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ABSTRACT 

BICEP2/SPUD is the new powerful upgrade of the existing BICEP1 experiment, a bolometric receiver to study the 
polarization of the cosmic microwave background radiation, which has been in operation at the South Pole since January 
2006. BICEP2 will provide an improvement up to 10 times mapping speed at 150 GHz compared to BICEP1, using the 
same BICEP telescope mount. SPUD, a series of compact, mechanically-cooled receivers deployed on the DASI mount 
at the Pole, will provide similar mapping speed in to BICEP2 in three bands, 100, 150, and 220 GHz. The new system 
will use large TES focal plane arrays to provide unprecedented sensitivity and excellent control of foreground 
contamination.  
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1. INTRODUCTION 
The subject of the cosmic microwave background (CMB) needs no further introduction at this year’s SPIE (Marseille, 
2008).  Thanks to a number of experiments (Boomerang, DASI, WMAP, ACBAR, etc.), we have now learnt that the 
combined power spectrum – over a wide range of angular scale, from the entire sky down to the size of few arc seconds 
– can be described by no more than 5 cosmological parameters[1].   The Universe is found to be essentially isotropic and 
nearly flat.  These two features are remarkably consistent with the theory of inflation. 

It’s important to point out that although the CMB was discovered more than 40 years ago, these high quality spatial data 
have been attained only recently thanks to concerted efforts made over the years by experimentalists from all over the 
world.  The key factor in realizing these exquisitely detailed maps is the dramatic improvement of detector sensitivity 
that started to happen only over the last decade. 

An electromagnetic field such as the CMB can be completely described by four fundamental quantities, these are the 
intensity, frequency distribution, spatial distribution and polarization.  We have measured the first three quantities; each 
of these three quantities has in turn yielded information of fundamental significance about the nature of the Universe. 
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Figure 3. Maps of the BICEP1 CMB field including BICEP1 observations from February 2006 through 13 May 2007, smoothed to 
60’ resolution. Top row: The WMAP W-band T map, filtered according to the BICEP1 observing strategy. The map shows total 
BICEP1 integration time (100 and 150 GHz) on this field, which in the central region exceeds 700,000 detector-seconds in each 1 
deg2. 2nd row: BICEP1 T map. The excellent agreement with WMAP illustrates our ability to use the CMB temperature to derive a 
precise cross-calibration at each frequency. The temperature jackknife map, formed by subtracting the two BICEP1 frequencies, 
demonstrates the high signal-to-noise of the T maps and shows no evidence of foreground contamination in this field. Atmospheric 
fluctuations contribute a slight striping visible at large scales in the T jackknife map. Differencing polarized detectors removes these 
fluctuations, and after 1.3 seasons of integration the noise in BICEP1’s Q and U jackknife maps is consistent with the measured 
detector NETs; the rms in 1 deg2 pixels is 0.89 µK for 100 GHz and 0.77 µK for 150 GHz. 3rd and 4th rows: BICEP1 Q and U maps 
are combined to produce Weiner-filtered E and B polarization maps.  Both E and B jackknife maps and the B signal maps are 
consistent with noise. The E map shows degree-scale structure at the expected level. 
 
 
Even on the large angular scales probed by BICEP, the Polar atmosphere is stable enough that high S/N maps of degree-
scale CMB temperature anisotropy can be generated and compared with WMAP to perform absolute calibration on daily 
timescales. The residual atmospheric noise is subtracted virtually perfectly by the detector differences in the 



 
 

measurement of polarization; our current polarization maps achieve sensitivities consistent with the fundamental noise 
limits of our 98 detectors (Figure 3), showing E-modes at the expected level and no evidence of artifacts due to polarized 
atmosphere or ground pickup. The BICEP1 receiver was given a rigorous shakedown at Caltech prior to being deployed 
to South Pole. Since the aperture is small, the far-field beam patterns could be measured within the highbay lab using the 
mount to scan the telescope. Systematic errors due to beam asymmetries were measured to be low enough to permit 
integration to r < 0.1 for BICEP1 [4]. 
 

 
 

Figure 4. Top: The BICEP1 cryostat and optics and the BICEP mount. BICEP1’s unique refracting optical design consists of two 
Teflon-AR-coated polyethylene lenses cooled to 4 K that produce a large, flat focal plane with a cold aperture stop at the 25 cm 
primary lens. Optics and detector insert are housed within a toroidal LN2/LHe cryostat, with a large, low-loss Zotefoam window and 
thermal blocking filters to accommodate the optical path. The compact BICEP mount points the receiver (< 10 arcmin), and is capable 
of rapid scanning in azimuth (4/sec) and complete boresight rotation. The BICEP2 receiver achieves higher sensitivity and improved 
control of systematics using monochromatic antenna-coupled TES detector arrays and a half-wave plate.  It will demonstrate these 
upgrades in a LHe cryostat similar to that of BICEP1. Bottom: SPUD (tentatively relabeled here “The Keck Array”) will house 
identical polarimeters operating at 100, 150, and 220 GHz in compact, mechanically-cooled cryostats for deployment on the existing 
DASI mount. The larger and higher capacity DASI mount has similar pointing and scanning capabilities to the BICEP mount and is 
already plumbed for mechanical coolers. 

 



 
 

 
Figure 5.  The phased program we are planning for BICEP1/BICEP2 and SPUD.  Notice that the name SPUD has been replaced by 
KECK in this figure; we have recently submitted a proposal to Keck Foundation requesting funding for the SPUD receivers, and the 
proposal is currently under consideration.  The top panel shows mapping depth in uK in the center of the 800 deg2 BICEP field, for 
the three observing frequencies.  Although these are projected sensitivities, we note that thus far noise levels achieved in BICEP1 
maps lie on these curves.  The lower panel shows power to constrain inflation, giving 95% upper limits on r under different 
foreground scenarios.  The depth takes a steep dive after deploying BICEP2, and by the end of its first season reaches r=0.03.  At this 
point the multi-frequency coverage of the SPUD (here “Keck Array”) receivers becomes valuable, allowing sufficient foreground 
discrimination to push down to r=0.01. 
 
 
As mentioned earlier, BICEP2/SPUD is a series of receivers designed to cover 3 separate frequency bands.  BICEP2 is 
for 150GHz and will be replacing the BICEP1 receiver (austral summer 09), followed in subsequent years by SPUD 
(Keck) 1, 2 and 3 which are for 100, 150, and 220 GHz.  BICEP2 is a liquid helium cryostat with vapor cooling shield 
(no liquid nitrogen).  SPUDs are cryogen-free cryostats, equipped with pulse tube coolers made by Cryomech in order 
to reach to 4K.   

3.2 Cryogenic receiver, optics and TES focal plane unit 

The 4K insert of each BICEP2/SPUD receiver is an assembly of two units: the camera tube and telescope tube.  The 
camera tube (Figure 5) is supported by a 4K coldplate and houses the 250 mK cryocooler (closed cycle, three-staged 
4He/3He/3He cooler) and the FPU.  The FPU is thermally isolated from the 4K environment by means of a three-stage 
vespel truss; parasitic heat from 4K stage is intercepted at 2K and subsequently at 350 mK.  The FPU are surrounded by 
superconducting lamp shade-shaped structure (Nb) which provides extra magnetic shielding (Figure 6, Right).   

The telescope tube is supported by the Camera tube and it houses the optical train.  We adopt BICEP1 small aperture 
design (Figure 6, Left) which has been demonstrated to give several advantages: i. the system is highly efficient to 
assemble, test and deploy.  ii.  the small aperture offers excellent stability since the entire optics is at 4K.  iii. the far field 
of a degree beam is typically in the range of 50 m, allowing rigorous characterization of the instrument beam in the 
laboratory.  iv.  an aperture-filling cooled waveplate offers ideal polarization modulation,  and v.  a small forebaffle 
gives superior sidelobe rejection, as a result the analysis of BICEP1 data so far has not required ground subtraction. 







 
 

circuit board with superconducting Al wirebonds, and connected to discrete 32:1 SQUID and Nyquist chips mounted on 
the perimeter. 

3.3 Magnetic Shielding 

Unlike BICEP1 which used NTD bolometers and JFET readout, BICEP2/SPUD instruments will use TESs and SQUIDs 
readout, and thus require careful considerations for magnetic shielding.  A SQUID, of course, measures current via the 
magnetic field in its input inductor coil. TES bolometers are also sensitive to magnetic field through the dependence of 
Tc on applied field.  Fortunately, these susceptibilities are well characterized in the lab so one can specify the magnetic 
shielding and then develop an optimal design. 

For magnetic shielding, we incorporate a single layer of cryoperm at 4 K and 250 mK Nb box with a flared opening 
through which light enters, and a Nb plane just under the array. With 50 µT applied field at a 45o angle to the optical axis 
and, our model yields a residual field of a few parts in 106 over most of the focal plane.      

In addition, NIST has successfully developed and tested next-generation 32:1 SQUID multiplexer chips using 
gradiometer-wound coils to reduce B-field susceptibility by a factor of ~100 compared to the previous design. Based on 
this much-reduced susceptibility and TES’s inherent sensitivity to B-field, we estimate the scan-synchronous magnetic 
field signal due to earth’s field must be attenuated by 108 for the SQUIDs and 106 for the TESs to ensure such signals are 
< 5% of the target B-mode signal on degree scales. We meet this design goal with a combination of high-permeability 
and superconducting magnetic shields. In actual observations, common-mode signal rejection and averaging effects 
provide significant additional safety margin for rejection of magnetic field pickup. 

4. SUMMARY 
BICEP2 and SPUD are phased programs based on the proven concept of BICEP1, designed to detect the B-mode signal 
of polarization at level of r = 0.01 targeted by the CMB 2006 Task Force.  We have completed all the major hardware 
milestones for BICEP2, the first experiment in the series, including the design, fabrication and integration of the 
cryogenic receiver and TES focal plane, optics and magnetic shielding.  We have completed our cryogenic tests.  Dark 
and optical tests of the integrated receiver are underway.  Our goal is to rigorously and completely characterize the 
receiver, including the instrument sensitivity and optical performance.  These tests include mounting BICEP2 receiver 
on the exact replica of BICEP telescope mount and assessing optical performance and the system sensitivity in deep 
integrations replicating the scanning strategy used in the field.  BICEP2 will be deployed to the South Pole upon 
completion of this test program.  Funding has been granted through NSF OPP-0742818 for BICEP2 operations at the 
South Pole through 2010, and for SPUD operations through 2011. 
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