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1. Exec summary. Rich history of success in neutrino dectection.

1.1 What we face: 

2.0 Overview: 

Goals: nearby antineutrino monitoring is a part of the intl regime. We have a worldwide network of reactor monitoring systems.

Need: [see Bythrow]

In the half century since their discovery, major advances have been made in our understanding of the properties of antineutrinos, and in antineutrino detection technology.  This success has created a surprising synergy between three apparently unrelated areas: international nuclear security, geophysics and particle physics. 

Particle physicists are interested in precise understanding of fundamental characteristics of antineutrinos, including direct measurement of their quantum mechanical properties using reactor sources, and possibly measuring parity violation in the antineutrino sector. 

The nonproliferation community has come to recognize the potential of antineutrino detectors for nonintrusive cooperative monitoring of the operational status, power, and fissile content of operating nuclear reactors, for detection or exclusion of the presence of reactors at few kilometer standoff, and, possibly, remote detection of undeclared reactors or fission explosions.  

Geophysicists have recognized the power of antineutrinos as a tool for mapping the distribution of radionuclides in the Earth’s crust, mantle and core. 

Drawing on contributions from experts in nonproliferation and in antineutrino physics, this white paper presents a comprehensive survey of applied antineutrino physics in the area of nonproliferation, geophysics and particle physics, summarizes recent advances in the field, describes the overlap of this nascent discipline with other ongoing fundamental and applied antineutrino research, and charts a course for research and development for future applications. The paper is intended as a resource for policymakers, researchers, and the wider nonproliferation community.

Why now? Needs from both the astrophysics, geophysics, and particle physics and nonprof communities for antin detection. We now know enough about antineutrino properties to reliably use them as a probe for science and security. International security creates an urgency for this mission.

2.1 Proliferation prevention Needs

2.1.1 Reactor detection and monitoring
Anticipated future increases in the number and geographic spread of nuclear reactors worldwide are expected to significantly challenge the ability of both the international community and US national security community to sustain a robust nonproliferation environment. Using antineutrino detection systems holds promise for providing a reliable, automated, and cost-effective method to address both international safeguards and US national security concerns.

Recent scientific achievements have proven that antineutrino detectors can be used to monitor the following nuclear reactor operations:

· Reactor status (on/off)

· Fuel burn-up to estimate reactor fuel plutonium content and isotopics

and to provide:

· A measurement technique that is both nonintrusive and cannot be spoofed or hidden

· A technique that can be automated for continuous (persistent) surveillance

These antineutrino monitoring systems benefit both the organizations responsible for safeguards monitoring and reactor operators. Monitoring organizations will realize cost savings by reducing the number of costly on-site inspections (if automated remote systems are deployed) and reactor operators will benefit because of the nonintrusive aspect of the automated system and access to prompt analysis of the antineutrino sensor data.

To obtain maximum benefit from this new technology, the following system characteristics need to be incorporated:

· Either designing an effective antineutrino sensor system into new construction or development of a cost-effective systems that can be deployed (above ground) near the reactor site.

· The system should operate via remote communications continuously, producing a near-real-time measurement of reactor operations

· The system should be capable to resolve antineutrino energy spectrum to a  resolution of 0.5 MeV to effectively monitor reactor core burn-up.

The national security community has a recognized need for both on-site stand-off antineutrino reactor monitoring. The feasibility of small on-site antineutrino monitoring was demonstrated during the past year. Key remaining desirable characteristics for on-site monitoring include further miniaturization, improved energy resolution, detector efficiency improvements, and background signal rejection.

Stand-off antineutrino reactor monitoring is feasible but can greatly benefit from more fundamental antineutrino research and collaboration with other research efforts that focus on measurements of antineutrinos generated at long ranges. The current focus of research assumes that detection range increases can be achieved only with concomitant increases in size and complexity of the detector system. It is possible that improvements can also be realized by technology developments in background rejection and improved understanding of antineutrino propagation characteristics.

2.1.1.1 Detect undeclared reactors (Is this the most important facet? The only facet?). For example,

2.1.2 Real-time confirmation of nuclear Weapons detonation/covert test
2.1.2.1
Requires worldwide network of detectors or localized deployment.

2.1.3 New technologies needs---reduced costs. Get rid of photo tubes to reduce costs.

2.1.3.1  Make a change to the 50-year-old technology (that’s how we get rid of photo tubes).

2.1.3.2 Improved capabilities for reactor detection:

2.1.3.2.1 directionality

2.1.3.2.2 Decreased energy threshold

2.1.3.2.3 to measure the ratio of plutonium to uranium (improve spectral measurement)

2.1.3.2.4 Above-ground capabilities and background control

2.2 Fundamental science---the time is right.

2.2.1 Astrophysical (supernova prompt, supernova diffuse, point sources, solar studies). See everywhere in the galaxy.

2.2.1!  Astrophysics

Detectors of the remote sensing variety, in the class of 10,000 tons and upwards will have new capabilities to detect astrophysical events such as the neutrino burst from gravitational collapse supernovae (SN) (generally Type II).  Present detectors can sense events out to a bit beyond the our galaxy and nearest neighbors (eg. the LMC).  However once an array with summed mass in the range of two megatons exist we will be able to "see" events out through the nearest starburst galaxies and should achieve a useful SN rate of about one event per year.  Going further, once an array with a gigaton of sensitivity exists the sight range will extend beyond the Virgo Cluster, and the total SN observation rate will be in the range of one per day.  At this level entirely new studies of SN and neutrinos can be conducted.

Such large arrays begin to enable the possible detection of other types of objects at cosmic distances, most notably neutrinos from Gamma Ray Bursts.  These still enigmatic objects which may be momentarily as bright as the entire universe, enough sometimes to even effect terrestrial radio communications, remain of unknown driving mechanism, and indeed appear to be of several types.  Detection of low energy neutrinos from these objects could lead to breakthroughs in understanding.

Operating these detectors in concert with optical and other astronomical observations, and those from gravity wave detectors, would enhance all methods of observation, sometimes even with non-observation providing key evidence (e.g. as to jets being loaded with nucleons or not).

2.2.2 Geophysics: Transformative scientific discoveries.

Counting the Earth’s antineutrino emission will lead to transformative scientific discoveries in basic geosciences.  The data from these experiments will provide insights in the Earth’s energy budget, and will provide the foundational information on the forces that drive plate tectonics and the Earth protective magnetic field.

The strength of antineutrino signal from the Earth is directly proportional to the abundance of Th and U in the Earth.  These radioactive elements (along with potassium) provide the nuclear fuel that that drives the Earth’s engine.  The thermal power generated by the radioactive decay of these elements throughout geological time, along with the initial budget of energy that accompanied accretion and formation of the planet and the segregation of the metal core to the gravitational center of the Earth form the basic energy equation of the Earth.  Knowing the absolute abundance of the radioactive elements in the Earth tells us about the temperature structure of the interior of the planet and this in turn tells us how stiff or viscous is the mantle.  From this we can begin to understand the Earth’s thermal evolution and the rates of mantle convection, the movement of mantle material from the bottom layer above to metallic core to the top layer beneath the crust of the continents and oceans.

There are large uncertainties in our understanding of the Earth system, which hinders our progress on establishing the underlying geophysical principals of how the Earth operates.  The first results from the large antineutrino detector in Japan (KamLAND) demonstrated that it is possible to detect geoneutrinos and thus establish limits on the amount of radioactive energy produced in the interior of our planet.  The initial results are consistent with the inferred energy output produced from the decay of Th and U, at 16 TW (terawatts, 16 million million watts) and the abundances of these elements in the Earth, as estimated by geoscientists.   (Potassium geoneutrinos cannot be detected at present due to the significant background in this region of the spectrum.)  The initial measurement is also broadly consistent with the Th/U ratio for the Earth being equal to that of chondritic meteorites, which is a fundamental assumption used by geochemists to model planetary compositions.  However, the upper energy limit determined by the experiment (60 TW at the 3 sigma limit) exceeds the Earth’s surface heat flow by a factor of 1.5 and thus does not yet constrain models usefully.

Since reporting this result in 2005, future measurements are increasingly more precise and show that upper energy limit determined now matches the Earth’s surface heat flow and thus shows that the radioactive power in the planet must be equal to all or some fraction of the energy out put of the Earth.  Our present estimates based on geochemical models for the planet proposes that the radioactive elements contribute about 40% of the total energy out put of the Earth

Antineutrino detectors that area sited on continental crust of different ages, including ancient cratons, the oldest pieces of continents will measure the amount and distribution of heat-producing elements in the ancient core of continents.  Here, the antineutrino signal will be dominated by the crustal component at about the 80% level.  This experiment will provide data on the bulk composition of the continents and place limits on competing models of the continental crust’s composition.  

Portable, ocean-based antineutrino detectors, deployable on the sea floor, would allow the measurement of the antineutrino signal coming from deep within the Earth, far removed from the continents and nuclear reactors.  Moreover, thanks to the capability of multiple deployments, such a detector would provide the exciting possibility of obtaining signals from different positions on the globe.

Ultimately, these different detectors will allow Earth scientists to test various models for the vertical and lateral distribution of Th and U in the Earth and will yield unparalleled constraints on the composition of the continents and the deeper Earth.  Insights from geoneutrinos will also bring resolution to competing models for the nature of the Earth’s interior.  Decades of research on the state of mantle convection have assumed wide-ranging values of the Urey ratio, the proportion of radioactive energy output to the total energy output of the planet.  Geochemists have deduced a Urey ratio of ~0.4, whereas geophysicists prefer constructing mantle convection models assuming higher Urey ratios that range up to 1.0.  In addition, geoneutrino data coupled with local heat-flow data will be used to evaluate models of bulk continental crustal composition.  Competing models differ by almost a factor of two in their concentrations of K, Th and U, with some models critically dependant on heat flow data.  

Beyond determining the amount and distribution of heat producing elements in the Earth, particle physicists described future experiments, only a decade or so away from implementation, which would allow more precise determination of the Earth’s structure. Dispersion of neutrino beams penetrating the Earth are a function of the electron-density number for different layers of the planet.  The Earth’s core, composed of high-density metal, has a markedly higher electron number than the silicate shells of the Earth. Likewise, there is a marked contrast in electron number for the inner and outer core.  Measurement of neutrino dispersion in these layers would yield significant improvements in our knowledge of the absolute radius of the core and appreciably improve on the precision of global seismological models. Such beam studies could also place limits on the amount of hydrogen in the core.  

The range of novel experiments underway and those just over the horizon will directly interrogate the interior of the Earth in exciting and unparalleled ways (7); these new tools will essentially provide new ways of “journeying” to the center of the Earth.

*************************** [end of McDonough portion]****************

2.2.3  Basic Neutrino Science with Reactors and Accelerators

Such detectors can serve in many capacities for neutrino research alongwith beams from accelerators and detection of the anti-neutrinos from reactors.  At the present level with the proposed 10 kiloton Hanohano instrument, it has been shown that unique neutrino measurements can be carried out from a distance of 50-60 km off shore from a nuclear power reactor complex (measuring mixing angles, mass differences and the mass hierarchy order).  With the larger instruments in the megaton class one may move upwards to accomplish studies of high importance with a high power neutrino beam or from a neutrino factory.  Within a few years experiments now underway will better chart the possibilities for this work, but suffice it to say that the potential of making CP violations measurements has been a field which occupied a significant fraction of the high energy physics community at accelerators.

2.2.4 Detection of Rare Processes, Nucleon Decay and Exotic Particles

Perhaps the most sought after rare process is the decay of normal protons. Such processes are predicted by almost any grand unified theory (GUT), and the observation of such, including rate and decay mode, could be the key to finding the holy grail of particle physics, a GUT with unification mass scale.

In particular super-symmetric (SUSY) theories favor decays into kaons, which cannot be readily detected in large water Cherenkov detectors, but which may be well tagged in giant liquid scintillaiton detectors of the Hanohano class and beyond.

Aside from these well motivated searches (including some other rare decay processes), there is the possibility to detect any of a large number of rare hypotheical particles (quark nuggets, magnetic monopoles, etc), and which may include the dark matter.  We will not dwell upon a lengthy list of such exotica, but simply note that any array of sensitive neutrino detectors that advances an order of magnitude beyond present instruments, has the possibility of such marvelous discoveries.  Indeed if there is any precedent in this science, it is often that the most important scientific results go beyond what was anticipated, and are often completely new phenomena.  Note that in the size of arrays needed for worldwide reactor monitoring (gigatons), we will have marched out by a

factore of a million in sensitivity from extant instruments, a scale jump over which one can lay good odds upon the discovery of new science.

2.2.3 Basic neutrino physics with accelerators and reactors

2.2.4 Detection of rare processes, such as nucleon decay and particle exotica.


2.3 Synergy

2.3.1 Overlapping security, science, and policy community of interest: 

2.3.2 Complementary areas of technology needed

2.3.3 Emergency disaster reactor monitoring

2.3.4 Power and burn-up monitoring for commercial purposes (safety)

2.3.5 Successful examples of 

2.3.6 Workforce pipeline 

2.3.7 Public outreach

2.3.8 Technology development for antineutrino detection will have a broader scientific impact.

************** Beginning of Group 2 material *****************************

Table 2.4 Nonproliferation Physics Synergy 

	Nonproliferation needs

	Reactor specific
	Physics applications
	Return on investment

	Sense of scale

	
	
	
	
	

	Short-distance monitoring of reactors

Less than 100 m

and at reactor site 


	Fuel monitoring and characterization

Thermal power monitoring

On-off monitoring 

Diagnosis of reactor meltdown
	Neutrino magnetic moment

Sterile neutrino search

Discovery and measurement of coherent scattering 

Nonstandard neutrino reactions
	Thermal power: Industry can use this to improve efficiency to reactor operation and potentially increase profits
	Bernstein Cube—less than a ton/a few meters per side



	Medium-distance monitoring 

100m-10 km

e.g. underground or undersea

e.g. in North Korea to determine reactor activity (see Adam’s brief)

100m- 10km
	On-off monitoring

Exclusion/detection zone down to 10 MW reactors—define territory in which there are no reactors operating (see Learned slide 22)

Detection of undeclared reactors
	Neutrino oscillations

	More accurate maps, e.g., neutrino maps, visualization of Pu production map

Detection of nuclear-powered submarines


	10 tons to 1 kiloton

KamLAND (1 kiloton), in Japan



	Long-distance monitoring 

Greater than 10  km
	On-off monitoring

Detection of undeclared reactors

Exclusion/detection zone down to 100 MW reactors—define territory in which there are no reactors operating (see Learned slide 22)


	Neutrino astronomy

Geoneutrinos

Supernova detectors

Dark matter search

Neutrino oscillations

Proton decay
	Maps, e.g., neutrino maps, visualization of Pu production map

Out to 100km

Less resolution than at medium distance
	Megaton detectors e.g, 10-100 Hanohanos 




Table 3 Detector Technologies (reference Dave’s and Giorgio’s briefings)
	Needs
	Means
	Technology 

Transfer


	
	Return on Investment

	
	
	Homeland security/Intelligence gathering
	Medical
	General industrial potential

	Economies of scale
	Improved photo (low noise and low light) detection:

-APDs

-Photo-sensitive wallpaper

-Vacuum free

New detector media:

-Amplify

-H20 + scintillator

-Wavelength shifter

-New scintillators


	X


	X


	X

X



	Compactness
	-Germanium

-Silicon

-Noble gases

-Bolometers
	X

X

X


	X

X


	X

X



	Background rejection
	-Directionality

-Imaging

-Segmentation

-Online signal processing

Fast electronics

Inorganic scintillation
	X

x
	X

x
	X

X

X

X

X



	
	
	
	
	


	


Dr, Bythrow:

1. What is the intrinsic value of Center—what does it do for the scientific community as a whole just by being in existence?

2. What is the economic impact of having such a facility? How would having a focal point and a flagship help economically.

3. How would you envision the synergy of having those type of facilities improve your own capabilities

4.0 NATIONAL CENTER FOR NEUTRINO STUDIES
It has become apparent in the last 10 years that the international landscape has changed in such a way that presents new challenges to US security. With the emergence of international terrorism and the increasing need for energy, verification of the nuclear fuel cycle worldwide has to become a national priority. Cost of ignorance is really high. Over the last 10 years it has become apparent that neutrinos can play central role in this national security application. Until very recently, neutrino science has been pursued for the sake of pure knowledge; but applications in geophysics and national security have emerged with the construction of kiloton-scale low energy neutrino detectors and smaller detectors to monitor individual reactor cores.
(timing)

In order to build on this trend, there is the need for a center that will bring together national security and science communities. This center will foster communication between the different areas of research, perform R&D on nuclear technologies, and build a suite of initial experiments addressing long-distance detection as well as in situ measurements, and conduct data management and modeling.
4.1 BENEFITS OF A CENTER

· Academics want an entity that will interface with the government and advocate for them. 

· Presence has very strong beneficial effect on the community; brings people of like minds/interests together to share ideas, instrumentation, and knowledge. Value for1center is to have people be able to talk with other people like themselves, rather than having experts scattered around the country. 

· Interface national security community, industry, and academia.  Provide support structure for big projects.

·  Focus point for theoretical interests

· ND field at threshold of R&D.  Time to push the technology (Geogio’s 50-100 yrs.)  

· International component.  One place in the US where people from all over the world can come to explore their shared interest in antineutrino detection. No walls for international research. visiting investigators can come and bring data from their own experiments. 
· Place to channel development activities and centralize.  Huge difference in scale.  Relate to other fields.  Think about new technologies. 

· Education and training –get bright young people to dedicate careers.

People have various interests within the field; some in detection per se, some in analysis, etc. Academics more interested in theory, whereas sometimes you need you develop some type of improvement; a center could say that such work is important and coordinate activities and support all users across the board.  A center would  provide a central place in which to conduct work that is not necessarily innovative but is still of extraordinary importance to the country.  A 20% improvement in detection ability may make all the difference to national security. 
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Add commercial spinoff for reactor industry.

4.1.1 ECONOMIC IMPACT

A community can drive the technologies, political impetus, organization of scientists with a common goal.  Need bricks and mortar facility to get the money you need. Bring intellectual community together to prioritize projects in the field. Having a center will generate the impetus to do so.

In the long run this program will require the construction of a large suite of unprecedented size mobile detectors requiring substantial staff, connections with industry, and generating revenue for the community in which it is located. This highly educated workforce will require housing, schools, etc.
4.1.2 PHYSICAL FACILITY: 

Since most of the detectors to be used in this program are expected to  be deployed around the world, it is expected that the center will be a repository for scientific and technical expertise 

Should be a “there” there, including laboratories, conference rooms, SCIF. For doing serious national security analysis you need serious analysis group.  They need security, may become source of input to IAEA, must be cleared to the TS/SCI level, SCIF, responsible for nuclear analysis, starts building your industrial base 

· Finite cost of building center is more than made up for by the amount of priceless knowledge that will be gained.

· Support national need in technology, improve industrial base, serve as hub with universities being the spokes of the wheel.

· Provide high-speed central facility to analyze data

· In order to monitor reactors in a serious way, you need a centralized, cohesive group of people who can identify discrepancies in data.

· It is imperative that along with the classified area, the remainder of the facility remain open to foreign scientists and researchers

Further study is required to determine whether the center should e attached to a national laboratory or university or be a new standalone facility.

4.2 INITIAL STUDY TO DEVELOP CENTER

Before the center is established, we expect that an initial study will be funded and take place.  In establishing the center, the following issues need to be addressed: 
· A physical core with administrative and computing facilities, and a classified area.:
· Where it should be located, 

· How to fund 

· Whether it should be a new standalone facility or attached to an existing national lab or a university

· By design, the center serves as the interface between the openness that is characteristic of academic work and the intelligence community’s security requirements

Examples:  
· SLOAN--Digital sky survey run through Fermi lab—big operation 
· NRAO (decentralized facilities)

· Center within a defense lab

In order to maximize interchange between the academic and international communities, it is recommended that the center establish a culture for free and open real-time access to facilities and data. It is understood that the intelligence community may have the need for a classified facility, but it should be studied as to whether such a facility should be logically situated inside or outside the center. 
It is assumed that all data related to basic research and basic R&D not specifically related to a mission will be unclassified.

The preliminary study has to address whether the center will do only R&D or whether it includes production.

(Address secrecy and Bernstein cubes)

Is the data going to be open in the sense of astronomy or the sense of particle physics?
4.3 INITIAL ACTIVITIES OF THE CENTER
The center should focus on the grand scientific challenges and the technology goals (since the same technology will work for both scientific and national security goals), and how we can implement them.

One of the roles of the center will be to formulate and manage very large projects, and to deal with government agencies.  Since many projects have short lifetimes, it makes a lot of sense to have an established staff that can provide administrative functions such as payroll, contract management, etc. in one place rather than hiring new staff for each new project.  
Another role of the center is to looks at new projects and proposals and rank them in terms of viability, or long- or short-range chance of success, set priorities, determine in which direction they want to proceed, etc. An independent center can recommend projects because the staff believes in them, not just for self interest.  
We are assuming that the center will be latent for approximately 2 years; in the interim, while organizing the center, we can support some ND projects in parallel that show promise.
5.0 PHASE 1 PROJECTS
5.1 Flagship Detector: 10-KT scale Moveable Detector

5.2 In situ reactor monitoring detectors 

5.3 Basic R&D

5.3.1 Coherent scattering detectors

5.3.2 Directional studies

5.3.3 Tracking detectors

5.3.4 Shieldless detectors

5.3.5 Detector array studies

5.3.6 Other processes














































�Adjust categories?


�Adjust heads: change ROI to serendipitous spin offs; what is the compelling argument?


Easier to clrify we should do this with prose, so add prose








Focus on intel and nonprolif needs








�Lump terms that anyone could understand: discovery and measurement of new neutrino properties”


�Explain what it is in lay terms: neutrinos change type from one to another





