1. Science Motivation

The search for B-mode polarization of the CMB is to answer perhaps the most compelling question in cosmology.  Its observation would be a smoking-gun signature of primordial gravitational waves, and a strong confirmation of the inflationary paradigm.  However, to claim discovery of the faint B-mode polarization, independent and competitive techniques with different systematic errors will be needed.  

The QUIET collaboration has pioneered and leads the field in the successful large-scale usage of pseudo-correlation receivers.   Phase-I of QUIET has collected 8 months of data on 17 Q-band polarization receivers, and is about to conclude 17 months of data on 81 W-band polarization receivers. 

The collaboration will soon announce their Q-band result, which will lead the field in both the overall array sensitivity at this frequency, and in systematic error control.  

The 81 W-band Phase-I QUIET receivers are currently achieving a per-module system temperature and bandwidth of 97 K and 10 GHz, for an overall array sensitivity of 57 K-sec1/2. The QUIET Phase-I W-band expected statistical uncertainty on r is ~0.3.

While extrapolation to an experiment with 0.01 uncertainty on r is straight forward, there is huge room to improve the module temperature polarization sensitivity.  If the goals described below are achieved, QUIET-II would exceed this r uncertainty with only 400 modules on a single telescope mount, while keeping a relatively economical per-module cost.  Achieving these goals is critical for a successful QUIET-II proposal.

2.  Areas of Detector Improvements

Experience from QUIET-I has revealed where major module improvements can be made:

a. Due to the limited availability of HEMT-based LNA[footnoteRef:-1] chips, QUIET-I could not afford to use only the lowest noise LNA’s (while keeping a sufficiently high gain).   In addition, the collaboration did not have the facility to cold probe all the chips before use. [-1:  High Electron Mobility Transistors (HEMT) and Low Noise Amplifiers (LNA).
] 


b. While QUIET-I uses 100 nm gate length HEMTs etched onto InP, the state-of-the-art gate lengths are now below 50 nm.  These devices promise to deliver exquisitely low cryogenic noise (<50K) and good gain (>20 dB) per LNA in the W-band.  JPL and NRAO have separately demonstrated achievement of ~30K LNA’s in small quantities of devices fabricated by NGC[footnoteRef:0] (figure 1). [0:  Northrop Grumman Corporation.] 


c. While NGC has made high quality devices that also work well at cryogenic temperatures, their fabrication process (and business model) is optimized for room temperature HEMT devices.  On the other hand IAF, a qualified HEMT vendor in Germany whose goal also includes serving the academic community, has indicated willingness to optimize their fabrication process for cryogenic applications.  Thus the collaboration has a second source of HEMT devices.

d. There is excess noise in the module, and this is believed to be due to using a high gain (>60dB) LNA structure while compacted into a small footprint.  The collaboration is currently testing this hypothesis by fabricating new modules to identify the feedback mechanisms that could be causing excess noise.

e. Finally, if the “warm” QUIET DC electronics can be built with sufficiently high sensitivity, the constraint on the cryogenic RF electronics can be relaxed.  The warm electronics would need a sensitivity exceeding ~2.5 nV-sec1/2.  The current sensitivity is ~5 nV-sec1/2.
[image: ]
Figure 1: Noise measurements on 35nm 90 GHz InP HEMT MMIC amplifiers from NRAO (Bryerton et al., 2009) and from JPL (a design by L. Samoska measured at Caltech). 
3. Goals

The goals described here are developed in concert with the proposed NSF ATI[footnoteRef:1], in which Todd Gaier (JPL), Anthony Readhead (CIT), and Bruce Winstein are co-investigators.  The primary goals of this ATI proposal are to establish a robust module design, and to design and fabricate all HEMT chips needed for QUIET Phase-II using a combination of the NGC and IAF processes.  The chips would be based on sub-50 nm gate lengths, and meet the noise goal of <50K.  The remaining chips would be made available to the general radioastronomy community.  Thus the ATI addresses items b, c, and d of section 2.   [1:  Advanced Technologies and Instrumentation proposal titled: “Low Noise Coherent Amplifiers to Search for B-Mode Polarization in the CMB and for Other Astrophysical Applications”, submitted to the NSF on November 3rd, 2010.
] 


Using funding provided by the KECK Institute for Space Science, Caltech has established automated cold probe stations that can sufficiently characterize all chips fabricated for QUIET.  This addresses item a of section 2, allowing preselection of all devices.

For this proposal, we wish to explore the following:

a.  To improve upon the low noise “warm” DC electronics sensitivity to exceed 2.5 nV-sec1/2.   In addition to careful electronics redesign, we wish to explore sensitivity improvement by operation at moderately cold temperatures (eg. 77K).  Electronics, such as silicon-based JFETs or GaAs devices, would have to be used since they can operate cold.  Commercial silicon JFETs have been used down to 150K.

b.  Along with Fermilab, to explore novel techniques for fabricating the module housing. A promising technique is injection molding of either metals or synthetics.  Injection molding is a well-known technique for producing accurate parts at low cost (of order ~$20 per housing).  Synthetics such as PEI[footnoteRef:2] can be loaded with 40% carbon to improve [2:  Polyetherimide (tradename Ultem), a highstrength light weight rigid plastic. ] 

the thermal conductivity and thermal expansion matching to substrates such as alumina.  Areas to explore include parts shrinkage and overall accuracy, adhesion of gold layers, and rigidity to withstand the ribbon bonding forces.  Finally, the module design needs to be optimized for injection molding, via simulations such as HFSS.

c.  Along with KEK and Fermilab, to evaluate 
and qualify the new modules and DC electronics.  The Phase-I W-band cryostat, which was integrated and commissioned at Chicago in 2009, will return from Chile to Chicago following the completion of Phase-I in 2011.  Its response has been carefully characterized, calibrated, and tracked through out the observation period.  This cryostat allows for careful comparison between the Phase-I design and the new designs (figure 2).  Fermilab will contribute a 20K black body calibration source for use in Chicago.  The source temperature can be adjusted between 20K and 77K.  KEK has established a teststand that can truly mimic the Chilean sky temperature of O(10K).

[image: ]
Figure 2: A redesigned 3-part polarization analyzer module to be tested in Chicago. The redesign addresses the unwanted feedback and coupling seen in the Phase-I modules.

3. Management

4. Roles of Institutions

Chicago will lead in the reoptimization or design of the DC amplifier electronics. 

Chicago will be the lead partner among KEK and Fermilab, to evaluate the new module and DC electronic designs using the Phase-I W-band cryostat.  Fermilab will provide 20K black body source for use in Chicago.

Chicago’s role in injection molding ?  ADS simulations ?  Cold testing of molded parts ? Fermilab would pay for some molds.  Could this PFC proposal pay for a mold as well ?  We will need several molds for R&D.

5. Broader Impact

We’ve outlined goals which, if successful, directly improve the strength of the QUIET-II proposal.  In particular, the pseudo-correlation technique of QUIET, shows promise for having exquisite systematic error control.  This is a prerequisite for establishing a B-mode observation.

The development of low noise DC amplifiers that can operate at cold, is of wide interest for the field.  Commercially available JFETs have been used at 150K by CDMS.  Active devices that can operate even colder, will see an even bigger sensitivity increase.

Finally, to the best of our knowledge, fabrication of the module housing by injection molding is a novel idea that is suitable for high channel count experiments such as QUIET-II.  While the previous generation experiments can afford to use traditional high-speed machining, QUIET-II represents an opportunity to experiment with this promising technique.   The molds will have a long lifetime.  They can be used fabricate more devices for the benefit of the field. 
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