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Figure 4.49: Far sidelobe experiment as implemented on the launch pad at CSBF, Ft Sumner. Top left —
Gunn oscillator source points down at gondola, /8.8 oscillator beam overfills primary mirror by a factor of
~2. Top right — Source on tripod in cherry picker basket. Bottom left — Gondola on launch pad as viewed
from cherry picker basket. Bottom right — Positions of source during collection of azimuth cut data.

The first of two far sidelobe tests performed in Ft Sumner occurred the morning of 20
May 09. For both tests the AHWP was stationary and at an arbitrary position angle. We roughly
aligned the oscillator beam with the primary mirror using a pen laser mounted on the source
enclosure. Then turning the source and chopper on, we immediately saw a large modulated
signal at the chop frequency and more accurately aligned the system by adjusting both the
gondola (elevation only) and source (azimuth and elevation) to maximize this signal. Throughout
this test the polarization axis of the Gunn oscillator beam was roughly set at perpendicular to the
ground and we did not attempt to adjust it for further gain during the alignment procedure. At
this stage the source must be attenuated since 15 mW at 145 GHz saturates the 150 GHz (and
perhaps all) detectors despite imperfect beam coupling. Weeks earlier we tested various
candidate materials using for their mm-wave attenuation properties with the artificial planet. We

tried various types and thicknesses of foam, paper, wood and cardboard, occulting the entire
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modulated AP beam with the test article and measuring the corresponding reduction in bolometer
signal. Cardboard was deemed the preferred material, providing a consistent 4x decrease in the
FFT peak at f.;,, with each additional piece.

As usual we identified a representative 150 GHz bolometer and observed a peak-to-peak
signal in the time domain of 650 ADC at gondola elevation = 21.5° with 54 dB of attenuation (9
pieces of cardboard, assuming a factor of 4 attenuation per piece). We then stepped the gondola
through the available elevation range, recording by hand the time domain peak-to-peak at each
position. At 23.5° elevation we removed 4 of the 9 attenuators and measured 7 ADC peak-to-
peak. At 25.5° (4° from on-axis), the remaining 5 pieces were removed and beyond this point the
signal quickly faded into the noise. After completing the elevation cut, we moved the gondola
back down to 21.5° elevation and executed an azimuth cut. This involved driving the lift in a
semicircle around the gondola, making 13 stops along the way where this we recorded the FFT
peak at f4,, ~ 5 Hz. The results of both cuts are plotted in Fig. 4.50. One obvious feature is the
stronger rejection floor in the azimuth cut, caused simply by recording peaks in the FFT instead
of working in the time domain (higher S/N in the frequency domain). The elevation cut data is on
file and could be processed in the frequency domain if deemed necessary. However, we conclude

from these results that far sidelobe rejection indeed meets or exceeds the -85 dB benchmark.
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Figure 4.50: Experimental results from low resolution, unpolarized far sidelobe experiment. Left -

Azimuth cut, response drops to < -85 dB at ~ 15° from main beam. Right - Elevation cut, response drops to
<-80 dB at ~ 5" from main beam.

A second test was performed on 28 May 09 where we followed a similar procedure but

this time collected data points at higher angular resolution in the vicinity of the main beam. In
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this iteration we also took two data points at location — one with the oscillator’s polarization angle
nominally parallel to the telescope’s (arbitrary) polarization axis, and the other with the
oscillator’s polarization vector perpendicular to the telescope. We hereafter refer to the parallel
orientation as ‘co-polar’, and the perpendicular orientation as ‘cross-polar’. The co-polar position
was determined during the initial alignment process as the source rotation angle which
maximized signal in the frequency domain of our target bolometer, which proved to be 225
ASD/\Hz with12 cardboard attenuators in place (at elevation = 17.9°). Results of the subsequent
azimuth and elevation cuts are shown in Fig. 4.51. With higher resolution we were able to more
accurately identify the angle at which response drops below our -85 dB benchmark:
approximately 5° off-axis in the elevation cut and 12° in the azimuth cut. As expected, the cross-
polar response is consistently measured below the co-polar response. But the separation varies
significantly as a function of angle. Since we have neither a quantitative determination of the
oscillator’s true polarization fraction nor a prediction for the polarized sensitivity of the full
gondola, we simply conclude that the polarization data reveal nothing new or alarming about the

telescope’s far sidelobe response.
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Figure 4.51: Results from high resolution far sidelobe experiment. Left - Azimuth cut, response drops to <
-90 dB at ~ 12° from main beam. Right - Elevation cut, response drops to < -80 dB at ~ 5° from the main
beam. Both data sets are nominally consistent with low-resolution results shown in Fig. 4.50.

Although the primary outcome of these tests is reasonable confidence that far sidelobe
response meets specifications (as expected given the use of absorptive baffles), we also learned
that this experiment leaves room for significant improvement. Here are the most obvious issues

and opportunities to be considered in preparation for LDB:
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Near the end of the 28 May test, we moved the gondola -2° in azimuth from the presumed
on-axis position and discovered that the signal increased by a factor of ~ 200 (16
attenuators required at this position vs. 12 at the position labeled 0°). Furthermore, we
had only 9 attenuators in place for maximum signal at the supposed on-axis position
during the 20 May test. These insights imply bolometer non-linearity, but also hint that
we missed the true on-axis position with our alignment strategy and/or didn’t fully
understand the cardboard’s mm-wave attenuation properties. It was also true that
stacking up to 16 pieces of cardboard in series was awkward at best, likely introducing
variable effects due to gaps, sag, and other coupling anomalies. While we don’t think
this information necessarily undermines our conclusions, it does suggest consideration of
some key hardware and procedural upgrades: pending financial resources, a devoted
micrometer-based mechanical mm-wave attenuator should be installed between the
oscillator cavity and horn antenna to ensure full control (and knowledge) of attenuation
level throughout the experiment. Also, we overestimated the reliability of the laser
alignment and in future attempts should more thoroughly probe azimuth space in the

search for maximum bolometer response.

Insufficient preparation and avoidable scheduling inefficiencies limited the breadth and
depth of sidelobe data acquired during the Ft Sumner campaign. The telescope was
typically rolled out of the high bay at ~2 am, bolometer tuning and baffle installation
delayed the onset of data acquisition until ~5 am, and increasing wind speed forced the
cessation of operations between 7 and 8 am. 2-3 hours over two nights proved woefully
short of the time truly required to perform a comprehensive sidelobe investigation. If
executed again in Palestine prior to LDB, the process should begin much earlier (as early
as allowed by wind conditions) and more effort should be devoted to pre-rollout gondola
preparation. With these measures the window for data collection could probably be

doubled.

Again pending financial considerations, purchasing a frequency doubler (installed

between the oscillator cavity and horn) would allow the determination of sidelobe
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response in a second spectral band: 127-144 x 2 = 254 — 288 GHz, well within the 250
GHz channel.
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5 Preparing for LDB

5.1 North American Test Flight

The first EBEX test flight occurred 11 Jun 2009. The telescope was launched from Ft Sumner,
NM and terminated near Lake Havasu City, NV after ~10 hours at a float altitude of ~118,000 ft.
Fig. 5.1 includes a diagram of the flight path and photo of the telescope shortly before launch.
This marked the first time TES bolometers were used in a non-terrestrial environment as well as
the first balloon-borne application of a SMB for HWP rotation. Bolometer TOD observed in real-
time through the telemetry link showed a persistent sinusoidal signal at the expected HWP
template frequency, implying qualitatively that both systems were in operation throughout the
flight. Analysis of the flight data is under way, including an effort to extract useful calibration

results from a Saturn scan (beam mapping) and a CMB dipole scan (absolute flux response,

instrumental polarization).

EBEX Test Flight, 11" June 2009
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Figure 5.1: Left - EBEX on launch pad in Ft Sumner just prior to North American test flight. Right —
Ground trace of flight path.

With Jupiter and Mars both excluded by our + 45° anti-sun pointing constraint, Saturn
was the brightest astronomical point source available for in-flight beam mapping. Our baseline
scan strategy included small positive elevation steps after each azimuth scan to follow the object

as it rose in the sky, meant to ensure all beams would densely sample Saturn in both azimuth and
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elevation to facilitate the generation of high resolution 2-D beam maps. After elevation control
was disabled at launch, we implemented a modified calibrator scan with a 5° azimuth throw and
1°/sec slew rate.

Our original plan to identify the Saturn signal in real-time and perform a ‘quick-look’
beam analysis was predicated on applying a digital low-pass filter to the real-time TOD with a
cutoff below 2fywp to eliminate the dominant HWP template signal. However, we realized
shortly before flight that assuming 8 beams and a 1°/sec slew rate, each beam crossing will
generate a spike in the timestream lasting just 133 ms. This is equivalent to a single period of a
7.5 Hz signal. Not only is this nearly coincident with the 4fywp (~8 Hz) signal, but applying a
low-pass filter at < 2fyyp» (~4 Hz) excludes the planet signal with the template. Therefore, without
a real-time template removal capability, we observed the bolometer timestream by eye in an
attempt to identify planet crossings above the HWP signal. None were observed. A post-fight
template removal code is complete and will be used in a forthcoming attempt to characterize the

beams from flight data.
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Figure 5.2: Left — EBEX NA test flight Saturn scan coverage assuming best-case scenario (i.e., scan
centered at 16.5° elevation,0 92° azimuth). Analysis to determine true pointing is under way. Right -
Saturn mm-wave flux measurements (data points) and theoretical model (solid line) from [51].

The Saturn scan was initiated at UTC 19:32 and terminated at 19:57, over which time the
planet drifted in elevation from ~ 14° to 19° and in azimuth between ~ 90° and 94°. If we assume
an ideal scenario where the observations were initiated with the active focal plane centered at

16.5° elevation and 92° azimuth, the left panel of Fig. 5.2 gives a portrayal of the scan in terms of
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focal plan coverage. Given Saturn’s ~0.2°/min drift in elevation and assuming 8’ Gaussian beams
on each wafer, the planet should cross within each detector’s FWHM approximately 6 times.
However, our confidence in absolute pointing accuracy at this time was marginal, and we must
await further analysis to determine how closely the actual scan resembled the ideal case assumed
here. Also, preliminary results from ground-based beam mapping imply the possibility that our
beams were wider than 8’. If true, each beam would record more than 6 planet crossings.
However, wider beams also have an impact on S/N, as we detail below. The right panel of Fig.
5.2 shows observational data and a model of mm-wave flux across the EBEX spectrum.

Though our flight data have not yet been analyzed, we present here an order of magnitude
estimate of anticipated results from the planet scan. We take the approximate mean of Moreno’s
model and the Archeops data to assume band-averaged brightness temperatures of 150, 140, and
160 K for the 150, 250, and 410 GHz bands, respectively. Accounting for beam dilution (angular
diameter = 17”’) and assuming the mean optical efficiency for each wafer as reported in Sec. 4.1,
we calculate the effective signal in thermodynamic units at ~10 mK (150 GHz), 1 mK (250 GHz),
and 1 mK (410 GHz). Besides optical efficiency, the input with perhaps greatest uncertainty is
the detector noise level; although we have no definitive analysis of in-flight bolometer noise at
this point, an early ground-based investigation indicates it may be at a factor of ~2 above
expectations. Hence we will assume for this exercise a noise level of twice our canonical values
of NET50,050410 = 193, 399, 3077 pK/\/Hz. Therefore, during a single beam crossing we would
predict S/N measured in bolometers at 150, 250, and 410 GHz of ~ 10, 0.5, and 0.05,
respectively. Integrating over multiple crossings could increase these by a factor of 2 or 3.

However, if we consider the possibility that our preliminary ground-based beam mapping
results are robust, the prospects for detecting Saturn may be more dire. Assuming the mean
FWHM derived for each channel in Sec. 4.4 (52°, 27°, and 18’ for 150, 250 and 410 GHz,
respectively), the planet signal would be further diluted by factors of ~ 70, 20, and 10 compared
to the values used above assuming 8’ beams. Inserting these numbers into our calculations, the
expected signal remains highest in the 150 GHz channel but drops to S/N < 0.2. So although the
outlook appears bleak as predicted by these first-order calculations, we have adopted values for a
number of values based on marginal quantitative evidence and have made several assumptions

rooted in very preliminary results from ground-based testing with limited sample sizes.
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Dipole map: 3:15 UTC, 12 June 2009
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Figure 5.3: Simulated NA test flight CMB dipole scan coverage (Credit: Sam Leach, SISSA)

For the CMB dipole scan, the gondola was rotated in azimuth at 15°/sec for 23 minutes
beginning at UTC 2:53 and ending at 3:16. Given the orientation of the sky and the gondola’s
elevation angle, we expect the dipole to be a sinusoidal signal with a period of 24 seconds (f'~ 40
mHz) and amplitude of ~ 2 mK (at 150 GHz) as illustrated in Fig. 5.3. We can again make a
rough assessment of anticipated results, subscribing to the same assumptions listed above which
are applicable to this calculation (optical efficiency and bolometer noise). With 23 minutes of
integration and an optical efficiency of ~5%, we expect S/N ~ 10 in the 150 GHz channel.
However, this result almost certainly includes an optimistic value for bolometer noise; at 40 mHz,
the signal will likely reside below the 1/f knee for which currently have no quantitative
assessment but anticipate at around 100 mHz. Hence, the effective noise level may be equivalent
to or perhaps even exceed the dipole signal. Barring a gross underestimate of optical efficiency
or overestimate of noise, the prospect of extracting the dipole signal in any channel seemingly

represents a significant analytical challenge.

5.2 Ebert-Fastie Monochromator: Future Work

5.2.1 Modified Design Concept

As chronicled in Sec. 4.5, the manual optical alignment procedure required to execute the

cryogenic relative spectral response experiment is an inexact and time-consuming endeavor.
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Even using the most optimistic assumptions calibrating the entire focal plane would likely take on
the order of 200 hours. This almost certainly renders the cryogenic approach unreasonable given
the probable LDB pre-flight campaign schedule. Hence we must consider (a) speeding up both
the alignment and data collection procedures through automation, (b) assuming consistent
spectral response across many neighboring bolometers and only calibrate one or a few per wafer,
and/or (¢) abandoning the cryogenic version of the experiment entirely.

Given the Ft Sumner experience, we propose a combination of these 3 options. Pending
a definitive criterion on spectral response calibration, option (b) seems nominally supported by
results presented in section 4.5 which show relatively consistent spectral response curves across
four different 410 GHz bolometers at locations spanning virtually the entire spatial extent of the
wafer. As for option (c), we recommend designating the integrated technique as our new baseline
plan - assuming the gondola in ‘staring” mode, we estimate that the entire focal plane could be
calibrated in ~20 hours (easily accomplished during a single fridge cycle). This could drop to
~15 hours in the scanning mode, but the additional anticipated analytical complexity associated
with this approach probably outweighs the marginal temporal gain. We also hesitate to entirely
eliminate the cryogenic approach due to the apparent (and heretofore unresolved) 30 GHz shift
seen in the Ft Sumner data. If the campaign schedule allows, initial results for at least one
detector per wafer should be determined with an upgraded cryogenic apparatus before probing the
full focal planes with the EFM on AP. A judicious insertion of stepper motors and/or linear
actuators (grating, fold mirror, translation stage, etc.) could greatly enhance the sophistication and
efficiency of the cryostat-based experiment.

As stated previously, the integrated EFM apparatus used in Ft Sumner was assembled on
a short timeline and far from optimized. Although the experiment seemed to deliver sufficient
S/N, only the 410 GHz wafer was tested and making an effort to upgrade the system would seem
prudent to ensure success across all bands during future implementation. Amongst several
possible ways identified to improve the experiment, one stands out: move the EFM exit aperture
forward 14 cm to coincide with the focal point of the AP. Based on the analysis summarized in
Fig. 4.18, with this single design modification we would expect to reduce beam dilution (and
potentially increase S/N) by a factor of ~20. However, this assumes retaining the 1300 K
laboratory blackbody as the warm load which is only possible with a modified mechanical design
or by procuring a more compact blackbody source. While the latter would be preferred for
simplicity, a very preliminary conceptual design using only the currently available hardware is

provided in Fig. 5.4.
128



_] AF primary

Ehert-Fastie 20 cm

monochromator AP secondary

\

Figure 5.4: Preliminary conceptual design for upgraded EFM on AP. Fold mirror added just inside
entrance aperture allows blackbody source to be rotated 90° from previous configuration. This change
allows EFM exit aperture to coincide with AP focal plane at 20 cm behind primary mirror.

5.2.2 Relative Flux Calibration

The EFM relative flux model is a critical ingredient for making an accurate determination of
relative spectral response for the LDB instrument, but our current model is largely theoretical and
relies heavily on assumptions about grating efficiency which are far from robust. One option for
rectifying the situation is to make more rigorous and reliable theoretical predictions. Given the
simplicity of our monochromator, we assume grating efficiency is the dominant source of
uncertainty in our current model. Sophisticated (and expensive) software packages are
commercially available for predicting diffraction grating efficiency to high accuracy, including
PC Grate and GSolver amongst others. We would of course also have to assume we know the
emission characteristics of our modulated source to high accuracy. Given the fact we rely on a
laboratory blackbody source with a temperature reading provided by the control unit (and any
uncertainty introduced by imperfect knowledge of the cold load will be subdominant), it seems
that the uncertainty contributed by this part of the apparatus would be primarily due to alignment
issues which we suspect could be well-controlled with minimal effort. The idea requires further
thought, but perhaps we could justify employing a relative flux model derived through an
exclusively theoretical approach.

A second option — stand-alone or complimentary to the first - is to measure the emission
spectrum empirically. This requires directing the monochromator beam onto a mm-wave detector
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with flat spectral response, thereby isolating relative flux as a function of frequency. An effort to
erect such a detector began in the spring of 2007. After a year we abandoned the initial plan to
use a 4.2 K Haller-Beeman bolometer once it was conclusively determined that its performance
was woefully insufficient for our intended experiment. Our present plan centers around using a
single MAXIPOL bolometer mounted inside a reconfigured MAXIPOL cryostat.

The MAXIMA/MAXIPOL NTD-Ge bolometers are coupled to a 4mm diameter
spiderweb absorber and were nominally operated at ~100mK with an adiabatic demagnetization
refrigerator (ADR) [28]. After inspecting the interior of the MAXIPOL cryostat we favored the
idea of coupling our bolometer to the 300 mK *He fridge instead of attempting to revive the
ADR. Before committing to this approach we made an estimate of expected performance at 300

mK using the following assumptions and design parameters:

e Bolometer properties: A =14.4 K, R, = 120 Q, G3pomk = 630 pW/K [41].

e Optical filtering: 100% rejection above 540 GHz with MAXIPOL 18 cm™ filter on the 4
K shell and a 55 cm™ filter on 77 K shell (we tentatively plan to install an additional 16
cm’ filter on the 4K shell, but exclude it in the present analysis).

e Optical coupling: the bolometer is mounted at the exit aperture of an /1.7 Winston cone

and housed within a reflective, cylindrical integrating cavity.

With these parameters we predict the bolometer to operate at Ry, ~ 120kQ with dR/dT ~ 1
Q/uK and be photon-noise limited with NEP ~ 1 x 10" W/NHz. Assuming the mean
expected monochromator efficiency of 50% and 30% optical efficiency for the detector
system (cryostat window to bolometer), and ideal coupling between the two, we expect S/N >
100 in one second of integration across all bands. If we further assume another order of
magnitude loss between predictions and measurements as seen in Ft Sumner, we still expect
S/N > 10.

The integrating cavity is a critical component for ensuring frequency-independent
response. The literature recommends a many-A deep, reflective, cylindrical cavity to achieve
this goal [52]. Ours is made of copper and at /2" long is > 54 deep across wavelengths of
interest. The second most important component regarding frequency response is the 300 K
window — depending on choice of material and thickness the window could effectively act as

an etalon, introducing frequency selection through constructive and destructive interference
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from reflection at the two surfaces. We will suppress this effect by using a 40 um thick (<
154 at our shortest wavelength of interest) polypropylene window, the same one used in the
last MAXIPOL flight. Fig. 5.5 depicts our current conceptual design for the experiment; the
EFM beam is coupled to the MAXIPOL bolometer using the same optical elements — two
UHMWPE lenses plus a 45° fold mirror - employed in the cryogenic tests performed in Ft

Sumner.
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Figure 5.5: Conceptual drawing of the proposed EFM flux calibration experiment using the MAXIPOL
cryostat.
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We have removed a significant portion of the cryostat’s internal components including
the entire cryogenic optical system. We also replaced the MAXIPOL readout electronics with a

simplified system since we will only be operating a single detector. As shown in the circuit
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diagram in Fig. 5.6, we employ dual JFETs and a function generator to AC bias the bolometer. A

lock-in amplifier will be used to extract the modulated EFM signal as a function of grating angle.
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Figure 5.6: Key components of optical and electrical design for EFM flux calibration. Left - MAXIPOL
bolometer (0.4 cm wide) mounted with Winston cone (above bolo) and integrating cavity (below bolo).
Right: - Bias and readout circuit.

The most significant design challenge was spanning the distance between the 300 mK
stage and the window — we need to place the Winston cone (and hence bolometer) within 3 inches
of the window to avoid clipping the beam. This is accomplished with three solid aluminum
posts, each 3/8” in diameter and ~13” long, which also serve as a thermal link between the
bolometer platform and *He fridge. The only direct link between the 4.2 K cold plate and 300
mK stage are 6 readout wires leading from the filter stacks to the bolometer circuit. To minimize
thermal load on the *He stage while trying to mitigate microphonic noise, we use 0.003” diameter
manganin wire wrapped around a G10 tube (OD = 0.25”, wall thickness = 0.0625”) that is rigidly
attached to the cold plate at one end and the bolometer platform at the other. Given the

aforementioned dimensions, materials, and distances as shown in Fig. 5.5, we calculate the
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combined thermal load on the 300 mK stage at < 10 uW (~ 9 uW from the G10 post, ~0.1 uW
from the wiring). This is well within the allowable load according to the *He fridge specifications
which predict over 3 days hold time under 106 pW with a condensation point at 4.2 K. Given
that we anticipate completing the experiment in much less than 3 days, these data also imply that
pumping on the LHe reservoir to achieve a condensation temperature of 2 K as originally planned
should be unnecessary.

We have made a successful end-to-end test of the readout system at room temperature
and atmospheric pressure. During our initial attempt to evacuate the cryostat we discovered a
leak at the electrical feed-through flange. The indium seal on this flange is currently under repair

and the experiment will proceed as planned once the leak has been fixed.

5.3 In-Flight Calibration

To this point we have focused exclusively on ground-based calibration except for a brief
discussion in Sec. 5.1 regarding the NA test flight. However, our final determination of
systematic effects will critically depend on data collected in-flight during the LDB mission. As
Table 3.1 indicates, 7 of the 12 line items can be studied using flight data. For at least 5 of these
7, calibration derived from flight data will be the result we ultimately use in the final data analysis
pipeline (far sidelobe response and bolometer time constants are typically measured more
effectively on the ground).

For a more detailed discussion of the IP, DPR and APR experiments beyond the bullet
statements found in Table 3.1, see reference [47]. Reference [53] provides a thorough
explanation on determining time constants from glitches as demonstrated by Archeops; EBEX
will likely employ a similar routine. Jupiter will serve as our primary calibrator for in-flight
beam mapping; at an angular diameter of ~30” and average brightness temperature across our
bands of 180 K, it will be a ~1 K point source (5x brighter than Saturn). Reference [52] states
that Jupiter will also serve as our primary source for characterizing absolute flux response in the
410 GHz band. However, past observations (Fig. 5.7) indicate potential complications with this
approach in light of our +5% calibration criterion as they imply the planet’s flux is known to no

greater accuracy than 10% over this portion of the electromagnetic spectrum.
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Figure 5.7: Jupiter mm- and sub-mm brightness temperature, data (points) and theory (lines). Left — Taken
from [51], Archeops 345 GHz data is closest to EBEX 410 GHz band (shaded in blue) and indicates 15 %
uncertainty (159 + 24 K). Right — From [54]; solid and dashed lines represent two different atmospheric
models which vary by ~10% at ~410 GHz. Both models are in turn calibrated on Mars, which varies
seasonally by > 10% at WMAP frequencies [55].

Table 5.1 is an abridged historical record of sources used for balloon-borne mm-wave
absolute flux response calibration. While 5% uncertainty has been attained repeatedly above 4 =
1 mm using the dipole signal [56], no balloon-borne experiment to date has achieved this level of
accuracy at frequencies above 300 GHz. The most promising candidate appears to be the Galaxy,
scanned repeatedly and orthogonal to the plane by Archeops. The bolometer response from these
scans was binned in latitude at -30° </ < 30° and calibrated with FIRAS maps after extrapolating
the FIRAS spectra to Archeops frequencies. However, FIRAS spectra exist at 2-100 cm™ which
spans the entire Archeops (and EBEX) spectral range, so extrapolation would seem unnecessary.
Individual FIRAS pixels reportedly measured the galactic plane at S/N ~ 50. If accurate, this 2%
inherent uncertainty represents less than half the total 5% error budget and the galactic plane
should hence be considered our primary target for EBEX absolute flux calibration (pending a

deeper investigation of the FIRAS data).
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Table 5.1: Recent historical precedent for balloon-borne mm-wave absolute flux calibration. EBEX
calibration benchmark is +5% in all bands.

Frequency
Experiment (GHz) Calibrator Comparator | Uncertainty

MAXIMA-I [59] 150 & 240 CMB dipole COBE-FIRAS 4%
420 Jupiter Goldin '97 [54] 12%

Archeops [51,58] 143 CMB dipole WMAP 4%
217 CMB dipole WMAP 8%

353 Galactic plane | COBE-FIRAS 6%

545 Galactic plane | COBE-FIRAS 6%

BOOMERanG [32] 145 TT spectrum WMAP 2%
245 TT spectrum WMAP 5%

345 TT spectrum WMAP 9%
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Appendix A

EBEX Microstrips

We describe this subcomponent is detail because of its novelty and history of in-house
development. Though contrived to meet demands unique to EBEX our microstrip design
represents a significant improvement on existing cold wiring technologies and offers the potential

for general application in a variety of cryogenic environments.
A.1 Motivation

Electrical communication between the TES bolometers and SQUIDs requires wiring with special
thermal and electrical properties. Therefore we set out to develop a new wiring scheme with the
goal of minimizing two primary characteristics: thermal conductance and inductance. Since the
wiring must traverse a path between the ~300 mK (bolometers) and 4.2 K (SQUIDs), we sought
materials and a design to more effectively mitigate load on the sub-Kelvin stages (a critical
objective when requiring a 14-day hold time). Inductance in the wiring is mostly a function of
geometry and adds to the inherent inductance of the system, potentially acting as a voltage divider
on the SQUIDs and causing bolometer instability (as demonstrated with the conventional wiring).
Therefore we will refer to the inductance of the cold wiring as parasitic inductance, or L,4,. Our
secondary objectives included achieving electrical crosstalk of < 1% between neighboring wires,
which presents a peculiar challenge given the pre-existing geometric constraints inside the EBEX
cryostat. A final consideration was fabrication feasibility as we endeavored to execute all aspects

of research, development and manufacturing in-house.

A.2 Design

Assuming the current digital frequency multiplexing scheme (DfMUX), we anticipate needing
128 wire pairs (64 per focal plane) for reading out the full complement of 1,400+ bolometers
during the LDB mission. With this sum in mind and considering the goals described in the

previous section, we conducted a trade study of candidate wiring geometries.
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Figure A.1: Conceptual designs of 3 options considered in cold wiring trade study.

The three wiring options initially considered were the twisted pair, stripline, and
microstrip, each illustrated in Fig. A.1. Though by far the easiest to make, previous experience
with twisted pairs showed large parasitic inductance so this approach was eliminated early in the
decision-making process (assuming a viable manufacturing procedure could be found for one or
both of the other options). Striplines are expected to offer superior inductance mitigation but
demand more material per unit length than microstrips, which correlates directly with higher
thermal conductivity and fabrication complexity. The fabrication and thermal advantages of the
microstrip were deemed more important than the marginal improvement on L,,,, expected of the
stripline, hence microstrips were designated as the baseline plan. Further consideration including
cryostat constraints determined the optimal microstrip configuration to include 8 line pairs per
unit. The fully populated EBEX focal planes will thus require a total of 16 units; 8 serving the
horizontal (H) focal plane that need to be ~27” long, and 8 for the vertical (V) focal plane at ~
40” long. A set of analytical equations allows us to calculate the expected thermal conductance,
parasitic inductance, and electrical crosstalk assuming our nominal design parameters as depicted

in Fig. A.2.

¢t S _ d=0.037"
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t__t :t_ 5 : R w=0.03"
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< »
< X ».

Figure A.2: Conceptual EBEX microstrip design. Yellow material (insulator and spacer) is kapton, grey
material (wiring) is NbTi.

142



Thermal Conductance: Several different temperature stages are unavoidably thermally linked
by the cold wiring inside the EBEX cryostat, each of which has a maximum thermal load
tolerance. From low to high 7, the stages (and maximum load) are ~250 mK (3 pW), ~400 mK
(30 uW), ~1 K (200 uW), and 4.2 K where the cold wiring contribution is negligible compared to
other inputs. With little room for adjusting the microstrip geometry due to physical constraints
inside the cryostat, materials become a critical factor in achieving our thermal benchmarks. We
insist the wires be superconducting at < 4.2 K in order to eliminate additional thermal load due to
electrical power dissipation. With a critical temperature (7¢) of 9 K and low thermal conductivity
(0.03 x T"* W/mK) in comparison to other metals with similar 7, NbTi was chosen for the
wiring. Kapton HN tape and film were chosen to serve as the insulator and spacer based on their
similarly attractive thermal properties [k = 6.5 x 10~ x T (W/mK)] and strong heritage of use in
the cryogenic community

A large wire width to height ratio is optimal for minimizing parasitic inductance, but
NbTi wire is only available commercially in cylindrical shape. We purchased cylindrical copper-
cladded NbTi wire and had it flattened, specifying a width/height ratio of 40 (the copper cladding
is necessary for soldering at the ends). After receiving the flattened wire, we measured
width/height = .0307/.0012” = 25. Using these wire dimensions, the kapton dimensions as shown
in Fig. A.2, and assuming the presence of 16 total microstrips as required for LDB gives total
cross-sectional areas of 3.2 x 10® m” and 3.4 x 10° m® for NbTi and kapton, respectively.
Including their reported thermal conductivities and the design distances between temperature
stages inside the cryostat, we calculate the following expected thermal loads (per stage): 0.5 uW
(250 mK), 7.2 uW (400 mK), and 38.5 uW (1 K). Each value represents approximately 20% of

the maximum load, theoretically indicating the microstrip design satisfies our thermal constraints.

Parasitic Inductance: Johnson and Graham provide the following equations to predict

inductance [62]:

NREL [1 N ln(%ﬂ Al
- /4 t
-8
L( .nHj: 3.194x10 (A2)
inch

thﬁ‘ +1.39340.667 h{wl;ff +1.444j
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Using the dimensions listed in Fig. A.1, we find L = 0.5 nH/in or a total of 13.5 nH for a 27”-long
H-plane unit. For comparison and to highlight the significance of this value, the original EBEX
cold-wiring (based on the current industry standard) had a measured parasitic inductance over the
same length of 133 nH. The original wiring, which we will call the hybrid geometry, consisted of
two distinct parts - 20 of microstrip made with tin-soldered copper wires (L = 1.5 nH/in,
measured) with a 5”-long section of twisted-pair NbTi in the middle for thermal isolation (L = 20
nH/in, measured). Our new all-NbTi microstrip therefore offers a theoretical order of magnitude

improvement over the hybrid geometry.

Electrical Crosstalk: This term describes the coupling of signals between neighboring wires, a
phenomenon that could problematically impact detector data read out (and ultimately science
results) if not controlled to < 1%. Johnson and Graham offer the following formula to estimate
this effect:

Crosstalk = Kk (A.3)

2
d
I+ —
h

where K is a geometrical factor reasonably assumed to be 1 in our case. Using d and 4 from Fig.

A.2, the anticipated cross-talk is ~0.02%, well below the benchmark of 1%.

A.3 Fabrication

The manufacturing procedure is an entirely manual undertaking. From start to finish, a single
unit currently takes ~3 hours to produce. This can be greatly reduced with multiple people
performing steps in parallel, and could be further expedited if at some point demand were to
warrant the capitol investment required to mechanize and automate the process.

The flattened copper-cladded NbTi wire is taken from its spool and cut into 16 pieces (8
signal traces, 8 return traces) of proper length (277 for the H focal plane or 40” for V). To
minimize thermal conductivity, we must remove the copper cladding over the entire length except
for ~1/2” at each end left behind for soldering. We dip each end in melted wax, then submerge
the entire wire in a 70/30 solution of nitric acid. The acid eats away the copper everywhere
except for at the ends where it is unable to penetrate the wax.

The first 8 wires are then aligned parallel to each other and at the proper spacing using a
custom-built aluminum jig (see Fig. A.3). We discovered that the wires refuse to lay flat unless

144



forced to by other means, so we apply a thin layer of spray adhesive in 3 spots (both ends and one
near the center) before laying the wires down. A l-inch wide strip of kapton HN tape with
acrylic adhesive is then rolled over top of the 8 wires, sticky side down. When pulled up, the
wires stick to the tape (not the jig), maintaining their alignment and spacing. This first ‘sub-strip’
is placed to the side and the process is repeated with the other 8 wires.

With both sub-strips completed, one of them is laid on the bench with wires/adhesive side
up. Experience revealed that the perimeter must be held down with masking tape to prevent
rippling. Next, the 1.5”-wide kapton spacer is laid down, sticking to the kapton tape adhesive
around and between the wires. Masking tape is again applied to prevent rippling, this time
around the perimeter of the spacer material. The final and most challenging step is laying the
second sub-strip (wires/acrylic facing down) on top of the spacer, making sure to align the wires
of the 2™ sub-strip with those of the 1*' sub-strip below.

The completed unit is removed from the bench and masking tape with a razor blade.
Scissors are used to trim the unit to its final width of ~ 0.6” as necessary to accommodate its
space allowance inside the cryostat. Finally, a blunt object (e.g., the end of a Sharpie marker as
pictured in Fig. A.3) is pressed down over the length of each line pair in an attempt to eliminate
remaining bubbles or rippling. This is done to minimize the separation between signal and return
traces (k). h is directly related to parasitic inductance and a noticeable reduction in L was

observed after adding this step to the procedure.

Figure A.3: Selected steps in microstrip fabrication procedure. From left to right: Laying wires on
aluminum jig to aid alignment, kapton tape applied to wires aligned on jig, fastening sub-strip to
workbench, compressing line pairs to minimize # (lower L, qsiric)-
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A.4 Characterization

Cryogenic Cycling: Since the microstrips will have to endure repeated cryogenic cycling when
in the EBEX cryostat, we cryogenically cycled several test units to probe the effects of
temperature on physical survival. In the first test we dunked microstrips directly into liquid
nitrogen, which consistently caused the kapton layers to delaminate catastrophically. Direct
exposure to the LN, plus near-instantaneous change from 300K to 77K were concluded as
primary reasons for the failure and motivated minor design modifications, but caused little
genuine concern as this test represents a significant departure from the actual cycling mode the
microstrips will be expected to withstand (300K to 4.2K over several days). Another 300-77K
cycle was performed but on a more reasonable timescale: a unit was attached to an aluminum
block which was mounted inside a small vacuum chamber with an aluminum base plate. After
pumping the chamber to < 1 Torr, it was submerged LN, which cooled the microstrip to 77K over
a period of about an hour. This test was repeated four times and the microstrip showed no
evidence of structural damage.

Two units were then mounted inside a small liquid helium test dewar. They were cycled
from 300K to ~ 5K three times; after each cycle the dewar was opened for inspection and at no
time was there any sign of mechanical failure. Finally, several units have been installed in the
EBEX cryostat since July 2008 and used as intended to electrically link the bolometers with
SQUIDs. The detectors have operated nominally over 4 cycles since that time, implying no

structural problems with the microstrips.

Thermal Conductance: We have not performed a dedicated experiment to measure thermal
conductance, nor identified a method to extract this information from data collected with the
microstrips inside the EBEX cryostat. It is difficult or impossible to arrange temperature sensors
in such a way to explicitly measure thermal conductance inside the cryostat due to their mounting
scheme. Within the accuracy to which we have been able to determine the total load on each
temperature stage, we see no evidence of excess loading due to the inter-stage linkage provided
by the microstrips beyond the predicted theoretical values. We therefore conclude they perform

within expectations and satisfy our thermal requirements.

Warm Inductance: An SRS720 LCR meter is used to measure the capacitance of line pairs at

room temperature. Knowing C, L can be calculated with
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L — dzﬂogogr
C

where d is the length of the unit and &, is the dielectric constant of the spacer material (=3.5 for

(A.3)

kapton HN) [57]. A total of 10 units were manufactured and measured between June 2008 and
March 2009, with warm inductance calculated for each line pair. The last (and best) unit
produced has a measured average inductance of 1.5 nH/in, three times greater than the
theoretically predicted 0.5 nH/in. Fig. A.4 recaps the measurements, presenting the data in both
graphical and tabular form to best illustrate the variance observed in the 8 line pairs within each
unit. The inconsistency between theory and measurements, along with the minor but non-
negligible inconsistency seen amongst line pairs of the same unit, highlights a primary
consequence of manual production — the assembly process is clearly more an art than a science.
However, a measured inductance of 1.5 nH/in gives a total inductance of 40 nH over 27”. While
not an order of magnitude improvement as predicted, this nevertheless represents a 3x

improvement over that measured for the hybrid design.
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Figure A.4: Warm inductance measurements.

Cold Inductance, Test Dewar: To investigate inductance as a function of temperature and to
assess performance in a more representative thermal environment, two line pairs on a single test
unit were wired up inside the same liquid helium dewar used for the 5K cryogenic cycling
described in the previous section. The LCR meter was used on the outside to measure

capacitance at 300 K, and then again after thermalizing at 77 K and 5 K (temperatures confirmed
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by SiO, diodes coupled to the unit). Results are shown in Table A.1 and indicate a decrease in L
with T on the order of ~10% between 300 K and 5 K. Though a quantitative prediction for this
behavior doesn’t exist, the change happens in the expected direction — spacer contraction at low T’

likely decreases the trace separation (%), thereby increasing C and reducing L.

Table A.1: Cold inductance measurements, 5K test dewar. Additional inductance from wiring between
interior and exterior of the cryostat has been subtracted.

line pair #1 line pair #2

T (K) L (nH, total) L (nH, total)
300 53.1 64.9
77 49.8 56.2
5 49.0 55.0

Cold Inductance, EBEX Cryostat: Fig. A.5 shows the final configuration of a microstrip unit
prior to being installed in the EBEX cryostat. Connectors are soldered to the copper leads at each
end, one for the LC board and the other for the SQUID board. The first set of microstrips were

installed in July 2008 and measured for parasitic inductance during the subsequent cryostat run.

Figure A.5: Final configuration prior to installation in EBEX cryostat. End connectors are soldered to the
small bit of copper sheathing exposed at each end of wires.
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The measurements and analysis used to determine L, in this configuration are significantly
more complex than those already described [57]. Hubmayr’s method uses data from bolometer
DfMUX network analyses and searches for a best fit model that considers several free parameters
including L,,.,. He analyzed three line pairs and reports the best-fit values (total L) are 50, 60,
and 70 nH. These likely include ~15 nH contributed by other components in series with the
microstrips in the circuit, and are consistent with warm measurements recorded prior to
installation.  These results reconfirm the same 3x improvement identified in previous

experiments, this time measured in the microstrips’ true operational environment.
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