PROJECT NARRATIVE
Background/Introduction
Addressing the demand and shortfall in supply of radioisotopes for nuclear medicine, national security, and many other applications in research and industry is enormously important because of its critical impact on each of these endeavors. Shortage of radioisotopes is the fundamental limiting factor in many biomedical research programs that attempt to exploit advances in molecular biology for targeted treatment with radioisotopes, as noted by both the National Academy of Sciences and the national Nuclear Science Advisory Committee [2, 6].  Applications of isotopes in research and medicine is a multi-billion dollar industry that serves nearly 20 million Americans each year in nuclear medical procedures, and serves an essential function in the nation’s nuclear security and nuclear research.  Despite this, the nation’s supply of research radioisotopes is overly reliant on too few facilities and too few processes to provide adequate quantity and reliability of the supply [7, 1, 2, 3, 4, 5]. Moreover, the training of students and development of ‘human capital’ in nuclear sciences relevant to isotope production and nuclear medicine is lagging well behind the nation’s need [2].   The infrastructure, science and technology and human capital associated with radioisotope production and research are closely connected to national needs in nuclear security, safeguards, non-proliferation, nuclear forensics, and radioisotope applications in the physical and biological sciences and engineering.	Comment by Douglas P Wells: Need to update, expand and check the correctness of all references.   Still, these two references are good ones for this place…
Numerous reports document extensively the national need for research radioisotopes, especially for beta/gamma emitters such as 67Cu that enable synchronous imaging and therapy, and alpha-emitters such as 225Ac that enable research on cellular-level, targeted molecular treatment of a variety of diseases.  Given these needs, no robust sources exist today in the United States for these, and many other, research radioisotopes. Nuclear medicine and bio-medical research are perhaps the most critically-sensitive users of radioisotopes because of the large number of patients involved and the short half-lives of most medical isotopes.  Nuclear medicine in the U.S. continues to be an important part of non-invasive disease diagnosis and treatment and has had enormous positive impact on improving patient care. Further major gains are not only possible, but thought to be highly probable, if adequate radioisotope supplies are available.  In response to a congressional request, the National Academy of Sciences (NAS) issued a major report and recommendations on “Advancing Nuclear Medicine through Innovation” [2] where they point out that the age of “personalized medicine” is emerging where new advances in molecular biology and pharmaceutical sciences can be wed to nuclear techniques and radio-nuclides to specifically target unique individual medical profiles.  The creation of new isotopes for medical research would enable further advances in these biomedical sciences. 
We propose to conduct research and development on new methods of isotope production and processing technologies that will have major payoffs for making more isotopes available for research and applications and, importantly, contribute to the training of next-generation young scientists/engineers in relevant nuclear/radiological sciences.  This project will address the pressing national need for high-priority research radioisotopes, specifically 67Cu, by photo-production using bremsstrahlung photons from a high-power electron linac. We propose to investigate the production of useful quantities of 67Cu using the 71Ga(γ,α)67Cu reaction, to measure the bremsstrahlung yield curves of this mechanism of production, to assess and develop effective separation technology, and to develop and test high-power, high-temperature targetry that will have broader applications for all photo-nuclear production techniques.  To our knowledge, no one has previously proposed this production mechanism.  So in parallel, we will evaluate the 68Zn(γ,p)67Cu reaction to enable a direct comparison of the two techniques for producing 67Cu.    

Present Situation

In order to get a full picture, we will describe the present situation regarding mostly commercial isotopes and turn our attention to research isotopes. Currently, technetium-99m (99mTc) is the worldwide workhorse of nuclear medicine. In the next few decades there will be a steady increase in the demand for cyclotron- and accelerator-produced research isotopes and radiopharmaceuticals (other than 99mTc). Globally, over 10,000 hospitals use radioisotopes in medicine. The vast majority of these isotopes are produced by research reactors. And there are, currently, 232 operational research reactors in 56 IAEA member states [1]. Most of these reactors are used for nuclear research, including the ones involved in isotope production. Only 78 out of these 232 research reactors are used for isotope production [2].  Twelve research reactors, distributed over 11 member states, are temporarily shut down [3], of which three are involved in isotope production [2]. The IAEA database also indicates that seven research reactors are under construction or planned in 6 member states [4]. It is not clear how many of these are involved in isotope production. More than half of the research reactors involved in isotope production (43 out of 78) are 40 years old or older [5].
 Novel ways of producing research isotopes for medical or other purposes are necessary to address the issues of: (i) the production of isotopes that reactors cannot produce (generally proton-rich isotopes), (ii) the production of isotopes in short supply and (iii) the looming shortage of isotopes as aging reactors are shut down.  New isotope production strategies are needed, for not only the current generation of research isotopes and radiopharmaceuticals, but for future products as well. This proposal is for a two year research program to develop a technology platform which will enable production of relevant radioisotopes for medical and industrial research and applications. The project is a collaboration of Thomas Jefferson National Accelerator Facility (Jefferson Lab, JLab), [led by Dr. Andrew Hutton], Virginia Commonwealth University (VCU), [led by Dr. Jamal Zweit] and South Dakota School of Mines (USDSM), [led by Prof. Douglas Wells]. The three institutions collectively bring extensive expertise in all the critical areas required to develop electron accelerator-based techniques for production of radioisotopes, namely, i) high power electron accelerators and targetry, (Jefferson Lab) ii) separation and evaluation of the produced isotopes by radiochemical and chemical analysis, in vivo imaging, and tissue-based bio-distribution analysis (VCU) and iii) electron- & photo-nuclear reaction physics (SDSMT). The ample infrastructure at these institutions makes this collaboration well suited for the proposed R&D. The emphasis is on the generation of data leading to new methods of production. The DOE isotope program is already investing in radioisotope production research; and the R&D program proposed here will introduce new opportunities to the portfolio.  We will conduct research on new and improved isotope production and processing technologies that will ultimately lead to the steady availability of isotopes for essential research and applications. The proposed research will provide an opportunity to train the next generation of nuclear scientists in areas related to isotope production, separations and radiochemistry.
Electron Accelerators as instruments for radioisotope production
High power (~100 kW) electron accelerators are well suited for the production of some important isotopes for medical and industrial applications. Two of the methods to produce isotopes at electron accelerators are: i) directly irradiate the isotope target with the electron beam and ii) generate bremsstrahlung photons which in turn irradiate the target. There are additional methods, such as fast-neutron secondary reactions and slow neutron capture, which electron accelerators are well-positioned to support, especially with the use of depleted uranium or enriched uranium and sub-critical assemblies.   The latter would allow electron-driven isotope production systems to produce both neutron-rich and proton-rich isotopes.	Comment by Douglas P Wells: There are additional methods, including fast-neutron secondary reactions, slow neutron capture, and ADSS isotope production schemes, which electron accelerators are well-positioned to support.
Direct irradiation with electrons deposits a great deal of energy in the target and photon conversion takes place in the isotope target. A large fraction of the electron energy goes into energy loss mechanisms that do not contribute to the production of photons. The second method, using a radiator generates photons in a material that is physically isolated from the isotope target and makes heat management simpler.
[bookmark: _Toc440459336]High energy bremsstrahlung photons are produced when electrons from an accelerator encounter a target. For sufficiently high Z targets, a large fraction of the electron energy is converted into bremsstrahlung photons. While the photo-nuclear peak cross-sections are generally lower than for proton induced reactions, photo-nuclear resonant cross sections have large widths.  This feature, in conjunction with the large flux of photons that can be produced at high power electron accelerators, enables substantial yields of desired isotopes by photo-production because the yields are proportional to the integral of the flux and the cross section.   In addition, the high penetrating power of photons enables much thicker targets than can be used with proton beams, which further boosts photo-nuclear yields, and alleviates some of the heating and corrosion issues encountered when using high power density proton beams.  Jefferson Lab houses two Superconducting Radio Frequency electron accelerators well suited for this R&D. One is the Low-energy Electron Recirculator Facility (LERF) and the Continuous-wave Electron Beam Accelerator Facility (CEBAF). The capabilities of these accelerators will be described in the Proposed Research and Methods section.
Photonuclear Reactions as a Source of Radioisotopes

The fundamental production mechanism that we propose to explore is photo-nuclear reactions at giant dipole resonance energies (nuclear excitation energies in the 10-50 MeV region).  Note that, historically, this production mechanism has been discounted because of the difficulties in separating chemically-identical species that are produced from (γ, n) reactions in the original target, which results in a low specific activity of the final product.  We propose to focus on production of species that differ chemically from the target, which are produced from (γ, charged-particle) reactions.  These photo-nuclear reactions create daughter species with a different atomic number from the target. In these cases, chemical separation is often feasible for separation and high specific activity can be achieved. First, though, we discuss the photo-production process.
.   Appendix 7 describes photo-production process.
Photo-production Principles

The fundamental production mechanism that we propose to explore is photo-nuclear reactions at giant dipole resonance energies (nuclear excitation energies in the 10-50 MeV region).  Note that, historically, this production mechanism has been discounted because of the difficulties in separating chemically-identical species that are produced from (γ, n) reactions in the original target, which results in a low specific activity of the final product.  We propose to focus on those species that differ chemically from the target, which are produced from (γ, charged-particle) reactions.  These photo-nuclear reactions create daughter species with a different atomic number from the target. In these cases, chemical separation is often feasible for separation and high specific activity can be achieved.   First, though, we discuss the photo-production process.

Photo-production Principles

Radioactive nuclides can be produced through radio-activation using any radiation (particle or quantum) that carries energy sufficiently high to induce emissions.  The principle is as follows: 

· High energy radiation is directed onto a material (Target).
· Either the total energy or a part of it is transferred to the nucleus of an atom of the target.
· The nucleus is ‘excited’ to a higher energy, and thus unstable, level.
· Energy is removed from the nucleus by emission of a particle (neutron, proton, β, γ).
· Thus a daughter nuclide is produced that may or may not be unstable.  If it is unstable, it is a radio-nuclide.
· By delayed emission of another particle (usually a beta-particle, followed by prompt gamma emission(s)) the nuclear energy is brought to a more stable or ground state level (Radioactive decay).

This process can be expressed thus:
T + a  →  P + b        (1)
Or, more concisely as:
T(a, b)P	(1’)
where:

T 	=  target nucleus
a	=  incident radiation particle or quantum
b	=  nuclear particle/quantum promptly emitted
P	=  product nuclide (activation product; normally radioactive)
T basically might be any nucleus, a can be a neutron, proton, triton, a heavier ion, or in our case a photon. b most likely is an uncharged nucleon (neutron) but can be a proton or other particle. Which one is emitted depends upon the nuclear properties of the target atom as well as the type of and, in particular, the incident energy of the activating radiation.

This process is applied frequently for analytical purposes (activation analysis) whereby reactor neutron irradiation is used for radio-activation in most cases. However, the radio-nuclides that are produced can be used for other purposes, e.g. medical applications, either for diagnostics or for radiotherapy. Radio-nuclides can be applied as radio-indicators (“tracers”), e.g. for monitoring of industrial or natural processes as well.  One fundamental difference between neutron activation and photon activation is that neutron activation generally produces neutron-rich (proton-poor) nuclear species, whereas photon activation generally produces proton-rich (neutron poor) nuclear species.  Thus, for the most part, the photon activation methods of this proposal should be viewed as complementary to neutron activation, rather than in direct competition.

For the production of radio-nuclides by photo-reactions a strong source of high energy photons is required, most favourably from a bremsstrahlung source powered by an electron linear accelerator. To obtain appreciably high activity yields, the average current of the photon-producing electron beam should be as high as achievable, and the maximum energy of the bremsstrahlung continuum (equal to the incident electron kinetic energy) should be not less than ≈ 30 MeV to ≈ 50 MeV or higher (see below, quantitative considerations). For this proposal, bremsstrahlung beams from electron linacs up to 100 MeV and up to 1 mA are available.

Estimation of the radioactivity yield, i.e., the number of active nuclides produced per time unit, is determined by three physical parameters, namely 1) the total number of target atoms to be activated, 2) the energy distribution of the incident photon radiation and 3) the activation cross-section of the respective photo-nuclear reaction (see Fig. 1; Eq. 2). As one example: 67Cu can be produced through bremsstrahlung irradiation of 68Z as a target. According to Eq. (1) the photo-nuclear reaction is:

68Zn+   → 67Cu + p  or, in more conventional notation, via: 68Zn (, p) 67Cu, where  is the incident photon.

Similarly, 67Cu can be produced via the 71Ga (, p) 67Cu reaction, as in this proposal.

[image: sigma]Figure 1: Bremsstrahlung continuum and photonuclear cross section
E: Incident bremsstrahlung energy. 
(E): Energy-differential bremsstrahlung photon flux density. 
(E): Energy-differential cross-section of the photo-reaction.
Eth:  Threshold energy of the photo-nuclear reaction. 
Emax: Maximum energy of the bremsstrahlung continuum. 


The activity value of the product nuclide (67Cu) is obtained from Eq. (2), which is valid for all nuclear activation processes, is:



where:
	A 
	= Activity induced (s-1)

	ti 
	= Exposure period (s)

	N 
	= Number of target nuclides to be activated

	Eth
	= Threshold energy of the nuclear reaction (MeV)

	Emax
	= Maximum of the bremsstrahlung continuum (MeV)

	(E)
	= Energy-differential bremsstrahlung flux density (cm-2s-1)

	(E)
	= Energy-differential reaction cross section (cm2)

	
	= Decay constant of the reaction product (s-1) = ln(2)/half-life



Note that for “large” targets (by volume or mass), to estimate the yield one may have to sum over individual target sub-volumes to properly account for spatial variations on flux-density.  Among the quantities in Eq. (2), the following can be optimised to meet the requirements for radio-nuclide production:

	N
	The total mass of the target should be optimized for the application to provide the activity of interest and, simultaneously, to avoid undesirable handling of excessively large amounts of radioactive matter.

	Emax
	The output energy of the accelerator-produced electron radiation should be optimised in a way to set it sufficiently high to produce appreciably high desirable activities, but low enough to minimise contamination by production of undesired radio-nuclides through higher-order reactions.  

	
	The photon flux density should be selected as high as practical through an appropriate setting of the electron beam current (or the total output power of the accelerator, respectively).

	ti
	Longer exposure periods yield higher activities. However, other factors that might limit the exposure time have to be accounted for, too; see below.  



Note that for many photo-nuclear reactions the relevant cross sections are unknown or poorly known, and may need to be measured.  Equally useful to cross sections, for isotope production, are yield curves as a function of electron beam energy:




To find the optimal experimental parameters, other facts have to be considered as well. Among these are the behaviour and induced radioactivity of all materials involved that are subject to extremely high energy/high particle flux bombardment, over a possibly long exposure period.  Also, one has to account for radiolytically induced corrosion reactions that might lead to problematic effects on the target.  Note that as one changes the electron beam energy, and therefore the bremsstrahlung end-point energy, new photo-production reaction channels may open, and the ratio of different photo-production yields will change.   Thus, a careful experimental and calculational program is important to assess optimum end-point energies for particular targets and particular desired radioisotopes.   

Electron beam energies over the range of 20 to 100 MeV are ideal for photonuclear production of isotopes such as 67Cu. While the specific activity of a produced isotope for photonuclear reactions is not so high (≤1 Ci/g), the efficiency of production is considerably higher with gamma rays than for protons and neutrons [8]. 
Opportunity
Historically, (γ,x) reactions have not been exploited for isotope production because of the difficulty of achieving useful specific activity, although the technique is well-known to be capable of production of large quantities of total activity, and to be practical for many other applications [see Ref. 8 and references therein].   However, all photo-nuclear reactions with charged-particle exit-channel products enable, in principle, relatively simple post-irradiation chemical separations and subsequent high specific-activity products because of the fact that the reaction products are chemically different than the original target material.
In addition, there are important advantages to adding electron accelerators to the U.S. portfolio of isotope production facilities. Electron beam accelerators are substantially simpler to operate, much cheaper to construct, and carry far less of a regulatory, safety and environmental burden than do nuclear reactors.  Development of isotope production capability using electron accelerators would open a straightforward path to ensuring better access to isotopes throughout the U.S. and a more reliable domestic supply of short-lived isotopes that are amenable to production using this technique.  Furthermore, electron accelerators, when coupled to sub-critical assemblies, are capable of producing large quantities of neutron-rich radio-isotopes as well as proton-rich radio-isotopes.
We examined radionuclides that are favourable for photo-production and that have been identified by NSAC, DOE, or NIH as of interest [1, 2, 3, 4, 5]. Nuclides that are of particular interest are those produced in reactions such as, e.g. (γ, p), or (γ, α). The production of carrier-free species is more straightforward with such reactions because the daughter is chemically different. Some (γ, n) reactions, however, namely those where the radioactive chain enables carrier free separation, such as 226Ra (γ, n) 225Ac, are of interest as well.
Reasonable yields of isotopes (~10s of μCi/g.hr or ~mCi/g.hr) require kWs of beam power. Our analysis has indicated specific isotopes which could be optimally produced in a facility such as Low-energy Electron Recirculator Facility (LERF). This proposal focuses on 67Cu which is an attractive isotope for both therapy and imaging because it combines both beta and gamma emissions. It can be used to synthesize various compounds including small molecules and macromolecules.  We propose producing 67Cu in gallium via the 71Ga(γ,α)67Cu reaction, while not excluding the traditional 68Zn target.

Opportunity
Historically, (γ,x) reactions have not been exploited for isotope production because of the difficulty of achieving useful specific activity, although the technique is well-known to be capable of production of large quantities of total activity, and to be practical for many other applications [see Ref. 8 and references therein].   However, all photo-nuclear reactions with charged-particle exit-channel products enable, in principle, relatively simple post-irradiation chemical separations and subsequent high specific-activity products because of the fact that the reaction products are chemically different than the original target material.
In addition, there are important advantages to adding electron accelerators to the U.S. portfolio of isotope production facilities. Electron beam accelerators are substantially simpler to operate, much cheaper to construct, and carry far less of a regulatory, safety and environmental burden than do nuclear reactors.  Development of isotope production capability using electron accelerators would open a straightforward path to ensuring better access to isotopes throughout the U.S. and a more reliable domestic supply of short-lived isotopes that are amenable to production using this technique.
We examined radionuclides that are favourable for photo-production and that have been identified by NSAC, DOE, or NIH as of interest [1, 2, 3, 4, 5]. Nuclides that are of particular interest are those produced in reactions such as, e.g. (γ, p), or (γ, α). The production of carrier-free species is more straightforward with such reactions because the daughter is chemically different. (Some (γ, n) reactions, however, namely those where the radioactive chain enables carrier free separation, such as 226Ra (γ, n) 225Ac, are of interest as well).
Reasonable yields of isotopes (~10s of μCi/g.hr or ~mCi/g.hr) require kWs of beam power. Our analysis has indicated specific isotopes which could be optimally produced in a facility such as Low-energy Electron Recirculator Facility (LERF). This proposal focuses on 67Cu which is an attractive isotope for both therapy and imaging because it combines both beta and gamma emissions. It can be used to synthesize various compounds including small molecules and macromolecules.  We propose producing 67Cu in gallium via the 71Ga(γ,α)67Cu reaction, and comparing with the traditional 68Zn(γ,p)67 reaction.
Choice of 67Cu:
We choose 67Cu because it is approved for human trials; it has been identified by DOE as high priority research isotope, and among its useful attributes is that it emits both useful therapeutic radiation as well as imaging radiation. It emits both a beta particle of useful energy (mean energy 141 KeV) for therapy and a gamma ray (185 KeV) of energy that can be used with standard SPECT imaging systems.  Initial research shows promise in the treatment of Non-Hodgkins Lymphoma, Ovarian, Bladder and Colorectal cancers.   However, 67Cu has not been regularly available for several reasons.   As noted in a recent review of the medicinal and research uses of copper isotopes, “This isotope (67Cu) of copper, owning to interesting decay properties, is potentially useful for radio immunotherapy, but due to limited availability, researches that actually use this isotope are few, compared to other Cu isotopes” [9].  It can be used to synthesize various compounds including small molecules and macromolecules.  
This R&D aims at a method for realizing a reliable and steady supply of 67Cu at reasonable cost using a high power electron linac. This is possible due to the availability of LERF at Jefferson Lab, which can deliver over 100kW of beam power. Since beam power is a very important parameter in isotope production, developing high power target technology (~50kW), as proposed here, will be a major step in providing an alternate and complementary method of isotope production. The techniques developed during this research program are expected to be applicable for production of other important isotopes as well, and would add novel production and processing technologies to the DOE’s portfolio of essential isotopes. The proposed research will train students in areas related to isotope production and radiochemistry. 
67Cu may be produced cost-effectively using a high power electron beam on a target containing liquid gallium downstream of a radiator (high Z material such as tungsten). An advantage of this approach is the power capability of the target material; since gallium does not boil nor tungsten melt at any reasonably achievable temperature, the target can be directly exposed to the electron beamline during irradiation, simplifying the design. 
Expertise:
The three collaborating institutions bring specialized core competencies to this research. In broad terms, Jefferson Lab’s expertise is in high power Superconducting Radio Frequency (SRF) electron accelerators, high power beam dumps and targetry. VCU brings in expertise in isotope separation, from the irradiated target and other impurities (radioactive and stable); quantify isotope/s yields, characterize radiochemical properties and the quality of 67Cu. SDSMT brings in expertise is photo-nuclear reactions specializing in isotope production. Jefferson Lab, VCU and SDSMT have been collaborating on isotope production for over two years and have an established relationship.
[bookmark: _GoBack]Dr. Andrew Hutton is the Associate Director for Accelerator at Jefferson Lab. He has contributed to accelerator science and technology at CERN and SLAC and holds patents for innovations in the field. Dr. Pavel Degtiarenko is a senior radiation physicist at Jefferson Lab’s Radiation Control Department.  He specializes in model calculations and evaluation of the radiation environment at JLab, including effects of high power electron beam interactions with materials and structures. He holds several U.S. patents, three of which deal with new methods of cooling high power particle accelerator targets. Dr. George Kharashvili is a radiation physicist in Jefferson Lab's Radiation Control Department. His research interests include applications of accelerators in research and technology, interaction of radiation with matter, and radiation metrology.  Mr. Kevin Jordan is a senior engineer at Jefferson Lab. He is an expert in RF inductive heating. A number of his many patents include patents in Boron Nitride nanotube technology. He has also authored a paper titled BNNT-Mediated Irreversible Electroporation: Its Potential on Cancer Cells. Mr. Joseph Gubeli is a diagnostics engineer whose skill include rigorous mechanical and thermal simulations and design. 
Prof. Jamal Zweit is Professor of Radiology and affiliate Professor of Biochemistry and Molecular Biology, Radiation Oncology and Molecular Pathology at VCU. Dr. Zweit is the founding director of CMI, the Center for Molecular Imaging at VCU. He is internationally recognized for his expertise in multi-modality molecular imaging, radiopharmaceuticals, radiation & medical physics, and nanotechnology, predominantly in cancer biology and therapy. He has over 25 years of experience in radioisotope production, radiopharmaceuticals for imaging and therapy, with emphasis on radio-metal-based PET imaging, and targeted therapy. Prof. Sundaresan Gobalakrishnan is the head of the Multi-modality Imaging Laboratory and scientist manager of the Center for Molecular Imaging. His research focus is on the in vivo evaluation and validation of multi-modal imaging approaches, including studies of targeted hybrid probes
Prof. Douglas Wells was the head of Idaho Accelerator Center at Idaho prior to becoming the Dean of Graduate Education at South Dakota School of Mines and Technology. His extensive research interests include Photon Activation Analysis and production Medical Isotopes with electron accelerators. 
Proposed Research and Methods
The aim ofIn this R&D proposal is we aim to demonstrate the feasibility of production of 67Cu at high energy (up to 100 MeV) and high power (10s of kW) electron accelerators and separation of 67Cu. In doing so, we must We have meet the following objectives:

i) Demonstrate a  target system that can handle ~50kW of beam power (Jefferson Lab),);
ii) 
iii) quantify isotope/s yields and separation efficiency of 67Cu from the irradiated target (VCU); 
iv) measure impurities (radioactive and stable), and characterize the radiochemical properties and quality of 67Cu (VCU)
Separate of 67Cu from the irradiated target, whose purity meets clinical standards (VCU), and
Quantify yields (VCU)
While doing so, we will also experimentally establish investigate optimal beam parameters for production and train students. (VCU, SDSMT, Jefferson Lab).
In order to carry out our objectives, we have to make choices regarding target materials and the types of tests to conduct.
High power electron beam can activate the experimental area when the beam energy exceeds neutron production thresholds of the materials it traverses. One of the optimizations for this R&D is to limit neutron production to the level that the existing shielding around the beam dump can contain. Our strategy is to use LERF’s capability of very high current (≥5 mA) at low energy (≤ 10 MeV) for high power tests and to use CEBAF for high energy (≥ 20 MeV), low current (~few microAmps). The beam time at  LERF is dedicated to these tests only and there is a cost associated with each test. Since beam time at LERF comes as a minimum of 8 hour shifts, it is essential to keep the tests at LERF to a minimum. At CEBAF’s injector beamline, we can conduct high energy, low current tests parasitically at opportune times such as beam studies or when experimental halls cannot take beam.  

Bremsstrahlung Converter and Target 

As can be ascertained from the discussion of Photo-Production Principles, very high power densities may be induced into both the bremsstrahlung converter and the material to be converted.  In general, a converter will be of a material such as Tungsten or Tantalum which has the necessary properties of a high conversion rate of electrons to photons and the material properties to withstand high power densities and accompanying temperature excursions.  The optimization of such a converter is far from a trivial matter however and is also a part of this R&D. There are necessary trade-offs in the dissipation of the incident electron energy, the cooling of the converter, the distance of the converter from the target of interest and the resulting attenuation of the appropriate energy photons intended for the target.  A similar set of difficult optimizations are necessary for the target to be converted.  A target is subject to not only irradiation from gamma rays of sufficient energy to cause nuclear conversions, but, also irradiation from gamma and electrons of insufficient energy to cause conversions.  In all cases, almost all of the incident energy must be dealt with by the target.  Such power densities can easily boil target material and induce chemical or radiolytic reactions between different materials.  

We chose Gallium (Ga) for target material because of its interesting properties. It has a low melting point of 30 0C and a high boiling point of 2200 0C.  In addition, we will use chemically pure, natural Ga due to cost considerations also because the objective is to investigate the power handling capability of the target. Naturally occurring Ga and Zn, even when highly chemically pure, have other isotopes or contaminants (71Ga is ~40% of naturally occurring Ga and 68Zn is ~20% of naturally occurring Zn) and when irradiated in a photo-production process, yield unwanted or contaminating species, some of which are radioactive. 

The use of a target enriched in the isotope of interest, (in other words the isotope that is converted through the production process to the wanted radio-isotope), increases the yield of the photo-production process and reduces contaminating species.  But, isotopically enriched targets can be very expensive and since only a very small portion of the target is converted, a necessary optimization is in the method to recover the unconverted enriched target material. For this R&D, we will use chemically pure targets whose composition is known. (See table 1 for contaminants in Gallium at various levels of chemical purity). The choice of chemical purity as opposed to isotopical enrichment is driven by cost and recognizing that the objectives are to investigate the target for power handling capability and isolate 67Cu post-irradiation.

[image: ]
Table 1 Impurities in Gallium at different chemical enrichment levels
In order to carry out our objectives, we have to make choices regarding target materials and the types of tests to conduct. We chose Gallium (Ga) for target material because of its interesting properties. It has a low melting point  of 30 0C and a high boiling point of 2200 0C.  Beam Exit Window
The electron beam exit beam must be able to handle the current density of the beam without losing it thermal and structural integriety. The choice of material for the window is Beryllium due to its high melting point (1300 0C) and low density. The Be exit window will absorb nearly 600 W (at 5 mA) of beam power and should have sufficient heat handling capacity to maintain its integrity. However, we recognize that at higher energy, (for example, at 40 MeV), the window needs to handle only 1.25 mA.
Awhile ago, we modeled a Be window of 6.35 cm aperture and 380 μm thickness and concluded that the window will withstand 1 mA of current and hold accelerator vacuum when the flange and the window are cooled and the electron beam diameter is at least 12 mm. Cooling of the flange can be accomplished by circulating water and a cooling of the window can be accomplished by a modest flow of (1m/s) of nitrogen gas. Through beam optics set up, it is possible to create a 12 mm beam spot on the window.  (figures 2 and 3). We will continue the modeling and simulations to arrive at a Be window thickness and cooling schemes to handle 1.25 mA and higher beam currents. 
[image: ]
Figure 2. Beryllium exit window – Uniform cylindrical heat load applied to the center of window. Outer Diameter constrained and temperature HELD AT 200 C. 14.7 PSI applied to the back of the window. Convective Heat Transfer coefficients in the range of 20-40 W/m2K applied to the back of the window
[image: ]
Figure 3. Beryllium exit window temperature in the CHT range 20-40 20-40 W/m2K at a beam radius of 6 mm

Tungsten Radiator
For the tungsten radiator, the low energy (10 MeV) beam at 50 kW has similar features as the beam exit window with beam power deposition of about 22 kW (5 mA and 2 mm radiator). As with the Be exit window, at 40 MeV, the power deposition is less than 5 kW, removing this much heat from the radiator is non-trivial. The optimization of radiator for the highest achievable photon flux will be investigated as part of the global optimization of 67Cu yields. (One of Jefferson Lab’s investigators (P.D.) holds a patent on a rotating radiator for heat load distribution).  We will investigate methods to handle 1.25 mA and higher beam currents
Gallium Target:
Gallium is a solid below 30 0C and a liquid above that temperature. Its boiling point of 2200 0C makes it an attractive target which can handle high beam power. 
Target – Material - Gallium (99.9999% chemically pure)
Target – Thermal - Allowed Temperature rise: 20000 C, max. at 50kW of beam power
Target Holder- Cooling – Water cooled, Cooling water temperature – 350 C (to ensure Ga stays as liquid)
Target Holder- Chemical – Lowest possible copper content to avoid contamination from other copper isotopes.


[image: ] [image: ]

Figure 4. Target Assembly – Preliminary design
Jefferson Lab has in-depth knowledge and experience in designing high power beam dumps (up to 1 MW). We bring this experience to the design of the target assembly. Figure 4 shows a preliminary design for the Gallium target holder. A boron nitride (BN) cylinder holds the gallium target avoiding contamination from copper. BN is chosen for its high melting point (3000 0C) and high thermal conductivity (BN’s thermal conductivity can range from 3 to 600 W/(m K). We will use the hexagonal BN which has higher thermal conductivity. 
In our simulations, we used BN at the modest 30 W/(m K) . The Gallium target is completely encased within the BN cylinder. The clam shell design of the copper jacket facilitates removal and installation of the cylinder. The challenge in this R&D is to maintain good thermal contact between the BN cylinder and the copper jacket. 
The simulations shown in figure 5 use a Gallium cylinder with a radius of 10 mm and a length of 100 mm and a water flow rate of 5 GPM through each channel. 
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Figure 5. Water wall temperature (left) and the temperature of the target (right)
The simulations shown in figure 5 were under the following conditions: 
· A water flow rate of 5 GPM through each channel
· The Gallium cylinder has a radius of 10 mm and a length of 100 mm
· The boiling point of Gallium is 2,205 oC 
· The melting point of BN is 2,973 oC 
· The melting point of Copper is 1,085 oC 
· 50 kW total beam power
· 21.7 kW absorbed by Tungsten
· 735 W absorbed by BN (Front side) 
· 27.3 kW absorbed by Gallium
· 7 W absorbed by BN (Back side)
· Assume that the power distribution is a cylinder with a 6 mm radius
· BN thermal conductivity depends on material (a-BN, h-BN) and orientation ranging from 3 to 600 W/(m K) – used 30 W/(m K) 

These preliminary studies indicate that neither the Gallium target nor the cooling water will boil and neither the copper nor the BN will melt to nearly 30 kW. We will extend these simulations to 50kW. The advantage of using BN cylinder, apart from its lack of copper content, is that its cost is low and thus need not be reused.  It also appears that Gallium does not attach to its walls at normal temperatures. Whether this holds true after irradiation is to be seen.
Bench Tests without beam
We will only conudct beam tests for thermal and mechanical integrity after doing bench tests. The most important test will be on the BN cylinder with Gallium target. One of Jefferson Lab’s investigators (K.J) is an expert in RF inductive heating and will guide the tests. Jefferson Lab has the power sources that can create powers in excess of 50kW. Figure 5 shows a BN cylinder of planned dimensions inside a coil. The test setup will be immersed in a flowing water bath. This experiment will give us experimental data which will guide our target assembly design. 
[image: ]
Figure 6. BN Cylinder and Coil
A series of bench test we plan are for understanding the thermal resistivity between the copper jacket and the BN cylinder. For this tests, we will heat both the BN and copper jacket and investigate methods for reducing thermal resistivity.  
Setup for Gallium irradiation at LERF
We will test the Be window and radiator at ≥ 1.25 mA at the injector of LERF (figure 6) at lower than 10 MeV which is radiologically a simpler set up for shielding and low levels of activations. For the target assembly tests, we have to go to higher currents. We will accomplish by removing the window and the radiator and directly exposing the target assembly in vacuum. This requires thermal isolation of the target assembly form the beam pipe flanges, which we think can be accomplished.
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Figure 6. LERF’s injector area for high power beam tests

The higher energy tests will be conducted at CEBAF’s injector area figure 7).   
 (
Target area
) (
Beam dump
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Figure 7. CEBAF Injector beam line

Planned Tests and validation of simulations
At ≤10 MeV, ≥125  mA
1. Tests of Beryllium window for thermal and structural integrity 
2. Tests of  radiator for thermal integrity (thickness guided by modeling and simulations)

At ≤10 MeV, ≥5 mA
3. Tests of target assembly (Gallium in BN cylinder with copper cooling jacket)
At ≥ 20 MeV, low current (~5 µA), Gallium and Zinc targets
We will conduct a series of short exposures of targets at 20 ,40 and 100 MeV. These tests will allow us to understand, as a function of energy, the contaminants, optimize beam parameters and our isotope separation techniques and yields.
Results from a parasitic test CEBAF Injector
Information regarding photo-production of 67Cu from Ga targets is unavailable. About a year ago, a short parasitic test (Investigators P.D.,G.K.),  was done at CEBAF’s the injector dump area of Jefferson Lab’s Continuous wave Beam Electron Accelerator Facility (CEBAF, a 12 GeV SRF accelerator) to investigate Ga’s viability for 67Cu production. The available beam energy for the parasitic test was 10 MeV and the test showed no clear indication of  67Cu, which can be detected via its gamma emission.  This is not a surprising result because the energy threshold for production is higher. 
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Figure 3.1. Cross section of 71Ga(, )67Cu [2].
CHowever, codes such as Fluka give the following production estimates (Table 1) in natural and isotope enriched targets..
	Target
	67Cu u Production (mCi/h/50kW)
Ee = 20 MeV
	67Cu Production (mCi/h/50kW)
Ee = 40 MeV
	67CuProduction (mCi/h/50kW)
Ee = 100 MeV

	71Ga
	10
	43
	53

	Natural Ga
	4
	17
	22



Table 1. Yields of 67Cu per at 50 kW beam power in thick 10 radiation length 71Ga and natural gallium targets calculated using FLUKA


A few weeks ago, another we had a beam time opportunity at CEBAF injector arose for to a test. We requested and were given electron beam to irradiate both Ga and Zn samples. 67Cu at higher energy (18,5 MeV).  to  
Gallium and zinc samples were irradiated using 18.5 MeV electron beam in CEBAF’s 4D line. Since 67Ga decay produces photons with energies identical to those produced in 67Cu, 18.5 MeV electron energy was selected to stay below the 69Ga(, 2n)67Ga reaction. Irradiation parameters are presented in Table 12.
	Electron Beam Energy [MeV]
	Average Beam Current [µA]
	Duration of Irradiation [min]
	BBeam Power [W]

	18.5
	2.4
	60
	44.4


Table 12. Irradiation parameters
In order to save time both Ga and Zn targets were irradiated at the same time, with Zn target place behind the Ga target of about 1 radiation length.

Irradiation setup consisted of 381 µm thick Be window, 1 mm thick tungsten radiator, 3 cm thick hexagonal boron nitride (HBNhBN) filter, 2 x 2.6 x 2 cm3 gallium target inside of  and HBN hBN sample holder. This was followed byr, 1 cm of HBN, and a a 2 cm diameter, 2 cm long cylindrical zinc target with another cm of BN between the targets.. 
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Figure 1. 28.   dimensional and 3 dimensional drawingss of used in FLUKA model.
The short-lived radioactivity induced in the irradiated setup was allowed to decay for approximately 18 hours. Gamma spectroscopy analysis of the gallium and zinc samples was performed using a high purity germanium detector, GENIE-2000 spectroscopy software and ISOCS/LabSOCS calibration software by Canberra.

[image: ]
Figure 9.  Test setup at CEBAF Injector
Detailed models of each irradiation were created in FLUKA. Results of activation measurements and FLUKA calculations are presented in Table 23. FLUKA overestimates 67Cu production in gallium by at 18.5 MeV maximum bremsstrahlung energy bremsstrahlung by approximately a factor of 2 and underestimates 67Cu production in zinc by approximately a factor of 0.7.







	Target
	Measured 67Cu Yield (Bq/Wh)
	FLUKA 67Cu Yield (Bq/Wh)
	Ratio
FLUKA/measurement

	Ga
	111  18
	228  7
	2.05  0.33

	Zn
	103  17
	75.7  3.3
	0.73  0.12


Table 23. Comparison of measured and calculated 67Cu yields in gallium and zinc.
(GK. How are errors estimated?) 
Another table from GK FLUKA estimates at 20,40, 100 MeV at 1 radiation length andhow many hours after irradiation?
Table 4 shows FLUKA estimates for our tests at the CEBAF injector at the the intended 20, 40, 100 MeV with 10 radiation length target.
	
	71Ga
	Natural gallium

	Nuclide
	T1/2 (h)
	A (mCi)              1 day after   1 hour irradiation      Ee=40 MeV
	A (mCi)              1 day after    1 hour irradiation      Ee=100 MeV
	A (mCi)              1 day after 1hour irradiation      Ee=20 MeV
	A (mCi)
1 day after
1 hour irradiation      Ee=40MeV
	A (mCi)
1 day after
1 hour irradiation      Ee=100 MeV

	72Ga
	14.1
	61
	81
	16
	55
	72

	67Cu
	61.8
	33
	41
	2.7
	13
	17

	69Zn
	0.9
	17
	41
	0.1
	7
	17

	69mZn
	13.8
	16
	38
	0.1
	7
	16

	67Ga
	78.2
	< 0.05
	31
	2.3
	407
	559

	64Cu
	12.7
	< 0.05
	21
	< 0.05
	106
	165

	66Ga
	9.5
	< 0.05
	5
	< 0.001
	1
	23

	Total
	
	127
	258
	21
	596
	869



Table 4. Activities of notable radionuclides 1 day after a 1 hour-long irradiation of thick 71Ga and natural gallium targets by 20 MeV, 40 MeV, and 100 MeV, 50 kW beams calculated using FLUKA. Note the low production of 64Cu at 20 MeV.
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Beam alignment test at 56 MeV
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[bookmark: _Toc441070972]Isotope Separation and Purification
Radiochemical separation of 67Cu, from Ga and Zn targets as well as from stable and radioactive impurities, will be performed using a combination of solvent extraction and ion-exchange chromatography. Following target irradiations at LERF, radioactive targets will be delivered to the radiochemistry laboratory at VCU for processing. Target processing will be carried out inside a lead shielded hot cell fitted with remote manipulators. By remote manipulation, the irradiated target material will be removed from the target holder and will be measured in a dose calibrator inside the hot cell to determine the total radioactivity in the target. This total activity will contain not only the desired radioisotope, but also other co-produced radioisotopes. Next, the target material will be dissolved in the appropriate solvent and a small fraction (uCi) of the solution will be taken and processed for pre-separation initial Gamma spectroscopy analysis. This will determine the identity of the isotopes induced in the target solution. Following radiochemical separation, gamma spectroscopy analysis will be repeated on the purified radioisotope product as well as the other separated isotopes to determine the efficiency of the purification method and to quantify yield of all produced radioisotopes. Radiochemical separation will be performed on both the Ga and Zn targets.
[bookmark: _Toc441070974]Radiochemical separation of 67Cu 
Photon irradiation of natural gallium target (60% 69Ga / 40% 71Ga) leads to the production of 67Cu mainly by the 71Ga(γ, α) reaction and, depending on photon energy, there will also be a contribution from 69Ga(γ, 2p) reaction.  Irradiation of natural Ga target will also lead to the production of Ga, Zn and Cu isotopes, including stable 65Cu by the 69Ga(γ, α) reaction. Production of stable Cu will be greatly minimized when an enriched 71Ga target is used, leading to significant increase in the specific activity of produced 67Cu. Previous reports, on the production of 67Cu from Zn target, has indicated that reaction leading to the production of stable isotopes (63Cu, 65Cu) is the major source of the reduction in specific activity [3]. The same group has reported a 5-fold increase in specific activity when an enriched 68Zn target was used [4].
The radionuclide separation approach planned is a modified version of previously published methods [1,2] used to separate 64Cu/67Cu from radioactive waste generated during the proton-induced production of 67Ga from Zinc target. We will employ a combination of solvent extraction and ion exchange chromatography to separate 67Cu from the liquid Ga target material and from other trace metals co-produced during the irradiation. The initial step will involve removal of the bulk Ga using isopropyl ether (IPE) solvent extraction in which Ga will be retained in the organic phase and 67Cu/Cu will remain in the aqueous phase. A second IPE extraction of the aqueous phase further removes residual Ga. The aqueous phase containing 67Cu/Cu will be evaporated to near dryness and re-dissolved in dilute HCl. The 67Cu/Cu activity will be extracted into dithizone phase; this organic agent has high selective affinity for Cu and not Ga, Fe or Zn. The 67Cu/Cu will be back extracted into an aqueous phase prior to ion exchange purification using CG-71 amberchrome column impregnated with dithizone. This chromatography step purifies the final product from traces of Ga, Zn and any other elemental impurities. The scheme of its workflow is outlined below in Figure XX. Similar procedures and previously reported methods [4, 5] will be implemented for the radiochemical separation of 67Cu from irradiated Zn target. The gamma emissions from radioisotopes outlined in table 2 (Doug’s Table) will be utilized to monitor the separation efficiency. 
[image: ]
Figure 10. Schematic workflow showing the steps and processes involved in the separation of 67Cu/Cu from irradiated gallium target


[bookmark: _Toc441070975]Radiochemical Analysis
Gamma-ray and Alpha-ray spectroscopy: High purity Germanium based Gamma spectroscopy (Ortec, USA) will be used to analyze the samples for radionuclide purity and to accurately measure absolute yields (<5 µCi) using detector efficiency calibrated for a range of gamma rays from 20 keV to 2 MeV. The measured activity will be extrapolated to the total volume of the purified isotopes and verified by dose calibrator measurements (mCi level).
Inductively Coupled Plasma Mass Spectrometry (ICP-MS): ICP-MS will be used to quantitatively measure stable isotopes of both the desired elemental isotope as well as other stable isotopes. These measurements will yield data on the amount of the trace isotopes produced as well as on trace chemical impurities.
Specific Activity measurements and determination: From the gamma spectroscopy and ICP-MS analysis, the specific activity of the purified isotope will be determined from these measurements.
[bookmark: _Toc441070976]References 
[1] Kim JH, Park H, and Chun KS. (2010) Effective separation method of 64Cu from 67Ga waste product with a solvent extraction and chromatography. Applied Radiation and Isotopes; 68: 1623–1626.
[2] Cong Liu, (2015) Technique for radiolabeling tracers with 64cu for positron emission particle tracking (PEPT) experiments. Thesis presented in fulfilment of the requirements for the degree of Master of Science (Eng) at the University of Cape Town, South Africa.
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[4] Medvedev DJ, Mausner LF, Meinken GE et al. (2012). Development of large scale production of Cu-67 from Zn-68 at the high energy accelerator: closing the Zn-68 cycle. Int. J. Appl. Radiat. Isot.; 70:423-429.
[5]	Schwarzbach R, Zimmermann K, Blauenstein P, Smith A, Schubiger PA, (1995). Development of a simple and selective separation of 67Cu from irradiated Zinc for use in antibody labelling: A comparison of methods.
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Film on the back of the gallium sample – 18.5 MeV run
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Time Table of Activities
The timelines shown in Figure xxx 10 represent the activities during that period and not the start and end dates. The exact dates for irradiations will depend on the schedule of the CEBAF accelerator. The present accelerator schedule shows irradiation opportunities during the 3rd quarter of 2017 and 2nd and 3rd quarters of 2018.  The irradiations will take place not all at once, but at different times during the R&D period and the samples analyzed between beam runs.
Year 1
We will use the first three quarters of the year to model and simulate isotope production as well as thermal and mechanical processes and begin the designs for the beam exit window, the radiator and the target system.  During this year, we will do the first set of irradiations of both Gallium and Zinc targets, at low power, to establish processing protocols for isotope separation and delivery to targeted areas. Fabrication of the components will span quarters 4 and 5 as do high power beam tests of the beam exit window and the radiator. 
Year 2
During quarters 5 and 6, the target system will be evaluated without beam for thermal conductivity between the target capsule and the copper jacket and any required modifications will be made. Remaining low power isotope production at beam energies ranging from 20 MeV to 100 MeV will be done during quarter 6 at low power. The energy step sizes will be guided by the simulations. The high power beam test of target will be in quarter 7. Analysis of the samples using the established protocols will be carried out during quarters 6 and 7. The final report of findings will be completed by quarter 8. 

[image: ]
Figure xxx :10. Time Line

Project goals/objectives

We propose a two year project, by the end of which the following deliverables will be complete:

1. Prepare and configure LERF’s injector beamline for low energy, high current electron beam delivery 
2. Simulation (GEANT4, MCNP, FLUKA and ANSYS) studies of:
3. Beam exit window optimization for thermal distribution and power handling
4. Converter optimization (thickness, type, configuration) for thermal distribution and power handling
5. Determination of a set of energies and currents for high energy runs, low current for isotope production at CEBAF injector
6. Validation of the simulation code with experimental results by irradiation at CEBAF injector and measurement at VCU
Irradiation at different power densities (beam sizes at same energy and current) 
7. Extraction and purification of 67Cu from both Ga and Zn targets after each irradiation 
8. Measurement of yields after each irradiation
9. Verification of the simulations of exit window and radiator capabilities at LERF injector
10. Verification of the power handling capability of target assembly at LERF injector
11. Training of students

As a result of this program, it is fully expected that LERF can be a reliable source of 67Cu and hopefully other photo-produced research isotopes that are not readily available in needed quantities.

Project Management Plan
Dr. Andrew Hutton of Jefferson Lab will lead the project. The core competencies of the collaborating institutions are sufficiently distinct that project management does not need to be hierarchical. 

At the beginning, the overall planning of each major aspect of this R&D, namely, the high power target system, irradiation of targets, measurement of yields at different energies, optimization of beam parameters, separation of the desired isotope, and delivery of the isotope to targeted area will be discussed and reviewed by all PIs and investigators. Once a month, the three PIs will meet over the phone to discuss the project progress and track the goals for the current quarter as shown in the timeline. Once the goals for the quarter are set, carrying out that activity and communicating the findings is the responsibility of the PI of the expert institution. Problems or conflicts will be discussed by all PIs and jointly resolved. Jefferson Lab and VCU, where the experimental activities take place, are geographically close to each other. This facilitates quarterly in-person meetings, alternating between Jefferson Lab and VCU with the PI from SDSMT joining over the phone. All PIs assume responsibility for training of students.  
Student Training
The work described in this proposal provides an excellent training ground for a graduate student. (SDSMT has identified a suitable student). The student will receive a comprehensive, interdisciplinary and hands on training during this proposal period. The expertise developed will include modeling and simulations of thermal and mechanical aspects, photo-nuclear process simulations, executing bench tests and irradiation tests, learning chemical separation processes and analyzing the gathered data. Past the proposal’s funding period, we will support the students with other funds. We also wish to expose summer undergraduates at the lab (SULI, Student Undergraduate Laboratory Internship program, funded by DOE and REU, Research Experience for Undergraduates, joint ODU/JLAB program funded by NSF) to this exciting field of which they may be quite unaware. We will design projects that can give a student a valuable experience during the 10 weeks the students spends at the lab. We have been running these programs in accelerator and nuclear physics for many years and have experience in developing short term projects with much impact on student experience.
,Summary
Gallium is an attractive target for the production of 67Cu for its potential power handling capability. The collaboration has the necessary expertise to design high power target and has described the work done to date in this area.  The extensive expertise of the VCU group enables the separation, purity assessment and yields of the desired isotope after irradiations. Additionally, we will compare the separation and isolation processes for 67Cu from both Ga and Zn targets and measure the contaminants in each target at different energies, which has not been done before. We will train a graduate student and hopefully a few undergraduates in this research.
Path to a reliable supply of 67Cu at Jlab’s LERF
The successful demonstration of the feasibility of 67Cu production will pave the way for developing a reliable supply of this isotope using the high power beam at LERF.  The bulk of the capital cost of the LERF facility was provided from contracts with ONR and grants from the Commonwealth of Virginia.   The beam time at LERF is lightly subscribed compared to accelerators that are used primarily for physics or other research, where isotope production takes a lower priority.  For this proposal, our strategy was to use only low energy beam at LERF to avoid creating neutrons and local activity.  For higher energy (> 20MeV) ~50 kW operation, a permanently shielded enclosure to house the radiator and target assembly would be necessary.  Jefferson Lab has the needed expertise for this design and installation.  A robotic handler for installing and retrieving the target is an essential device which can be designed and may even be available for purchase.  The third ingredient is isotopically enriched targets which are expensive but the target material can be recovered and reused after extraction of the desired radioisotope.  Since the concentration of the desired radioisotope is many orders of magnitude less than the target itself, the enriched target material could be reused for a very many irradiations, (a VCU expertise), so this is basically a one-time cost.  The recurring costs will be for the operation of LERF and separation and purification of 67Cu, with beam time being the most expensive.  
We note that the technology developed during this research is transferable and can be adopted by industries that wish to produce reliable supply of interesting but not readily available isotopes.
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