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2. Summary

We propose to develop a Precision Calibration System for the QUIET experiment, which studies the physics of the early universe through measurements of the polarization of the cosmic microwave background radiation.  Such measurements hold the promise of revealing new physics operating in the earliest moments of the Universe.

QUIET is a multi-institution collaboration led by Bruce Winstein; Phase I, which deploys 100 detectors in the Atacama desert in Chile, was funded in July 2006 by the National Science Foundation.  Phase II, 1000 detectors, will only be funded with a successful Phase I.

QUIET uses unique detectors to address this important physics. Calibration is critically important; yet there are no funds in the NSF budget nor persons responsible for calibration.

Winstein and Nguyen, the PIs on this proposal, worked on the KTeV experiment at Fermilab in the 90s.  Nguyen developed a state-of-the-art calibration system for KTeV to measure phototube responses to parts per thousand.

This CSCI effort would use the successful approach in KTeV to develop a calibration system for QUIET.  Studies and simulations will quantify performance requirements.  Implementation ideas will be prototyped and a calibration system will be produced.

It is critical to design a system to monitor and quantify detector non-linearities.  No such study has been performed (by any group), yet it is becoming abundantly clear that non-linear effects exist and need to be very well quantified to reach the physics goals.

Results of the calibration study will be published.  In engaging Fermilab in this activity, we are sure that the chances of success for Phase II will be significantly enhanced.  Chicago students will work on the project as well as postdocs from both places.  Phase II will be considered in the beginning of 2009; if successful, a larger Fermilab effort would be natural.

3. Research Plan:  QUIET Precision Calibration

Objective:  to develop a system to calibrate QUIET, the Q U Imaging ExperimenT whose goal is to precisely measure the polarization of the Cosmic Microwave Background Radiation (CMB).  Particular attention is to be paid to non-linear effects which are important for a variety of new experiments.

Principle Investigators:  Hogan Nguyen (Fermilab); Bruce Winstein (Chicago)

Other researchers:  Graduate students and postdoctoral scientists at both institutions will be active in this project.

1. Background

QUIET is an approved multi-institutional NSF supported experiment to bring detector arrays to the Atacama desert in Chile to precisely map the polarization of the CMB.  Besides raw sensitivity, there are many systematic issues that need to be controlled in such experiments;  these include:  understanding of foregrounds (mainly galactic contaminations), limiting and understanding detector systematics (e.g. the degree to which the temperature field “leaks” into the much more feeble polarization field), and limiting uncertainties in detector response vs. signal level.  The latter is the subject of calibration and would be object of the study of this proposal.

2. The Science

The Science that QUIET will study is most definitely of great interest to particle physicists.  In 2004 a 3-agency panel, chaired by Rai Weiss (Winstein was also a member), was convened to recommend on the future of CMB research in the U.S..  To put this work in context, we quote the highest recommendation of this panel:

The accurate measurement of CMB polarization is the next critical step in extending our knowledge of both the early Universe and fundamental physics at the highest energies. 

Recommendation: As our highest priority, we recommend a phased program to measure the large-scale CMB polarization signal expected from inflation.  The primary emphasis is to test whether GUT-scale inflation occurred by measuring the signal imprinted by gravitational waves to a sensitivity limited only by our ability to remove the astrophysical foregrounds.

QUIET was approved by the National Science Foundation after this report went public.

3. Background on QUIET

The QUIET Collaboration is two years into its 3 years of approved funding from the NSF.  It is led by The University of Chicago with collaborators from Princeton, Caltech, JPL, Stanford, Columbia, Miami in the U.S., and groups abroad from Bonn, Oxford, and Oslo.  Technically Chicago's role has been the design and production of electronics systems and integration of the W-band (100 GHz) receiver which is to contain 91 detectors.  The detectors are produced at JPL and operate at cryogenic temperatures.  Chicago has also been contributing to developing an understanding of various performance issues in the development of the modules, the most critical part of QUIET, and it developing tools for the analysis of the data, a whole sophisticated enterprise in itself.

These modules perform low-noise amplification of the faint microwave signals.  They combine these signals in ways that produce voltages that are proportional to the polarization signal in the patch of sky seen by the optics (telescope mirrors, horn antenna) coupled to the modules.

A 13-element array of such W-band modules is currently understudy at the University of Chicago.  When completed it will house 91 detectors, and be deployed to the Atacama desert in Chile in the spring of 2009.  Another 19-element array at 44 GHz (Q-band) is being integrated at Columbia, and will be deployed in the fall of 2009.

Our detectors are labeled ``coherent" in that they preserve the phase of the signals so that they can be manipulated as described above.  This has potential advantages considering systematic issues over the now-more-common approach of bolometric detectors.  The best approach for measuring the faint polarization signals is still not known so both avenues need exploring.  Coherent detectors have been used in many ground-based experiments;  WMAP uses exclusively coherent detectors and Planck, the European satellite experiment that will be launched later this year, uses both kinds.  QUIET is in fact the only high sensitivity ground-based polarization experiment that is using coherent detectors.

4.  A Calibration System for QUIET

In very simple terms, the experiment consists of measuring the CMB temperature in two different linear polarization states, and then taking the difference of these two temperatures.  While the CMB temperature is approximately 3K, the difference, also known as the temperature-polarization, is of order 1(K or less.  In order to state the case for the importance of calibration, several technical points must be made below.

In practice, the detectors see an additional background temperature in the form of atmospheric emissions, which varies from 4K to 10K depending on the telescope's zenith angle.  While this temperature is unpolarized, it implies that the delicate microwave power-differencing electronics has to be linear over this 6K of dynamic range.  In the lab, the detectors are typically studied using artificial black body sources at 300K, 87K (LAr), and 77K (LN2).  The results are extrapolated down to the expected temperature load of ~10K.  Therefore, our knowledge of the detectors before deployment in Chile, is far from their expected operating range.

In the lab and in the sky, we have a number of temperature-polarized sources available for study.  In the lab, there have been techniques developed using blackbody sources in combination with wire-grids, metallic and dielectric reflection plates, to produce a temperature-polarization as low as 100 mK. In the sky, QUIET will view astrophysical sources such as Tau-A, Cen-A, and M17, which has temperature-polarizations of 5 mK, 1 mK, and 50 (K respectively.  Again, we must determine from these studies, the expectation for a sub 1(K temperature-polarization.  It must be pointed out that the observation time needed to determine a 1(K temperature-polarization, is significantly longer than what is needed for determining a O(1 mK) temperature-polarization.  In the former case, the noise spectrum and instrumental drifts must be understood over several months. 

It is now evident that bolometric detectors (used in several other polarization experiments) and microwave amplifiers (used in QUIET) are both found to have small non-linearities in their response.  There have been precious few studies of such non-linearities on the ability to extract GUT-scale physics.  This proposal, then, would be a comprehensive attack on the problem, which would include the steps listed in section 5.  The results of this study would be relevant to all such efforts, not just QUIET.

Another significant step in our approach is to build a black body source capable of operating between 20K and 80K, for use in the lab.  Using well-understood techniques, we will imprint a small O(mK) temperature-polarization and modulate this polarization.  We will explore the feasibility of operating this source at the telescope site, which would be valuable as it illuminates a known temperature (i.e. power) into the array, without the background effects of atmospheric emissions.  

This philosophy follows our experience with calibrating the KTeV electromagnetic calorimeter.  Momentum-analyzed electrons and cosmic rays were used to determine the absolute detector gain, while an internal laser calibration system was used to track and understand the electronic gains and nonlinearities.

5.  Steps in this project

This project can conveniently be divided into 5 major steps.  These are:

Quantifying the Problem:  Calculations, including detailed simulations, will be used to give the benchmark goals that have to be achieved in the calibration system.

Perhaps the most serious study of systematic issues affecting CMB polarization experiments was by Hu, Hedman, and Zaldiariaga.  Their paper shows that calibration uncertainties at the 1% level will cause contaminations in the extracted physics.  First we point out that no ground-based experiment to date has achieved 1% control of calibration systematics;  and second, that the HHZ study did not consider the non-linear effects that we have been focusing on.

We need to develop the analysis pipelines to add non-linear corruptions to the data and run these through the entire analysis chain, to see just what contaminating effects they have on the extracted physics.  This will set performance goals for the calibration system. The results of this study of non-linearity will be published.   At Chicago, one of our students and one of our postdocs are already working on the analysis pipeline for such studies.  The postdoc (Akito Kusaka) will be working with Nguyen on this project.

Construction of the Black Body Source:  Nguyen, with help from the Particle Physics Division, will construct the black body source at Fermilab.  A key component is the vacuum cryostat vessel, which will have an inner radiation shield and vacuum ports for a cold head and thermometry controls.  This is inline with the low-temperature technical expertise available at the lab.  On the other hand, the vacuum vessel must have a microwave transparent window, which sustains 1 atm of pressure and blocks the IR radiation.   The microwave-transparent window, typically made out of a dielectric material such as high density Teflon, must also be index-matched to minimize reflections.   To our knowledge, windows of this kind have not been done at the lab.  Though modest, building a proper microwave window is an important step for Fermilab in developing expertise in CMB experimental techniques.

Black body sources have been built by many CMB experiments, both for use in the lab and use during science data-taking.  A common approach is construction from Emerson & Cuming Eccosorb CR-112, an iron-loaded epoxy.  The black body must have a rough surface in order to minimize surface reflections.  It must be attached to heat sinks (e.g. OFE copper) in a manner that is mechanically robust and which will survive thermal cycling.  It must also be sufficiently uniform in temperature, and not have a significant internal temperature-polarization. Using techniques developed in the field, we will build a polarization modulator, which rotates a given polarization state into other polarization states. 

Evaluating the W-band Cryostat with the Black Body Calibration Source:  The W-band cryostat will be assembled in Chicago in the summer through the fall of 2008.  But it will be transported to Chile in winter 2008 for data-taking in March 2009.  Thus during the fall-winter period, the W-band cryostat can be studied using this black body source.  During this period, this source would be placed directly above the W-band cryostat.   In this configuration, the black body source completely fills the aperture of the W-band receivers.   The results will be published, and could influence not only QUIET, but the field in a positive way.

Modifying the Calibration Source for QUIET Phase I Operation in Chile:   After the concluding the studies of the W-band cryostat in Chicago, we expect to make modifications to the calibration source so that it can be operated in Chile.  The most important of these, is a scheme for periodically routing microwaves from this source into the detector array, which by necessity, have an unobstructed view of the sky.

Design of Phase II Calibration Source:  Based upon the performance of the Phase I version, the calibration source for QUIET phase II will be designed.  A successful outcome with the Phase I calibration source will be important in gaining approval for Phase II.  We note that the NSF funding for Phase I is about $4M and that Phase II should be in the range of $10-12M.

6.  The Role of Fermilab and the DOE

How does this proposed activity fit into the missions of Fermilab and the Department of Energy?   Here we quote from the recent EPP2010 report, a NRC study of the future of Particle Physics.

“The committee has identified three major research challenges that are ripe for pursuit: 

· The direct detection of dark matter in terrestrial laboratories, the results of which could then be combined with measurements of candidate dark matter particles produced in accelerators. 

· The precision measurement of the cosmic microwave background (CMB) 

polarization, which would probe the physics during the inflation that appears to have occurred within a tiny fraction of a second following the big bang. 

· The measurement of key properties of dark energy. 

Action Item 4: Coordination of Efforts at the Interface of Particle Physics, Astrophysics, and Cosmology. Scientific priorities at the interface of particle physics, astrophysics, and cosmology should be determined through a mechanism jointly involving NSF, DOE, and NASA, with emphasis on DOE and NSF participation in projects where the intellectual and technological capabilities of particle physicists can make unique contributions. The committee recommends that a larger share of the current U.S. elementary particle physics research budget should be allocated to the three research challenges articulated above”. 

There is no question that the "intellectual and technological capabilities of particle physicists", in this case Fermilab particle physicists, can make unique contributions to QUIET.  Also, if Fermilab becomes a player in CMB polarization through the QUIET collaboration, it will be natural to hold collaboration meetings at the lab.  This will have the side benefit of bringing a new set of cosmologists, from places such as Caltech, Stanford, Princeton, Columbia and JPL (as well as researchers from England and Germany) to the lab, thereby exposing them to the HEP culture at the lab.  The technical tools of HEP and CMB experimental science are so vastly different, that this mixing is bound to produce unexpected insights.  At its best, the HEP approach is characterized by extreme care, deliberation, attention to systematics, and building positive collaborations in order to achieve scientific goals.  Thus, we see ingredients for a successful collaboration between CMB scientists and laboratory physicists.

4. Enhancing the University-Fermilab Intellectual Relationship
Both the University of Chicago and Fermilab have a rich tradition of leadership and collaboration in theoretical and experimental astrophysics. Yet to date, Fermilab has not been involved in the experimental science of CMB polarization, in which the scientific case has been recognized to be first-rate.  

Our proposal to build a calibration system is a modest yet substantive contribution to the QUIET collaboration.  Building it will require a deep understanding of microwave instrumentation and their systematic effects.   Bruce Winstein is the leader of the QUIET collaboration.  This collaborative experience would put Fermilab on a fast learning curve in the experimental science of CMB polarization.  If successful, the technical case for QUIET Phase-II, and larger Fermilab involvement, will be substantively stronger.

In addition to Hogan Nguyen’s experience with calibration systems, Fermilab could contribute expertise in vacuum, cryo, and mechanical engineering.  We wish to emphasize the benefit of locating a QUIET test vessel at the Fermilab PPD-Sidet Facility.  The facility contains laboratory space and instrumentation for technicians, engineers, university and Fermilab scientists working on projects such as the ILC silicon vertex detector, the CMS silicon pixel detector, and the CCD camera for DES.   There is frequent sharing of ideas, both technical and scientific.  The environment would be intellectual fertile ground for everyone.

Finally, Winstein was a spokesman for the KTeV collaboration, which built the highest energy-resolution electromagnetic calorimeter in HEP.   Its construction was an intellectually fruitful collaboration between the University of Chicago and Fermilab.   A large fraction of the students, postdocs, faculty, and scientists involved in the calorimeter construction have graduated to successful careers in science.  They are now intellectual leaders of the field, managers of science projects, or are in senior line management positions at the lab.   The ingredients for this successful team includes an outstanding science case, a history of intellectual rigor and dedication to a common goal, and technological challenges that attract and motivate the people involved.   We believe that we can eventually reassemble the same ingredients for a Chicago-Fermilab collaboration on QUIET.

5a. Bruce D. Winstein

Education 


Ph.D. 1970, California Institute of Technology





B.A. 1965, University of California, Los Angeles

Present Position


Professor of Physics

University of Chicago

Enrico Fermi Institute

Kavli Institute for Cosmological Physics

Chicago IL 60637

Until recently, Professor Winstein’s research focused on experiments in elementary particle physics, particularly those aimed at understanding deep symmetries in nature.  He led the KTeV effort at Fermilab which established for the first time Direct CP Violation.  Over fifteen of his former PhD students and postdoctoral scientists are active researchers in physics.  Winstein has served on a variety of panels charged with advising U.S. Laboratories, the National Science Foundation, and the Department of Energy. He was elected to the National Academy of Sciences in 1995 and chaired its committee reporting on the status of the field of Elementary Particle Physics. A Guggenheim Fellowship taken at Princeton in 1999 turned him into a cosmologist.  In 2007 he was elected to the American Academy of Arts and Sciences and was awarded the APS Panofsky Prize. He was the founding director of Chicago’s NSF Physics Frontier Center for Cosmological Physics.  Now he studies the polarization of the cosmic microwave background radiation with the CAPMAP and QUIET experiments.

Selected Publications

“First measurements of the polarization of the cosmic microwave background radiation at small angular scales from CAPMAP”, D. Barkats et al., Astrophys. J. 619 (2005) L127-L130.

“CMB Polarimetry using Correlation Receivers with the PIQUE and CAPMAP Experiments”, D. Barkats et al., ApJS July 2005, v159 1.

“Observation of Direct CP Violation in KS,L ( (( Decays”, A. Alavi-Harati et al., (KTeV Collaboration), Phys. Rev. Lett. 83, 22 (1999).

“Observation of CP Violation in KL ((+(-e+e- Decays”, A. Alavi-Harati et al., (KTeV Collaboration), Phys. Rev. Lett., submitted (1999).

“New Measurements of the Neutral Kaon Parameters (m, (S, (00- (+-, and (+-“, L. K. Gibbons et al., Phys. Rev. Lett. 70, 1199 (1993).

“Measurement of the CP-Violation Parameter Re((’/()”, L. K. Gibbons et al., Phys. Rev. Lett. 70, 1203 (1993).

“A Measurement of the Branching Ratio of (0 ( e+e- from (0’s produced by KL ( (0(0(0 Decays in Flight”, K. S. McFarland et al., Phys. Rev. Lett. 71, 31 (1993).

“The Search for Direct CP Violation”, (with L. Wolfenstein), Reviews of Modern Physics, V.65, No. 4 (1993).

“CP Violation in Neutral B-Meson Decays in the Standard and Superweak Models”, Phys. Rev. Lett. 68, 1271 (1992). 

“A Determination of the Neutral K*(892) Radiative Width”, D. Carlsmith et al., Phys. Rev. Lett. 56, 18 (1986).

“KS Regeneration on Electrons from 30 to 100 GeV/c: A Measurement of the K0 Charge Radius”, A. Gsponer et al., Phys. Rev. Lett. 41, 1213 (1978).
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B.S.  University of Minnesota, 1987

PhD.  University of Chicago, 1992

Research Associate, Fermilab, 1992-1997

Wilson Fellow, Fermilab, 1998-2002

Scientist 1, Fermilab, 2002-2007

Scientist 2, Fermilab, 2007-present

Dr. Nguyen was born in Saigon, Vietnam in 1965.   He immigrated with his family to Minneapolis in 1975.   Motivated by an early fascination with astronomy, he developed an interest in the physical sciences and received bachelor’s degrees in mathematics and physics from the University of Minnesota.   Dr. Nguyen received his doctorate in HEP from the University of Chicago in 1992, with Prof. Frank Merritt as thesis advisor.  His thesis topic was the search for the Standard Model Higgs Boson, using data collected by the OPAL Detector at the LEP collider at CERN. 

After graduation, he became a Fermilab Research Associate and worked on the KTeV experiment at Fermilab.  His primary contribution was the design and construction of a laser calibration system for the CsI electromagnetic calorimeter.  In 1998, he received a Fermilab Wilson Fellowship and continued work on KTeV, making important contributions to the upgrade and operation of the drift chambers.  He was the principle analyst for the KTeV measurement of the CP-violating KL charge asymmetry, the world’s best measurement of this quantity.   

In 2002, he received the Fermilab title of “Scientist 1” and became a permanent member of the scientific staff.   His scientific interest is in the physics of quark flavors.   Along with Leonid Landsberg of IHEP, Steve Kettell of BNL, he published an analysis of the “Kaon unitarity triangle”.   He was a proponent of the CKM and K+ proposals at Fermilab.  He developed low mass tracking detectors that could operate at high rate and inside a vacuum.  

Dr. Nguyen currently heads the Technical Centers Department in the Particle Physics Division.  The department is responsible for staffing and maintaining technical facilities for R&D and production of detectors for use in HEP and Particle Astrophysics.   The facilities include several clean rooms and equipment for constructing silicon detectors.  Other key facilities include labs for vacuum thin-film deposition and plastic scintillator development.   He served on committees to advise the Fermilab director on projects such as BTeV, Minerva, and DES.   He served on the Fermilab User’s Executive Committee and the URA Thesis Committee.  He currently serves on the Wilson Fellowship selection committee.

Selected Publications and Memos for Hogan Nguyen

· Physics at a Fermilab Proton Driver, M. G. Albrow et al., Fermilab-FN-0778-AD-E (2005) .

· An Ionization Profile Monitor for the Tevatron, A. Jansson et. al., Fermilab-conf-05-170-AD-CD-E, PAC-2005-RPAT032, May 2005.

· The K+ (P940) Letter of Intent, the CKM Collaboration,  (http://www.fnal.gov/projects/ckm/documentation/private/p940-loi/p940-loi-apr05.pdf)  April 2005.

· Alternative Technique for Standard Model Estimation of the Rare Kaon Decay Branchings BR(K(((()SM.  Phys. Atom. Nucl. 67: 1398-1407 (2004), Yad. Fiz. 67:1423-1432, (2004), [hep-ph/0212321].

· A Straw Drift Chamber for Operation in Vacuum, the CKM Collaboration, Fermilab-PUB-02-241-E (2002).

· Measurement of the KL Charge Asymmetry, the KTeV Collaboration, A. Alavi-Hatari et. al., Phys. Rev. Lett. 88 (2002).

· The CKM (E921) Proposal, the CKM Collaboration, (http://www.fnal.gov/projects/ckm/documentation/public/proposal/ckm_proposal_2nd_edition-v2.7.pdf) June 2001.

· Observation of Direct CP Violation in KL,s Decays, the KTeV Collaboration, A. Alavi-Hatari et al., Phys. Rev. Lett. 83, 22-27 (1999).

· Operation and Test of a DDC101 A/D, H. Nguyen, Fermilab-TM-1913, November 1994.

· The KTeV PMT Laser Monitoring System, H. Nguyen, Proceedings of the 5th Int. Conf. On Calorimetry in HEP, H. Gordon and D. Rueger editors, Fermilab-CONF-94-398, November 1994.

· Beam Test of a Prototype CsI Calorimeter, R. Kessler et al., Fermilab-PUB-95-108, Nucl. Inst. and Methods (1995).

· Decay-Mode Independent Search for a Light Higgs Boson and New Scalars, the OPAL Collaboration, P. Acton et al., Phys. Lett. B268 (1991) 122-136.
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Investigator for whom this information is being provided:  Bruce Winstein

Funding Agency:  National Science Foundation
Title: The Physics Frontier Center of the Kavli Institute for Cosmological Physics

Time Commitment (%): 1 summer month     Total Award Amt/duration (yrs): $152,562 / 2 years

Grant Number:  PHY-0551142  (if available)  Start date:  08/01/06

PI:  Stephen Meyer    Institution:  University of Chicago    Status:  X active or__ pending)

Major Goals; Overlap, if any, with UofC--Fermilab(-Argonne) Seed Grant proposal: 

Funding Agency:  National Science Foundation

Title:   The QUIET Project:  Phase 1

Time Commitment (%):  1 summer month    Total Award Amt/duration (yrs): $1,740,147 / 3 years    

Grant Number:  AST-0506648   (if available)    Start date:  7/1/06 

PI:   Bruce Winstein       Institution:  University of Chicago       Status:  X active or__ pending)

Major Goals; Overlap, if any, with UofC-Fermilab(-Argonne) Seed Grant proposal:

Investigator for whom this information is being provided:  Hogan Nguyen

Funding Agency:  US/Japan Fund
Title:   CMB Polarization R&D

Time Commitment (%):                               Total Award Amt/duration (yrs):  $25K / 1 years

Grant Number:                          Start date:  04/01/08

PI:  Masashi Hazumi    Institution:  KEK    Status:  X active or__ pending)

Major Goals; Overlap, if any, with UofC--Fermilab(-Argonne) Seed Grant proposal: 

Funding covers only equipment purchase (no salaries).    Equipment purchase is a cryogenic cooler and electrical vacuum feed-through equipment.  These are items needed for the black-body source.  

8. Proposed Budget

University of Chicago PI:  Bruce Winstein

Fermilab PI: Hogan Nguyen

Argonne PI:

7- Budget  Year 1

	
	% FTE
	UofC
	Fermilab
	ANL (if appropriate)

	Salary and Fringe Benefits

- Post-doctoral 

- Graduate Student Assistant

- Undergraduate Student Assistant
	50%

50%
	$26,000.00

13,758.00
	
	

	Travel
	
	
	3,000
	

	Materials and Supplies
	
	6,879.00
	44,0000
	

	Publication Costs
	
	
	
	

	Total Direct Cost
	
	$46,637.00
	47,0000
	


Budget Justification (use up to 1 additional page)
Funding is requested for a post-doctoral research associate and a graduate student at 50% effort each for the one year period 10/1/08 – 9/30/09.  Funding is also requested under materials and supplies for tuition support for the graduate student in accordance with the Physical Sciences Division’s established policy of requesting tuition support at the rate of 50% of graduate student salaries.  The amount partially covers the graduate student's actual tuition cost.

We’ve received US/Japan funding (25K) to purchase a cryogenic cooler, and vacuum, electrical feed through components.   We’ve received funding from within Fermilab (17K) to purchase microwave horns and detectors.   These items are useful for generic R&D for CMB polarization experiments, which of course is directly applicable to this effort for QUIET calibration.    

In this request, funding is requested for travel (3K) and additional hardware for the construction of the black-body source.  The hardware purchase would be a (1) remote-controllable dry roughing & turbo pump combo and vacuum gauge (12K),   (2)  thermal sensors, heaters, and controllers (5k),  polarization modulator (6K),   additional microwave electronics for evaluating materials (15K) ,  a cart (1K), and  contingency (5K).  
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