is taken off the antenna and/or taken apart, and that the measurement
accuracy should be better than 0.3 arcsec. This requirement implies that the location of the beam waist
of the receiver cartridges should not change with respect to one another by this amount as a function of
elevation. The proposed CRE is consistent with this requirement.

1.3 Prior relevant mechanical tests
In February 2007, static load tests were performed at the RAL Metrology Facility on two "blank"
cartridges (Band 3 and Band 9) at room temperature. They were tilted on an inclineable table from
vertical to horizontal and the deflections were measured with a dial indicator. In two trials, values of
13 and 21 microns were seen on Band 3, and 1 micron on Band 9 (both trials). In 2005, a test of the
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original Band 3 cartridge mounted inside the cryostat is described in section 9 of the Cryostat design
report (FEND-40.03.00.00-007-A-REP). In this case, a deflection of 30 microns was measured when
tilting from 0 to 90 degrees. However, neither of these tests included the weight of the cold optics,
feed, and associated mixer blocks, which may affect how the cold cartridge moves as the cryostat tilts.
Thus, in situ measurements of cold cartridge performance vs. tilt angle are clearly needed.

2. Tests using the Schottky mixer
In order to characterize the near-field scanning system performance independent of the cold cartridge
performance, a room-temperature 3 mm Schottky mixer was assembled using a spare holography
feedhorn. From June 10-16, 2009, experiments using a series of X and Y 1-D beam cuts (i.e. a "two
strip" scan) of the Schottky mixer were performed. The purpose was to first assess the repeatability of
the near-field scanner and tilt table system in this simpler mode before attempting the full 2-D scans
requested in AI-09. The 2-D scans were performed on June 23-25, 2009. The results are described
separately below.
Note: In this document, X and Y refer to distances in the near-field scanning plane (located typically
200 mm in the Z direction from the receiver feed under test), while ΔX and ΔY refer to distances in the
focal plane. The use of the delta symbol matches the nomenclature in Richard Hills' memo of June 22,
2008 on "Calculation of Efficiencies, etc, from Beam-Scanning Data." When the cryostat is pointed to
the horizon, the X direction is parallel to the floor and the cryostat top plate, while the Y direction is
perpendicular to the floor (see Figure A-1 in Appendix A).

2.1 Stability of near-field pattern to tilt table elevation changes: 1-D cuts
2.1.1 Description of experiment
Tests were initiated on June 10, 2009. The initial configuration was: the ALMA cryostat mounted on
the Front-End Support Structure (FESS), with the Schottky mixer mounted near the middle of a
crossbar bolted across the diameter of the FESS, i.e. a few inches above the cryostat top plate. The RF
frequency was 100 GHz and the chamber temperature was 20 C. The position of the probe at the peak
amplitude response was noted and a series of 60 scans through the peak (30 in X and 30 Y, interleaved)
was acquired in a series of nine table elevations selected at random (from 0, 30, 60, 75, 90 deg).
2.1.2 Results
As seen in Figures 1 and 2, the total change in peak position across the elevation range is 0.77 mm in X
and 2.23 mm in Y. In some cases, there was a brief delay between the end of one set of scans and the
beginning of the next (and in one case, overnight). Since the elevation of the table was not
continuously recorded, it is not clear when the elevation change was rendered during the intervening
period. The raw near-field amplitude data were fit with a Gaussian-fitting C program derived from
Numerical Recipes. We compute the standard deviation for each elevation dwell, and then fit the
average values with a quadratic function. Figure 1 summarizes the analysis of this dataset for the X
direction, and Figure 2 for the Y direction. In the X direction (parallel to the elevation axis and
perpendicular to the cryostat axis), the standard deviation of the peak at any given elevation ranges
from 16 to 50 microns. The quadratic fit shows a change in derivative at elevation = 75 degrees, but
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this is probably not significant. In fact, one should probably expect a sine wave fit to be more
appropriate. The residuals from the quadratic fit in X have a standard deviation of 44 microns. In the
Y axis (perpendicular to the elevation axis and the cryostat axis), the standard deviation at a given
elevation ranges from 17 to 42 microns, with one outlier at 84 microns. The standard deviation of the
residuals from the quadratic fit is 66 microns.
2.1.3 What is the origin of the elevation-dependent motion in X?
Since the mechanical system was designed to be symmetrical, then one should not expect to see any
motion in the X direction as a function of elevation. To further investigate this effect, a test was done
with the FARO laser tracker and this detected a similar amount of motion in X as a function of
elevation (see Appendix A), consistent in both magnitude and direction.The fact that we do see some
motion (albeit a factor of 3 less than the beam waist motion in the Y direction), suggests some
asymmetrical behavior in the system. There is a question as to whether the tilt axis is truly
perpendicular to gravity, and what affect this might have. A rough estimate for the distance from the
probe to the tilt axis is 300 mm. From a purely geometrical argument, a tilt of 0.15 degrees would be
required to produce an X shift of 0.77 mm from 0 to 90 degrees. When the tilt axis was installed, it
was set using a bubble level, so the orientation may well be discrepant by a few tenths of a degree.
2.1.4 Settling of the beam location with time after an elevation change
A small amount of temporal settling is seen after a significant elevation change. To quantify the effect,
we have fit the first half of the data at each elevation with a linear function, however it does appear that
the effect has a decay-like behavior with a time constant of ten minutes. A zoomed view of one
elevation set is shown in Figure 2b which compares the simple linear fit with a 1/e function adjusted by
trial and error. The time constant derived in this manner is 10 minutes. These observations are further
discussed quantitatively in the context of the Band 7 data where it is also observed (see Section 3.1 and
Figures 10 and 11).
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Figure 1: Changes in near-field amplitude peak position in the X direction vs. table elevation using
the Schottky receiver. Top panel) the red lines are linear fits to the first 15 data point which quantify
the drift after acquiring a new elevation (see section 3, Figure 11). The sigma values are the
standard deviation at each elevation. Middle panel) the quadratic fit to the mean of the values in the
top panel. Bottom panel) residuals to the fit, and their standard deviation.
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Figure 2a: Changes in near-field amplitude peak position in the Y direction vs. table elevation using
the Schottky receiver. Top panel) the red lines are linear fits to the first 15 data point which quantify
the drift after acquiring a new elevation (see section 3, Figure 11). The sigma values are the standard
deviation at each elevation. Middle panel) the quadratic fit to the mean of the values in the top panel.
Bottom panel) residuals to the fit.
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Figure 2b: Zoom view of a portion of the upper panel from Figure 2a, after slewing
to elevation = 75 degrees. The red line is the simple least-squares linear fit to the
first half of the data. The black lines represent an exponential decay fit by eye.

2.2 Effect of planarity settings on the near-field pattern: 1-D cuts
A question arose as to whether the planarity correction (determined by the FARO laser tracker after the
NSI scanner and cryostat have been mounted to the tilt table) could influence the results in the previous
section. (Note that the planarity correction consists of a grid of measurements which is loaded into the
NSI software and gets applied to the reported position data.) On June 12, a sequence of onedimensional scans was repeated with two different planarity settings: one measured at elevation = 0
degrees, and one measured at 45 degrees. As shown in Figure 3, no significant difference was seen in
X; however, a small consistent difference of ~50 microns is seen in Y at both elev=0 and 45 degrees.
This value is much smaller than the total change of ~ 700 microns seen in Y between these two
elevations.
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Figure 3: Effect of the NSI planarity correction on the near-field amplitude peak location as
measured by repeated 1-D scans in X and Y. The effect is barely detectable, and certainly much
smaller than the bulk motion between 0 and 45 degrees elevation (seen in Figures 1 and 2).

2.3 Stability of the near-field pattern to temperature changes: 1-D cuts
On June 12, a succession of 1-D cuts through the peak were obtained first at a chamber temperature of
20 deg C, then again after the chamber had settled to 18 deg C. As shown in Figure 4, no measurable
difference is seen in the position of the near-field peak, suggesting a limit of 10 microns / deg C. On
the other hand, Figure 5 shows that the phase recorded at the position of the amplitude peak varies by
about 12 degrees (6 deg / deg C). This coefficient matches what was seen in earlier phase vs.
temperature stability tests of the FEIC TMS. Polarization preserving fiber optics cables and couplers
have been ordered. It is expected/hoped that these parts will reduce the coefficient.
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Figure 4: Effect of chamber temperature on the fitted peak of the near-field amplitude pattern,
as measured by repeated 1-D scans through the peak in X and Y. No effect is detectable. The
gap in time is the period of temperature change in the chamber.
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Figure 5: Effect of chamber temperature on the measured phase at the position of the amplitude peak
in the near-field pattern, as measured by repeated 1-D scans through the peak in X and Y. The gap in
time is the period of temperature change of the chamber.

2.4 Stability of the near-field pattern with elevation without the cryostat mounted
On June 16, another series of 1-D cuts at various elevations were obtained with the cryostat not
mounted on the FESS. The results are shown in Figure 6, overlaid with the results from section 2.1.
The motion in X seems to be less, while the motion in Y is an additional 0.5 mm. This result led to the
FARO laser tracker test described in the Appendix, whose result seems to be in contradiction. The only
conclusion to be drawn here is that the mechanical behavior of the system (FESS plus near-field
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scanner) differs when the load from the cryostat is withdrawn.

Figure 6: Comparison of near-field amplitude peak position vs. elevation with and without the
cryostat mounted on the FESS. The black data points and curve are the same as in Figures 1 and 2.

2.5 Stability of the far-field patterns and beam waist with elevation: 2-D maps
On June 11 and June 25, a series of full 2-D near-field beam maps of the Schottky receiver were
obtained at various tilt table angles. On June 11, these were 0, 90, 90, 0, 0 deg. On June 25, these
were: 0, 15, 30, 45, 30, 15 deg. The corresponding far-field patterns were generated by the NSI
software. A collage of the nearfield patterns and corresponding farfield patterns from June 25 is shown
in Figure 7 on the same relative scale, where the maximum amplitude has been set to 0 dB in each case.
The farfield patterns were analyzed using the spreadsheet originally devised by Richard Hills. (Note:
For production use, the calculations in this spreadsheet have been ported to a command-line C program
calling Numerical Recipes functions, but that work is not yet complete). The position of the beam waist
from the spreadsheet was then tabulated as a function of elevation.
11

Figure 7: Amplitude patterns from a sequence of 2-D scans of the Schottky receiver. Top 6 panels: the
nearfield patterns, Bottom 6 panels: the farfield patterns, as produced by the NSI software.
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The quantitative results for June 25 are shown in Figure 8. Because the cryostat and Schottky receiver
plate were removed and remounted in between June 11 and these scans, there is a small change in the
absolute location of the Schottky receiver (1-2 mm). Thus, the June 11 data are plotted as blue points
that have been shifted by a best-fit constant value (only) to agree with the June 25 data. In the middle
panels, the values for ΔX and ΔY are also shown in units of arc seconds on the sky on the righthand
side Y-axis, having used the plate scale conversion of 2.148 arcsec/ mm, which simply comes from the
96m focal length of the ALMA antennas: (206264.8"/rad) / 96000mm.

Figure 8: Comparison of the repeatability of the Schottky receiver's nearfield amplitude peak vs.
elevation (from the 1D-cut analysis described in section 2.1) with the beam waist position vs. elevation
and the pointing angle vs. elevation (both obtained from the beam efficiency spreadsheet analysis). The
black and red data points were obtained on June 25, 2009, while the blue data points were obtained on
June 11, 2009, prior to the un-mounting and remounting of the cryostat which took place between these
dates. The sigma values are the standard deviations of the residuals after removing the fit.

First of all, one can see a significant trend with elevation in both ΔX and ΔY. Quadratic fits to the data
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are given. We see some differences in the derived beam waist position when elevations are repeated.
At elev=30 deg, the difference is insignificant (0.06") in ΔX, but is certainly significant (0.47") in ΔY.
The time difference between the start of these two maps is 101 minutes. For the elev=15 deg maps,
which were started 196 minutes apart, the differences are 0.60" in ΔX and in 1.15" in ΔY. The rss sum
of these two differences corresponds to 1.3" of total pointing deviation. To estimate the repeatability of
the trend vs. elevation as a whole, we have computed the standard deviation of the residuals after
removing the best fit quadratic profile. These values are 0.15" in ΔX and 0.35" in ΔY. Applying a 5
sigma criterion, this result suggests that the near-field scanning system should be able to detect
deviations from the curve of >0.75" in ΔX and >1.75" in ΔY in the performance of the cold cartridges.
However, this estimate assumes that the same S/N ratio and variance is obtained in the cold cartridge
data. Unfortunately, the variance in the cold cartridge data (see sections 3 and 4) is a factor of 2-3
larger. In any case, the detection threshold is insufficient to confirm whether or not the relative
pointing of the cold cartridges meets the proposed requirement of < 0.1".
Regarding the pointing angles derived from farfield patterns, they are generally within 0.05 degrees of
one another with the exception of the elevation point from 90 degree point on June 11, which is
discrepant by 0.15 degrees from the lower elevation data. Some of the spread of these data may be due
to the fact that the farfield patterns were not constructed with sufficient width, and furthermore that we
only used the region within the subreflector (3.58 deg) to derive the peak, even though this feed was
not designed to illuminate the ALMA subreflector. We will re-process the data using a larger radius to
see if the spread in the result is decreased.

3. Stability of the Band 7 cartridge pattern and efficiency vs. elevation
In early July 2009, the Schottky receiver was removed from the system in order that other FEIC tests
could be performed on the cold cartridges. When further test time became available, we decided to
perform the same 1-D and 2-D repeatability tests vs. elevation using the Band 7 cartridge to see if the
results differed significantly from the Schottky receiver. In brief, they do not (with the possible
exception of the magnitude of the temporal settling after a large elevation change).

3.1 Stability of the Band 7 near-field amplitude peak position vs. elevation: 1-D cuts
On July 14, 2009, a sequence of 15 successive 1-D cuts (in both X and Y) through the near-field
amplitude peak were performed at each elevation. A sequence of 15 random elevations (selected from
0, 30, 45, 60, 90 deg) was measured. The results are shown in Figures 9 (X-axis) and 10 (Y-axis). We
perform a quadratic fit of position vs. elevation using the mean of the latter half of the points at each
elevation. The first seven points were ignored in order to minimize the effect of drift, which is
analyzed separately (section 3.2). As with the Schottky receiver, the elevation-dependent motion in X
is less than in Y. The independent quadratic fits to the Band 7 data yield a similar curve to the Schottky
data, particularly in the Y direction.
In principle, if the Schottky data represent the underlying elevation-dependent characteristics of the
Test & Measurement System, then one should remove these characteristics before assessing the Band 7
performance. As a proof-of-concept, we have attempted to remove the Schottky fit from the Band 7
data and measure the residuals. Because the cryostat and Schottky receiver plate were removed and
remounted in between June 10 Schottky data and these scans, there is a small change in the absolute
location of the Schottky receiver (1-2 mm). Thus, we found the best-fit value for the constant term (c0)
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which minimized the mean square error between the Schottky fit and the Band 7 data. After removing
this fit, the standard deviation of the residuals (295 and 197 microns) are a factor of 5 larger than for
the Schottky data alone.

Figure 9: Top panel) Gaussian-fitted peak position of 1-D nearfield amplitude scans of the Band 7
receiver vs. time. Scans are separated by 90 seconds. At each elevation, the first 7 scans are colored
red, but the linear fits (green lines) are over all the data. Middle panel) Changes in near-field
amplitude peak position in the X direction vs. table elevation using the Band 7 receiver using the mean
of the black points from the top panel. Black curve is the fit to these data, while the blue curve is the
Schottky fit from June 10 adjusted by a best-fit constant term to the black points. Bottom panel) The
residual points and the standard deviation value in black (137 microns) are plotted with respect to the
Band 7 fit. The residual points and the standard deviation value in blue (295 microns) is with respect to
the Schottky fit. The blue points have been shifted by +1 degree to avoid overlap.
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Figure 10: Same as Figure 9, but for the Y direction. In the bottom panel, the residual points in blue
have been shifted by +1.2 degree to avoid overlap with the black points.

3.2 Drift after acquiring a new elevation
Examining the top panels of Figures 9 and 10, we often see a period of a few minutes of significant
settling (in both directions) after an elevation change. To quantify the drift, we perform a linear fit to
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the points at each elevation, even though the underlying function is probably exponential (see Figure
2b). The drift vs. time is further analyzed in Figure 11, where we plot the individual slopes from the
top panel of Figures 9 and 10 vs the change in the tilt table elevation angle. There is an apparent
correlation between the drift rate and the change in tilt angle, particularly in the X direction. The fitted
slope of the correlation is similar for both axes (about 0.1 microns per minute per degree). We have
performed a similar analysis for the Schottky data (also shown in Figure 11 in blue). The fitted slope is
a factor of 6 less in X and a factor of 3 less in Y. This suggests that the Band 7 receiver does exhibit
some additional settling within the cryostat after a change in elevation. However, the number of data
points recorded for the Schottky is not as large, and the data do not cover as large a range in angle
change (because the scans were made only from 0-45 degrees, rather than 0-90 degrees). Further tests
are warranted to explore this effect further. Unfortunately, when we were acquiring the scanner data
for the Band 3 receiver, we neglected to take a similar series of 1-D scans before the 2-D scans, which
precludes a similar analysis of the drift for that receiver.

Figure 11: Left panel) The black points show the drift rate of the Band 7 nearfield amplitude pattern in
the X direction as measured by successive 1-D cuts separated by 90 seconds (each interspersed with a Y
cut) plotted vs the prior change in cryostat elevation angle. The blue points are the corresponding data
for the Schottky receiver (i.e. from Figures 1 and 2). The slopes of the linear fits are listed at the top.
One outlier Band 7 point (shown in red) has been ignored in computing the linear fits. Right panel)
Same as the left panel but for the Y direction.
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3.3 Stability of the Band 7 far-field pattern from 2-D maps:
3.3.1 Stability of the beam waist
On July 15, two-dimensional scans of the Band 7 cold cartridge were obtained at three elevations: 0, 45
and 90 degrees. On July 20 and 21, another series were obtained at elevations: 0, 30, 60, 0, 90, 45, 30,
90, 60, 45, 0, 45 degrees. A collage of the nearfield and farfield patterns are shown in Figures 13a and
13b. The quantitative results are shown in Figure 14. The absolute position appears to have been lost
when dismounting and remounting the Band 7 test source between these dates. In order to compare the
trends with elevation, the July 15 data have been shifted into rough agreement with the July 21 data.
Two quadratic fits are shown: one to the Band 7 data points in black, and one from the Schottky data in
blue (the nearfield fit is from Figures 1 and 2, and the beam waist fit is from Figure 8 = June 25. We
can see that the trend in the nearfield fitted peak position matches the trend in the derived beam waist
position. Furthermore, the magnitude of the trend is similar for the Schottky receiver and the Band 7
receiver. After removing the quadratic fit to the Schottky data, the standard deviation of the residual of
the beam waist position is 1.89" in Y and 0.44" in X, or about 2-4 times worse than the Schottky. It is
not clear whether the larger variance is due to measurement uncertainty, or to non-repeatable
mechanical motion of the Band 7 cartridge or other internal parts of the cryostat.
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Figure 12: These plots show the variation of the nearfield peak position (derived from 1D scans) and
the beam waist and pointing angles (as derived from the beam efficiency spreadsheet) for the Band 7
receiver. The sigma values in black are the standard deviations of the residuals after removing the
quadratic fit to the Band 7 data. The fits to the Schottky data are shown in blue for comparison,
shifted by a best-fit constant (c0) value (in the left panels, the fits are from Figures 1 and 2; in the
central panels, the fits are from Figure 8). For the beam waist data (central panels), only the July 21
data (black points) were used to compute c0. The blue points have been shifted by +5 degrees to
avoid overlap with the black points. The sigma values in blue are the standard deviations of the Band 7
data after removing the Schottky fit, and represent the repeatability of the scanner in determining how
the beam waist of a cold cartridge moves as a function of elevation: ~207 microns ( 0.44") in X and
786 microns (1.89") in Y.

3.3.2 Stability of the measured efficiencies
The efficiencies measured from the 2D patterns shown in Figures 13a and 13 b were also extracted
from the analysis spreadsheet. The efficiency was measured toward the centroid of the pattern rather
than the nominal pointing position. The average and standard deviations were: spillover efficiency =
0.9308 +/- 0.0022, taper efficiency = 0.9087 +/- 0.0019, illumination efficiency = 0.8458 +/- 0.0022.
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Figure 13a: Nearfield pattern of the Band 7 receiver measured consecutively at various
elevations.
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Figure 13b: Farfield patterns of the Band 7 receiver, derived from the nearfield patterns in Figure
13a.
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4. Stability of the Band 3 cartridge pattern and efficiency vs. elevation
On July 22, two-dimensional scans of the Band 3 cold cartridge with the warm optics installed were
obtained at six elevations: 0, 30, 60, 0, 90, 45 deg. On July 27, another series were obtained at
elevations: 30, 90, 60, 45, 0, 45 deg, It is believed that no part of the system was changed between

Figure 14a: Sequence of nearfield amplitude images of the Band 3 receiver, shown on the same
relative scale. Top 6: July 22, 2009; Bottom 6: July 27, 2009.
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these days. There was no attempt made to precisely align the warm optics assembly since the test was
for repeatability. It was simply remounted onto the micrometer-adjustable optical stage that was
developed during the work leading up to the ORR. Thus, the alignment should be close to what it was
previously. A collage of the amplitude images is shown in Figures 14a and 14b. Unfortunately, the
quality of these data are not as good as the system has delivered in the past, possibly due to the power
levels being too low. While the quantitative results analogous to Band 7 are shown in Figure 15, better
data at a similar sequence of elevations should be obtained in the future.

Figure 14b: Successive farfield amplitude patterns of the Band 3 receiver at a variety of
elevations, as computed from the nearfield patterns in Figure 14a. The faint cross pattern
may be due to cross talk between polarization channels rather than a truncation of the beam.
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Figure 15: The variation of the nearfield peak position (derived from 1D scans) and the beam waist
and pointing angles (as derived from the beam efficiency spreadsheet) for the Band 3 receiver. The
sigma values are the standard deviations of the residuals after removing the quadratic fit to the Band 3
data. The fit to the Schottky data from Figures 1 and 2 is shown in blue for comparison.

4.1 Stability of the beam waist
Both the nearfield peak position and the computed beam waist for the Band 3 receiver show a much
larger spread at all elevations than both the Band 7 receiver and the Schottky system. Nevertheless, the
quadratic fit obtained for the Band 3 data is similar in shape to the Schottky and Band 7 receivers, but
the standard deviation of the residuals is several times larger: 4.1" in Y and 0.4" in X.

4.2 Stability of the measured efficiencies
The efficiencies measured from the 2D patterns shown in Figure 14 were also extracted from the
analysis spreadsheet. The efficiency was measured toward the centroid of the pattern rather than the
nominal pointing position. The results were quite consistent, with the average and standard deviation
of the values were: spillover efficiency = 0.9782 +/- 0.0009, taper efficiency = 0.8245 +/- 0.0048,
illumination efficiency = 0.8065 +/- 0.0044.
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5. Conclusions and recommendations
Based on successive one-dimensional scans through the room temperature Schottky receiver beam
pattern, the observed repeatability of the peak position of the nearfield amplitude pattern at a single
elevation is better than 50 microns rms. As measured with two-dimensional beam scans of the
Schottky feed mounted on the cryostat top plate, the NSI scanner and tilt table assembly shows a
systematic trend in the derived beam waist position with elevation. The motion of the nearfield pattern
peak position from elevation 0 to 90 deg is 0.77 mm in X and 2.23 mm in Y. The trend can be
characterized as a quadratic function in both axes, with the larger coefficients in the Y direction (i.e.
parallel to gravity when pointed to the horizon). The rms residuals from a quadratic curve fit are 44
and 60 microns. The Band 7 receiver follows a qualitatively-similar quadratic curve, but the
corresponding residuals are higher: 157 and 637 microns. Based on two-dimensional beam scans of the
Schottky receiver, the measured repeatability of the beam waist position after changing elevation
angles from 30 deg to 45 deg to 30 deg is 0.23 mm (equivalent to 0.5" on-the-sky) measured over a
100-minute timespan. When changing angles from 15 deg to 45 deg to 15 deg, the measured
repeatability was 0.60 mm (equivalent to 1.3" on-the-sky) measured over a 200-minute timespan.
After removing a quadratic fit to all the Schottky 2D data, the standard deviation of the residuals is
0.15" in X and 0.35" in Y. This performance suggests that the scanner is capable of detecting
discrepant elevation-dependent motions greater than 0.6" in X and 1.5" in Y (i.e. 4-sigma), which is
clearly insufficient to determine whether or not the relative pointing of the cold cartridges meets the
0.1" requirement.
Two dimensional scans of the Band 7 receiver at a variety of elevation angles shows a similar trend
with elevation as the Schottky receiver but with a larger standard deviation of 0.4" in X and 1.8" in Y.
Band 3 also shows the trend with elevation with even larger scatter, but these data were not acquired in
an optimal configuration and the quantitative results cannot be trusted. In the Schottky and Band 7
receiver 1-D cut data, we find a significant effect of settling of the measured position of the nearfield
peak after acquiring a new elevation. After a 90 degree change, it is approximately 10 microns per
minute in both axes. In most cases, it settles to a constant value after 10 minutes, but in a few cases, it
continues beyond 20 minutes. This effect is not present to this degree in the Schottky data, however,
the Schottky was not measured over the full elevation range (only from 0-45 degrees) where the largest
effect would be seen. Thus, whether there is indeed some mechanical settling within the cold cryostat
requires further experimentation. Finally, from the farfield maps of the Schottky feed, the direction of
the peak (i.e. the subreflector illumination direction) is stable to 0.05 degrees at elevations below 90
degrees but is discrepant by -0.15 degrees at 90 degrees. The Band 7 data show similar behavior but
with a discrepancy of +0.10 degree at 90 degrees.
The recommendation for future progress in this area is to fully characterize the new (second) NSI
scanner for the NA FEIC when it arrives in the Fall. It will have a second linear bearing supporting the
probe assembly which should provide a mechanical system more robust to elevation changes. First, the
Schottky receiver should be measured, this time over the full range of elevations in order to measure
the elevation dependence of the beam waist, and to determine if the settling effect is really less than
what was measured here for the Band 7 receiver. Following that, measurements of all receiver bands
should be repeated.
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Appendix: FARO laser tracker tests
The FARO laser tracker was positioned as shown in Figure A-1. The retro-reflector corner cube was
placed first on the cryostat itself (mounted on a metal block attached to the middle of the top plate), and
then on the probe. The reported accuracy of our FARO unit is 10 microns + 0.4 microns per meter.
Considering the air turbulence in the chamber, a degraded value of 15-20 microns may be reasonable.

Figure A-1: Layout of the FARO test showing the sweep of path lengths to the two corner cubes as
the cryostat was moved from 0 to 50 deg.

During the tests, the XYZ data stream from the FESS were recorded into a file while the FEIC table
was scanned from 0 to 50 degrees and then back again. This elevation was as high as could be
obtained while maintaining a clear optical path for the laser. Although we do not have a readout of the
table elevation, a constant velocity was commanded. It was straightforward to examine the FARO
position stream data and identify the times when the table was stationary. The elevation of each XYZ
point was then inferred assuming that a constant velocity was achieved. The results of the FARO scans
are shown in Figure A-2. Each scan was repeated twice in succession (i.e. once upward and once
downward or vice-versa). Both scans are plotted and in most cases the two repeat so well that they are
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not readily discernible on the scale of the figure. The results for the probe indicate that there is motion
in the X direction of 0.6 mm from 10 to 50 degrees. Assuming a sine wave characteristic, the total
motion from 0 to 90 degrees would have been 1.0 mm, which is similar to the value of 0.77 mm seen in
the scanner data.

Figure A-2: Result of the FARO laser tracker test showing how the positions of the near-field
probe and the cryostat vary with elevation. Both the upward and downward scans are overlaid.
The relative coordinate scale is the same for each row of plots. Hysteresis at the level 60 microns
of is seen for the crossbar.
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