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[bookmark: _Toc222903091]Abstract
The proposed project aims at establishing a beamline in the UITF which can be used to perform irradiation studies of materials using an electron beam with an energy of up to 10 MeV. The design aspects will include the beam transport simulations, and the engineering of the target holder. All the components required to complete the beamline will be procured and installed. The first application will involve irradiation of wastewater samples in collaboration with Hampton Roads Sanitation District. 
This proposal is aligned with the broader laboratory mission to support industrial accelerator tech-transfer, particularly to the application of water remediation.
Summary of Proposal
Description of Project
The research program focuses on the following tasks:
· Design of an experimental beamline at the UITF through beam dynamics simulations
· Design of the water sample target (including electron window interface, multiple sample carousel and expected dose)
· Beamline and target manufacture and construction
· Beamline commissioning with electron beam
· Safety analysis
· Water sample irradiation
The project consists of the design, commissioning and testing of a diagnostic beamline at the UITF and of a target station to allow irradiation studies of materials using a low-power electron beam of up to 10 MeV of energy. 
A titanium-foil window will be used at the beam exit point to separate the beamline vacuum from outside environment. The design phase will consist of beam transport simulations to determine the location of beam focusing elements along the beam line and for enlarging the beam at the exit window to achieve a uniform distribution over the sample area.
A multiple-target holder rail will also be designed as part of the project, in order to be able to irradiate multiple samples without need for multiple accesses into the UITF beam enclosure. The components required for the beamline installation such as magnets, beam exit window, fast-closing valve will be procured and installed.
Experiments will be conducted on wastewater samples provided by Hampton Roads Sanitation District (HRSD). HRSD will conduct the analysis of the samples pre- and post-irradiation as an in-kind contribution. The Jefferson Lab - HRSD CRADA is already established.
The proposed project would provide a training opportunity for a graduate student in accelerator science and technology and it would be a stepping stone towards promoting the industrial application of accelerator technology. The proposed project will also enhance the laboratory’s technical facilities and foster collaboration with local industrial partners.
[bookmark: _Toc222903092]Expected Results
A functional beamline which provides electron-beam irradiation source with up to 10 MeV of energy is expected as a result of this project. This irradiation source can be used to evaluate the possibility of reducing contaminants in wastewater that cannot be easily broken down by current technologies and also to study the potential benefits of e-beam irradiation to various other materials. 
Impact to JLab: Supports the efforts ongoing to industrialize accelerators for wastewater treatement.
Impact to DOE Mission: This work addresses "R&D needed to enable high-impact applications of accelerator technology to address energy and environmental (E&E) challenges” by 
“Advancing technologies to overcome limitations in high power electron beams”. 
“Developing science-based predictive models to understand radical yield from irradiated aqueous streams as modified by environmental parameters.”
“Developing predictive science-based models of fundamental changes in wastewater due to electron beam irradiation.”
All needs identified in the 2015 Accelerator Stewardship Program, basic research needs workshop.
[bookmark: _Toc222903093]Proposal Narrative
Electron beam irradiation has several industrial applications such as the cross-linking, curing and polymerization of plastics, treatment of flue gases and wastewater, sterilization, color enhancement in gemstones, treatment of asphalt [1]. In most cases, the main limitations towards a wider use of electron-beam irradiation are the reliability and cost of the accelerator. The treatment cost can be reduced by increasing the beam power. Jefferson Lab has been recently involved with the design of both superconducting and normal-conducting high-power (200 kW-1 MW) CW electron accelerators of 0.5 – 2 MeV energy range for environmental remediation [2].
In particular, electron beam irradiation is an attractive technology for the treatment of municipal wastewater or contaminated water from industrial sites. For example, the development of fracking for oil and gas has produced large volumes of heavily contaminated water which is currently being stored in huge ponds. Growing challenges for municipal wastewater treatment are represented by the growing number of residuals from pharmaceutical and personal care products and from perfluoroalkyl substances, which are chemicals present in a variety of household products [3]. Per- and polyfluoroalkyl substances (PFAS) are a large family of man-made, globally-distributed chemicals. They include perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS). PFAS have been widely used in consumer products such as non-stick cookware, carpets and carpet treatment products, food packaging, aqueous firefighting foams, metal plating operations and in the defense, aerospace, automotive, construction, and electronics industries. Once released into the environment, some PFAS are not easily broken down when exposed to air, water, or sunlight. Thus, people can be exposed to PFAS that were manufactured months or years in the past. PFAS can travel long distances in the air and water with the result that people may be exposed to PFAS many miles from their point of release. Human exposure can also occur through contact with products containing PFAS. Water resources (i.e., surface water and groundwater) are susceptible to contamination by PFAS release from manufacturing sites, industrial use, aircraft fire and emergency response training areas, and industrial or municipal waste sites where products are disposed of or applied. To provide Americans with a margin of protection from a lifetime of exposure to PFOA and PFOS from drinking water, EPA has established the health advisory levels at 70 parts per trillion (ppt) for combined PFOA/PFOS
HRSD is interested in evaluating the benefit of electron-beam irradiation to reduce the concentration of some of these chemicals, beginning with 1,4-dioxane for which HRSD already has dedicated analytical instrumentation capabilities, but ultimately tackling PFAS.
Purpose/Goals
The purpose of the proposed project is to design, install, commission and operate a beamline of the UITF to provide an electron beam irradiation source to study the effect of different doses on materials. 
The short-term goal of such irradiation source is to study the benefits of e-beam irradiation towards the remediation of wastewater, through the interest and support of HRSD.
Approach/Methods
The UITF is capable of providing a CW electron beam of energy up to 10 MeV and 100 nA of current. The beamline shown in Fig. 1 is currently used to send the beam to a dump and it is the one which would be modified for the proposed project.
A schematic diagram of the beamline components is shown in Fig. 2. The electron beam propagates from left to right. First a fast valve is placed as far upstream as possible to protect the cryounit from any potential vacuum failures in the system. A typical diagnostic cross will be installed to quantify the electron beam quality at the entrance of the water test beamline. An arrangement of magnets will be utilized to generate a large transverse, round electron beam that will pass through a thin titanium foil electron window, which separates the high beamline vacuum from the air side. A final diagnostic cross will be used for alignment and as a vacuum trigger should the window fail. Two sets of beam steering magnets will be placed before and after the magnets to control the beam position. The overall length of the beamline will be determined based on beam transport simulations, estimated as 5m.
The 75-100 m thick Ti window is a demountable foil held in a 4.5” Conflat flange.  A sample carousel that can hold multiple samples at a time will be designed and built. The samples’ area will be surrounded by local radiation shielding for electronic protection. The sample becomes the de facto dump and the UITF vault is designed to handle 10MeV, 100nA beam loss, so additional shielding is not necessary.
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Figure 1: (Top) MeV region of UITF. The straight-ahead beamline dump would be modified (red box). (Bottom) Image of the beamline to be modified.
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Figure 2: Conceptual beamline design.

As the electron beam travelling through air results in the production of ozone, it must be verified that the ozone concentration is kept below the human threshold limit value (TLV) of 100 ppb. The ozone concentration by weight can be calculated using the following equation [4]:
	Ozone conc. = 1.24 × 10-6 Pair (W)/F (m3/min)           	(1)
where Pair is the beam power loss in air and F is the air exhaust rate, which is 11800 CFM in the UITF. The beam power loss in air can be calculated as:
	Pair = LET  d Ibeam                                                                       	(2)
where LET is the total stopping power (also called “linear energy transfer”) for air, = 1.2 kg/m3 is the density of air at 20 °C, 1 atm, d is the distance the beam travels in air and Ibeam is the beam current. LET for 10 MeV electrons in air is 2.16 MeV cm2/g [5]. For d = 5 cm and Ibeam = 100 nA, the ozone concentration calculated with Eq. (1) is 5 ppb, well below the TLV. The maximum beam current that results in an ozone concentration of less than 100 ppb is 2 A, for d = 5 cm. It should also be mentioned that administrative and engineering controls are in place to prevent any personnel to be inside the UITF vault during beam operation, making the exposure of personnel to ozone extremely unlikely. In the case of any unforeseen possible issues related to the sample to be irradiated being in air which could emerge during the design phase of the project, a backup solution will be to place the samples in a vacuum chamber maintained at ~10-3 mbar by a scroll-pump or install an ozone monitor.
Detailed simulations of the electrons’ energy loss through the exit window, the air space and the sample will be carried out using Monte Carlo codes such as FLUKA [6].
One design aspect of the project is related to the area of the beam exiting the window in order to assure a power density sufficiently low to avoid the risk of rupture of the window and to assure a uniform dose over the sample volume. Beam exit windows made of 50 m-thick Ti foil with forced air cooling can sustain an electron current density of the order of up to ~100 mA/cm2 [7]. Given that the expected beam current from the UITF is 100 nA, a beam diameter of 1 cm would result in a current density about six order of magnitude lower than the value mentioned above. A thermal and mechanical finite-element analysis of the exit window will be carried out to verify that no additional cooling of the window is required, given the current density required to irradiate the sample.
Figure 3 shows a plot of the electron depth of penetration in water (also called “range”) as a function of beam energy, in the range 1-10 MeV, expected to be available with the UITF. The typical volume of water sample required for the analysis of 1,4-dioxane ranges between 10-500 ml, depending on the requested detection limit [8]. Figure 4 shows a plot of the diameter of the beam and of the sample’s container as a function of beam energy for different volumes of water to be irradiated, assuming a thickness of the sample equal to the electrons’ range. We expect the maximum diameter of the beam at the target location to be ~13 cm.
[image: ]
Figure 3: Electrons’ range in water as a function of their kinetic energy.
[image: ]
Figure 4: Estimated diameter of the sample as a function of beam energy for different sample volumes.

The experimental runs will consists of irradiating water samples with a contaminant of a known concentration, prepared at HRSD. The concentration of the contaminant will be measured after irradiation and measurements are typically done as a function of the dose. The typical dose range for contaminants in water is 1-10 kGy.
The irradiation time, t, to achieve a certain dose can be calculated as:
	t (sec) = Dose (kGy) V (ml)/(Pbeam (W) )                   	(3)
where V is the sample volume, Pbeam is the beam power and  is the efficiency of the radiolysis, typically ~70%. Figure 5 shows plots of the irradiation time vs beam energy to achieve different doses, for different sample volumes, assuming a constant beam current of 100 nA. Figure 5(b) shows that a beam energy > 5 MeV is necessary for an irradiation time of less than 2 h to achieve a 10 kGy dose in a sample volume > 100 ml.
(a)
(b)

Figure 5: Estimated irradiation time as a function of beam energy to deliver a certain dose to a water sample of 10 ml volume (a) and 250 ml volume (b).
Monte Carlo calculations using FLUKA will be done to optimize the target region and the sample container to assure a uniform dose distribution over the sample volume. The dose delivered to the sample will be measured using radiachromic dosimeter films (FWT-60 series, Far West Technology, Inc.) placed in front of the sample. Jefferson Lab already uses such films and has the readout device for them.
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Status Update LD2012

We are largely on schedule despite initial administrative delays in securing a student and those caused by switching to a work from home scenario due to the COVID pandemic.
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Work achieved to date
The UITF beamline has been simulated to determine the best layout for the experiment. Changes to the beamline are thus:
· Determined the best beam energy for the experiment (8MeV).
· Found that placing an additional quadrupole in the existing UITF beamline would add flexibility to our experiment and also in general beam operations, including for HDICE. This quadrupole is available for installation in Y2.
· The ‘straight ahead dump’ located at 19.8m will be removed and replaced with the ‘experimental beamline’
· The experimental beamline is ~5.5m long. It consists of a single, high field integral solenoid, and an electron window on a tee (which has local pumping and a gauge to trigger a fast valve).
· The use of a solenoid is instead of the quadrupole triplet anticipated in the proposal last year. Budget is unchanged for this scenario.
· The fast valve (purchased) will be located as close to the quarter-cryo as possible, near the differential pump cans.*
· The electron window is a Ti foil. ANSYS power density, thermal calculations have been performed and found to be within stress/strain limits for operation.*
· Installation discussions have begun with DC power, I&C and software groups.
Progress on the sample holder:
· The sample holder has been designed, and is out for manufacture. A linear motorized rail has been purchased to move 5 samples into the beam remotely.
· For alignment purposes x-ray films (as used in bubble chamber experiment have been purchased) and these will be attached to a blank sample block.
· Radiation dose simulations of the beam reaching the water sample have started. Our sample holder is appropriately dimensioned to capture 90% of the electron beam in the water.
· Rad con assessment is that we can use local lead shielding for electronics, but do not require any more for the low current of our experiment.*
· Materials handling process considered for the samples from HRSD. (water is not for consumption but non hazardous when spilled).*
Work required to meet FY20 milestones:
· Complete the manufacture the solenoid magnet
· Complete the beamline drawings ready for installation
· Ozone production assessment*
· Experimental readiness review (July-August timeframe)
* These items had a safety issue associated with them that has been addressed.
1) Have performed stress analysis of the Ti window such that failure is unlikely. Have decided to buy off-the-shelf for extra safety.
2) Should the window fail a fast valve will be installed to protect the quarter.
3) Shielding is not an issue with 100nA current limit.
4) Ozone production – we will again calculate expected amounts and have identified a monitor that can be used should it be deemed too large, as in Hall A.

Resources to be used
The proposed project will require the use of the UITF for the installation of the beamline components and the samples irradiation studies. We anticipate the need to work on the existing beamline beginning in the Fall of 2020 through the Summer of 2021, during planned shutdown periods. The testing of an estimated 20 water samples would require an approximate beam time of about 10 h divided in ten 1-hour intervals in the early Fall of 2021.
The LDRD group are working closely with the UITF team so as to best plan installation and testing given the fluid nature of scheduling at the present time.
Anticipated Outcomes/Results
The outcome of this project would be the availability of a beamline for material irradiation studies. The beamline design and components would be described in a peer-reviewed publication. The proposed project will also serve as an opportunity for a graduate students to be trained in the field of accelerator science and technology. 
The first use of the beamline would be to study the effect of dose on reducing the concentration of 1,4-dioxane in wastewater, in collaboration with HRSD, and it would also result in a joint publication.
It should be considered that Jefferson Lab is already working on the development of high-power e-beam accelerators for environmental applications and HRSD has been operating since 2018 a research facility (SWIFT) in which advanced water treatments are used to treat water to a level which allows discharging it back into the aquifer. As a consequence, successful results from studies using the beamline installed through this project and of the industrial accelerators being developed at Jefferson Lab could result in the future in the adoption of the e-beam accelerator technology by HRSD.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Budget Explanation
The proposed budget includes the following labor allocations:
· Support for a graduate student for the duration of the project. The graduate student will be involved with the beam dynamics simulations, design, procurement and installation of some of the beamline components and operation of the accelerator
· F. Hannon will be mentoring the graduate student, manage the project and will be involved with all the design aspects of the project. 
· G. Ciovati will be involved with the advising of the graduate student and the design and procurement of some of the components.
· A computer scientist from the Ops. Dept. will develop the EPICS interface for the beamline components.
· A Radiological Engineer will be involved with the Monte Carlo simulations for the dose distribution.
· A Mechanical Engineer will be involved with the thermal and mechanical analysis of the window.
· An Accelerator Scientist (C. Hernandez-Garcia) will be involved with the operation of the accelerator.
· A mechanical designer will be involved with producing the drawings with the beamline layout.
· An Engineer from the Engineering Division will be involved with the installation of the quadrupoles and their power supplies.
· A Technician from the Engineering Division will be involved with the installation of the control cables for the beamline components.
· The following procurements are expected for the project:
· A fast-close in-line all-metal UHV gate valve to isolate the cryomodule in case of an air leak.
· Three standard quadrupoles, to be fabricated in-house.
· Local shielding for the target region.
· Parts for the sample carousel.
· Ion pump power supply.
· Titanium window assembly.
· Vacuum hardware for the beamline.
· Radiochromic films.
· Machine Shop charges to fabricate components for the sample carousel.
· We would also like to request support for travel within the U.S. to give the opportunity for training at a workshop.
· We expect to already have the availability of the following components:
· Harps and beam viewers
· Ion pumps
· A manual gate valve
The total budget is $105,142 loaded for the second year.
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Task  Q1  Q2  Q3  Q4  Q1  Q2  Q3  Q4  Complete  

Beam dynamics Simulations   for   layout                          90  

Sample holder design                  90  

Dose calculations                  80  

Thermal analysis                90  

Magnet and component manufacture                  50  

EPICS interface for beamline components                10  

Beamline drawings                0  
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Commissioning                 
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