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A B S T R A C T

The Upgraded Injector Test Facility (UITF) at Jefferson Lab is a continuous-wave superconducting linear
accelerator capable of providing an electron beam with energy up to 10 MeV. A beamline for electron-beam
irradiation has been designed, installed and successfully commissioned at this facility, aimed at the degradation
study of 1,4-dioxane and per- and polyfluoroalkyl substances (PFAS) in wastewater treatment. A solenoid with
a peak axial magnetic field of up to 0.28 T and a set of raster coils were used to obtain a Gaussian beam profile
with a transverse standard deviation of ∼15.0 mm at the target location. Monte-Carlo simulations using FLUKA
were carried out to calculate the total absorbed dose and the dose distribution in the sample volume inside
the target cell. The simulations were benchmarked experimentally by dosimetry mapping using opti-chromic
dosimeters. The results of the irradiation experiments showed a ∼95% reduction of 1,4-dioxane in ultra-pure
water for a dose of 1 kGy, demonstrating the potential of electron-beam irradiation towards addressing growing
challenges in environmental remediation.
. Introduction

Electron beam (EB) irradiation is a material processing method that
as many industrial applications, including environmental remediation
uch as the treatment of flue gases and wastewater [1–5]. In the
ase of EB irradiation of wastewater, the interaction between high
nergy electrons and water molecules produces mainly two reducers
aqueous electron and hydrogen radical) and one oxidant (hydroxyl
adical) [6]. These free radicals initiate further oxidation/reduction
rocesses in the wastewater which can remove many harmful pollu-
ants including toxic chemicals, bacteria, viruses, and pathogens [7].
ecent studies have shown that EB irradiation is a promising method

or reducing common harmful organic compounds such as per- and
olyfluoroalkyl substances (PFAS) [8–13] which are difficult to remove
y conventional treatment methods [14]. 1,4-dioxane [15] is another
biquitous harmful chemical in wastewater for which there is no well-
stablished removal method. Novel, efficient treatment techniques are
n high demand as some of these compounds may soon be subjected
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to regulation by the U.S. Environmental Protection Agency [16]. The
availability of research facilities in the US for electron beam irradiation
studies is very limited, slowing the pace of technical advances towards
developing improved accelerator-based facilities and investigating the
effectiveness of EB irradiation for industrial applications.

The electron accelerators being used for EB irradiation at a few
wastewater treatment facilities worldwide are DC, transformer-type
accelerators [17–20], with a beam energy of up to a few MeV and
a beam power in the tens to hundreds of kW. A higher beam power
at high efficiency and a beam energy up to 10 MeV are desired to
increase the wastewater processing volume, therefore reducing the
treatment cost [21]. A higher beam power also allows increasing the
dose, which could help in reducing or eliminating more recalcitrant
chemicals. Superconducting radiofrequency (SRF) accelerators are sig-
nificantly more efficient than normal-conducting ones and are widely
used in large-scale accelerator facilities for scientific research through-
out the world [22]. Recent advances in more efficient SRF cavities
and cryogenic technologies could enable compact, cost-effective SRF
ttps://doi.org/10.1016/j.nima.2022.167093
eceived 12 March 2022; Received in revised form 3 June 2022; Accepted 24 June
vailable online 3 July 2022
168-9002/© 2022 Published by Elsevier B.V.
2022

https://doi.org/10.1016/j.nima.2022.167093
http://www.elsevier.com/locate/nima
http://www.elsevier.com/locate/nima
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2022.167093&domain=pdf
mailto:xli009@odu.edu
mailto:hbaumgar@odu.edu
mailto:gciovati@jlab.org
https://doi.org/10.1016/j.nima.2022.167093


X. Li, H. Baumgart, C. Bott et al. Nuclear Inst. and Methods in Physics Research, A 1039 (2022) 167093

a
M

i
J
t
a
m
(

s
r
t
b
m
t
s
d
e
t
1
o
o

t
c
c
p

2

c
t
a
v
d
c

s
t
e
i
b

Fig. 1. Schematic layout of the UITF at Jefferson Lab. (BCM -- beam current monitor; Fcup -- Faraday cup.)
ccelerators with significantly higher beam power and energy up to 10
eV [23,24].

The aim of this work is to design, install and commission an EB
rradiation beamline at the Upgraded Injector Test Facility (UITF) at
efferson Lab in order to investigate the effect of EB irradiation on
he removal of 1,4-dioxane and PFAS in wastewater samples, through
collaboration with local universities and the local wastewater treat-
ent utility company. The UITF is a 10 MeV SRF, continuous wave

CW) accelerator, with a beam current of up to ∼1 mA which became
operational at Jefferson Lab in 2020 [25]. Fig. 1 shows a schematic
layout of the UITF. Electrons are produced from a DC high voltage
photo-gun biased at up to 200 kV and driven by laser pulses at 780 nm
with a pulse repetition rate of 748.5 MHz. The electron beam is then
accelerated by a 1497 MHz SRF cryomodule consisting of a 2-cell Nb
cavity that accelerates the electrons to relativistic energy and a 7-cell
Nb cavity that accelerates the beam up to 10 MeV. The cavities are
cooled to ∼2 K by a superfluid He bath inside the cryomodule. The EB
irradiation beamline is ∼5 m long and it is located in a straight beamline
ection downstream of the MeV spectrometer beamline in Fig. 1. The
adiation shielding currently installed around the accelerator adminis-
ratively limits the beam current to 100 nA. The UITF accelerator will
e described in greater detail in a future publication [25]. The two
ajor design constraints considered for the irradiation beamline were a

ransverse beam diameter of ∼50 mm at the target location and a target
ample volume of at least 50 mL. The constraint on the transverse beam
iameter was applied in order to use a commercially available beam
xit window. The constraint on the sample target volume was given by
he minimum volume of water (∼40 mL) required for the analysis of
,4-dioxane concentration. In addition, a beam energy for irradiation
f 8 MeV was chosen as a conservative value, considering the maximum
perating beam energy at UITF.

This article is organized as follows: the beamline design and beam
ransport simulations are described in Section 2; the main beamline
omponents are described in Section 3. The results from the beamline
ommissioning are discussed in Section 4. The dosimetry study is
resented in Section 5 and a summary is given in Section 6.

. Beamline design and beam transportation simulation

Beam transport simulations were carried out using the computer
ode General Particle Tracer (GPT) [26], in order to determine the set-
ings of the solenoid magnets in the keV region and of the quadrupoles
nd defocusing solenoid in the MeV region, resulting in a beam trans-
erse diameter of ∼50 mm at the target location. Given the Gaussian
istribution of the transverse beam profile, a 𝜎 of ∼8.3 mm is required,
orresponding to a 3𝜎 beam radius of about 25 mm.

Starting from the photocathode inside the electron gun, Fig. 2(a)
hows a simulated end-to-end transverse beam envelope that provides
he desired beam size at the sample target. Fig. 2(b) shows the beam
nvelope from the quadrupoles in the MeV region to the target. For the
nitial spatial distribution of the electron beam, the transverse 𝜎 of the
eam was set equal to 1𝜎 of the laser spot size which was measured to
2

Fig. 2. Transverse beam size along the entire UITF beamline (a) and detailed view
along the irradiation beamline (b) simulated with GPT.

be 0.325 mm. The initial electron bunch length was set to be equal to
the laser temporal pulse whose full width at half maximum (FWHM) is
measured to be 50 ps. In the simulation, the electrons were assumed
to be emitted uniformly from the GaAs photocathode surface, and the
initial momentum distribution was set to be uniform. The electron
mean thermal energy was set to 0.04 eV, appropriate for the laser
wavelength of 780 nm [27]. The bunch charge was set to 0.13 fC, which
corresponds to a nominal average beam current of 100 nA at the bunch
repetition rate of 748.5 MHz. The simulated normalized emittance of
the electron beam was 0.09 𝜋 mm mrad, which is of the same order as
results from emittance measurements made near the photo-gun [25].
The simulation also shows that there is no significant change in the
emittance when space charge effects are included.
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Fig. 3. Average total energy along the entire UITF beamline (a) and energy spread of
the electron beam after the SRF cryomodule (b) simulated with GPT. The inset in (a)
shows the total energy through the SRF cryomodule.

In simulation and in practice, the accelerating gradient and phase
of the SRF cavities were set to provide ‘‘on-crest’’ acceleration of the
beam to achieve an average total energy, 𝐸b, of 8 MeV. The simulated
elative energy spread was ∼10−4, of the same order as measured at the
eV spectrometer beamline [25]. The simulated electron beam energy

long the beamline and the energy spread are shown in Fig. 3(a) and
b).

Unlike quadrupole magnets which focus the beam in one plane, the
olenoid magnet in the EB irradiation line provided a simple mean to
et the beam size at the water target in both planes. Located approx-
mately 5 m from the sample target, the solenoid magnet provided

focal point a short distance downstream, such that the beam was
iverging in the following drift space towards the target. The solenoid
agnet provided some flexibility in the beam size at its entrance: as

ong as the beam size at the solenoid was kept below 1.2 mm, solenoid
ettings could be found to sufficiently blow up the beam to the desired
ize at the target. In practice, quadrupole magnet settings that provided
transverse 𝜎 ≃ 0.8 mm at the entrance to the solenoid worked best,

roviding the desired transverse 𝜎 ≃ 8.5 mm at the sample target, with
peak axial magnetic field 𝐵0 ∼ 0.28 T, as shown in Fig. 4(a). The

ransverse scattering plot of the desired electron beam at the sample
arget is shown in Fig. 4(b).

Our study showed that a larger transverse 𝜎 of the electron beam
an improve the dose uniformity within the sample [28]. However, the
esired 0.28 T peak axial magnetic field was close to the maximum
perational value of the solenoid. In order to further increase the beam
3

Fig. 4. (a) Transverse beam size at the sample target as a function of peak axial
magnetic field of the defocusing solenoid and (b) transverse spatial distribution of the
desired beam at the sample target for 𝐵0 = 0.28 T from GPT simulation. The total beam
energy is 8 MeV.

size at the sample target, a set of raster coils were installed downstream
of the solenoid to produce two perpendicular dipole alternating current
(AC) magnetic fields, with one dipole field oriented in the horizontal
plane and the other one oriented in the vertical plane [29,30]. The
raster coils were driven by 2 kHz AC fields and phased to produce a
spiral beam pattern as described in detail in Section 3.2. The raster
coils were not included in the GPT simulation.

3. Beamline components

As shown schematically in Fig. 5, the main components of the
irradiation beamline consist of the beam expanding solenoid and raster
coils mentioned above plus two pairs of steering magnets, two beam
position monitors (BPM), two beam viewer screens, one insertable Fara-
day cup (Fcup), the titanium foil window, the target sample positioning
stage with local lead-brick radiation shielding, and beamline vacuum
pumps (ion and non-evaporable getter). The inner diameter (ID) of the
beam pipe upstream of the orifice is 35 mm and increasing to 63 mm
downstream.

In addition to the items listed above, elements were added to
the accelerator to provide ‘‘machine protection’’ in case of accidental
venting of the beamline, for example due to a failure of the thin
beam exit window. These include a commercial ultra-high vacuum
fast valve system (Part No. 75232-UE44-0003, VAT, Austria), with
associated pressure gauge located near the titanium foil window, and
with the valve positioned as close to the SRF cryomodule as possible.
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Fig. 5. Layout of EB irradiation beamline at the extended, straight section of the UITF. (BPM -- beam position monitor; Fcup -- faraday cup; Ti -- titanium-foil.)
An orifice with 16 mm diameter was also added downstream of the
beam expanding solenoid, near the intended location of a beam waist,
which serves as a conductance limiting device in case of failure of the
beam exit window.

3.1. Beam expanding solenoid

The solenoid has an iron yoke to hold the copper coils and to clamp
the field at the ends. It has an outer diameter (OD) of 27 cm, an ID of
3.4 cm, and a length of 15 cm. The inner coils are made of a hollow
conductor to allow for water cooling. The axial magnetic field was
measured as a function of current to the coils. The measured axial
magnetic field at 100 A is in good agreement with the field map used
for the GPT simulation, as shown in Fig. 6(a). The measured peak axial
magnetic field, 𝐵0, is proportional to the magnitude of the current, 𝐼dc,
s shown in Fig. 6(b), increasing at a rate of 2.33 mT/A. The solenoid
s protected by coil temperature and cooling water flow interlocks.

.2. Raster

A beam raster consisting of two orthogonal dipole magnet coils was
nstalled after the beam expanding solenoid to further increase the
ransverse beam size in order to make a more uniform beam distri-
ution at the sample target. As shown in Fig. 7, the air-core magnet
oils are made of Litz 1650 conductor for operation at frequencies up
o 100 kHz [29]. The inductance of the magnet coil is of the order
00 μH. Each coil is powered by a 1.2 kW amplifier (M600, Bogen
ommunications, LLC, USA) at a frequency of 13 kHz. The output of
ach amplifier is amplitude-modulated (AM) with an external function
enerator at 2 kHz frequency and with a 90◦ phase offset between coils.
wo Pearson current monitors were used as interlocks to protect the
oils during operation. The maximum AC current amplitude to each coil
ircuit was 15 A. The current waveforms applied to the deflection coils
uring one AM period are shown in Fig. 7(a), and the resulting beam
istribution generated downstream of the raster after ten AM periods
s shown in Fig. 7(b).

.3. Beam exit window

A commercial Ti-foil window assembly (Part No. FWFSS-0450, Atlas
echnologies, USA) was chosen for the beam exit window [31,32]. The
oil is made of titanium grade 2 with a thickness 0.127 mm and an ID
4

Fig. 6. Magnetic field at 100 A (a) and axial peak magnetic field as a function of DC
current for the solenoid (b).

of 61.93 mm. Thermal and mechanical analysis of the window were
carried out using the finite-element analysis software, ANSYS [33].
Considering a 1 atm differential pressure, the simulation predicted a
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Fig. 7. Raster magnet excitation and resulting beam distribution: (a) the current
waveforms applied to the raster coils during one AM period, and (b) the spiral beam
pattern generated downstream after 10 AM periods.

maximum deformation of ∼1.3 mm at the center of the foil and a
maximum von Mises stress of 345 MPa, less than the material’s tensile
strength, at the edge of the support ring.

A simulation with the Monte-Carlo software FLUKA [34] predicted
that 6.9 × 10−5 W/nA will be dissipated in the titanium foil for an
electron beam total energy of ∼8 MeV. A simulation was carried out
with ANSYS to calculate the peak temperature of the foil as a function
of beam current and 𝜎 of the beam, assuming conduction through the
Ti foil and natural air convective heat transfer on the outer surface of
the foil. The peak temperature in the titanium foil can also be estimated
using the analytical solution of the heat diffusion equation [35]:

𝑇max =
𝑃loss
2𝜋ℎair ∫

∞

0

𝑘𝑡𝛽 + tanh(𝑘𝑡)𝑘
𝑘𝑡𝛽 + (𝑘𝑡𝛽)2tanh(𝑘𝑡)

𝑒−𝑘
2𝜎2∕2d𝑘 + 𝑇0 (1)

where 𝛽 = 𝑘
𝑡⋅ℎair

= 2.583 × 104, 𝑡 = 0.127 mm is the window thickness,
= 16.4 W/(m K) is the thermal conductivity of Ti, ℎair = 5 W/(m2 K)

s the natural convection coefficient of air, 𝑇0 = 22 ◦C is the ambient
emperature, 𝜎 is the standard deviation of transverse beam size and
loss is the fraction of beam power dissipated in the window.

Fig. 8 shows the peak temperature in the titanium foil for two
ifferent transverse electron beam sizes from ANSYS simulations and
alculated with Eq. (1). The results are consistent between one another
nd show that the peak temperature of the thin titanium foil is much
ess than the melting temperature of Ti. Even for the case of focused
eam at the titanium window, with the smallest possible transverse 𝜎
f 66 μm, the peak temperature rise in the foil would be less than 3 ◦C
5

Fig. 8. Peak temperature of the titanium-foil window as a function of beam current
for 𝐸b = 8 MeV. Two beam sizes were considered: 𝜎 = 9.1 mm and 𝜎 = 0.066 mm
(smallest achievable beam). The solid and dashed lines were obtained using Eq. (1),
the individual data points were obtained from a simulation with ANSYS.

at the beam current of 100 nA, and it decreases with increasing beam
size.

3.4. Irradiation target

A remotely controlled motorized linear translation stage, located
∼6 cm behind the titanium-foil window, was used to move the sample
targets in front of the electron beam. The stage can hold up to five
targets: four positions were used for actual target cells and one position
held an X-ray fluorescent screen used to monitor the electron beam size
and position before and after each EB irradiation (Fig. 5). Opti-chromic
dosimeter rods were taped to the front of the targets to measure
the dose during irradiation. The sample holders are cuboids made of
aluminum with a square front having an edge length of 12.70 cm
and 5.08 cm depth. The water sample resides in a cylindrical volume
(48.5 mm diameter, 33 mm deep) cut in the aluminum block, kept
in place with a stainless steel window, 0.127 mm thick, sealed to
the aluminum block using a cork gasket and an aluminum ring. The
radius of the sample volume was chosen to be equal to the beam
radius to facilitate irradiation of the entire cross section, and the depth
was chosen to be 33 mm, resulting in a volume of ∼60 mL, sufficient
for post-irradiation analysis of the water samples. Fig. 9(a) shows
the geometry of the sample holder and elements used for the FLUKA
simulations.

The electron penetration depth depends on the electron beam en-
ergy [36–38] and Fig. 9(b) shows the dose as a function of depth in
water for different beam energies, calculated with FLUKA. A beam
energy of 8 MeV is a good compromise between avoiding operation
close to the maximum allowed operational beam energy of 10 MeV at
UITF and avoiding delivering too low of a dose at the end of the sample
volume.

Although not presented in detail here, the FLUKA simulations show
that an electron beam with a relative energy spread of less than 10−2

nd a diverging angle of less than 10 mrad provides a dose distribution
omparable to that of a mono-energetic electron beam with no diver-
ence [28]. The relative energy spread at the beam exit of the beamline
s of the order of 5×10−4 and the diverging angle is ∼4 mrad, therefore
he FLUKA simulations discussed in this paper were conducted with a
ono-energetic electron beam with no divergence.
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Fig. 9. Cross-section of the geometry used for the FLUKA simulations (a) and dose
distributions for three different values of total electron energy, normalized to the dose
value at the entrance to the water (b). The dashed line in (b) indicates the depth of
the target cell.

3.5. Other components

Conventional air-core steering magnets were used to steer the elec-
tron beam. Two yttrium aluminum garnet (YAG) beam viewers could
be inserted into the beampipe to determine the beam position, beam
profile and beam size. Non-invasive beam position monitors (BPMs)
could be used to monitor the beam position for beamline commis-
sioning but not during sample irradiation, since the beam current for
sample irradiation was too low to trigger BPMs. Ion pumps and non-
evaporable getter pumps were used to maintain a beamline pressure of
∼10−8 mbar. The beam current was monitored using a resonant cavity
beam current monitor and two insertable Faraday cups, one located
at the exit of the SRF cryomodule, and another near the beam exit
window. A wire scanner [39] upstream of the beam expanding solenoid
was used to measure the beam size and for comparison with the beam
viewers.

4. Beamline commissioning results

Commissioning of the EB irradiation beamline was performed using
low-duty factor ‘‘machine safe’’ beam mode, at a small fraction of
the beam current used for water irradiation. To create this machine-
safe beam mode, the drive laser light delivered to the photo-gun was
chopped using a Pockels cell to create 4 μs macropulses at 60 Hz. The
average beam current in this mode was of the order 1 nA, which was
high enough to illuminate the YAG viewer screens to steer the beam.
The total energy of the beam used during commissioning was ∼8 MeV.
6

Fig. 10. Transverse beam size (1𝜎) along the entire accelerator beamline measured
with viewer screens at fixed locations. Each data point represents the average of four
measurements made days apart. The solid and dashed lines represent the transverse
beam size in the 𝑥- and 𝑦-direction, respectively, as simulated with GPT.

4.1. Beamline envelope measurement

The electron beam size was measured at each viewer screen along
the entire length of the accelerator beamline. There were two kinds
of beam viewers: Chromox and YAG. Both fluoresce when struck by
an electron beam. YAG screens are preferable because they offer more
dynamic range, and the fluorescence quickly extinguishes when the
electron beam is terminated (referred to as ‘‘image persistence’’). The
laser power delivered to the photogun was adjusted to vary the electron
beam current to avoid saturating the camera image from the beam
fluorescence during each beam size measurement. The viewer screen
measurements of beam size agree with measurements made using wire
scanners, within 10%. Possible causes for this discrepancy include
the image persistence mentioned above, the camera image data rate,
and assigning an accurate calibration relationship between the camera
unit pixel count and the true size [40]. Fig. 10 shows the measured
transverse beam size along the accelerator, without beam raster. Each
data point in Fig. 10 represents the average of four measurements,
made days apart but with the same accelerator settings. The relative
uncertainties of the measurements are less than or close to 10%, which
shows an acceptable reproducibility of the beamline setup. The magnets
settings in the keV region had to be adjusted, compared to those used in
the initial simulation with results shown in Fig. 2, in order to obtain a
good agreement with the measurements, as shown in Fig. 10. Operation
of the solenoid with 110 A (0.25 T peak axial magnetic field) resulted
in a transverse beam size (1𝜎) of ∼8 mm in both planes at the last
viewer location, immediately upstream of the beam exit window, in
good agreement with beam transport simulations.

4.2. Beam on the irradiation target

It is important to measure the transverse beam size at the target
position for an accurate calculation of the dose distribution inside
sample. This was realized using an X-ray screen placed in front of the
‘‘dummy’’ target sample holder consisting of a solid Al block. Fig. 11
shows camera images of the fluorescent X-ray screen, providing an
indirect image of the electron beam, with and without the beam raster.
The intensity was more diffused with the raster coils energized, as
expected. The horizontal projection is parallel to the camera capture
plane, and the fitted 𝜎𝑥 was ∼15 mm. The 𝜎 of vertical projection of
the X-ray image, 𝜎𝑦, was also ∼15 mm after correcting for the 70◦ angle
etween the X-ray screen and the camera plane.

Fig. 12 shows that the horizontal beam size increases linearly with
he current amplitude of the horizontal deflection raster coils, which
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Fig. 11. Electron beam images on the X-ray screen at the target location with raster
off (a) and on (b). The beam size 𝜎 shown in the figure is in mm.

Fig. 12. Horizontal beam size on the X-ray screen as a function of the horizontal raster
deflection coil current. Similar results were obtained in the 𝑦-plane using the vertical
raster coils.

is expected since a higher raster coil current increases the diameter of
the pattern in Fig. 7(b). Given the measured 𝜎 ≃ 15 mm of the beam at
the target location, FLUKA simulations show that ∼90% of the electrons
were delivered to the sample cross section.
7

Fig. 13. Dose mapping setup with ten rods in front of the target cell’s stainless steel
window (a) and two rods at 2 cm depth inside the sample volume (b).

5. Dosimetry methodology and 1,4-dioxane sample irradiation

The dose delivered to the sample volume plays an important role in
the assessment of EB treatment efficacy, but it is difficult to measure
directly. Some studies have used calorimetric methods [41,42] while
others have used alanine dosimeters inside or outside the samples [9].
In our case, the temperature rise in the water resulting from the irra-
diation is too small to be measured accurately and alanine dosimeters
require an expensive spin spectrometer instrument for dose readout.
The approach we chose was to combine simulation data for the full
sample volume with dose measurements at specific locations inside and
outside the sample chamber. Opti-chromic dosimeter rods (FWT-70-
40M, Far West Technology Inc., Goleta, GA, USA) were used to measure
a dose of up to 10 kGy at each specific location. The dosimeter rods are
∼5 cm long and 3.8 mm in diameter. Eight rods were taped vertically
and two horizontally at the front of the target cell, with a gap between
the vertical rods in the center to allow full irradiation of two additional
dosimeter rods inside the sample volume. Fig. 13 shows images of the
setup for dose mapping.

FLUKA simulation provides dose rate values at any location of the
elements used in the simulation, as well as the integrated dose rate
over the sample volume. EB irradiation of targets filled with tap water
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Fig. 14. (a) Dose versus irradiation time measured by the vertical dosimeter rod
ocated at 𝑥 = −0.95 cm from the center and (b) comparison of dose rates measured by
he vertical dosimeter rods placed in front of the target window with those calculated
y FLUKA.

ere done for 2 min and 10 min, using the dose mapping setup shown
n Fig. 13. After irradiation, the dosimeter rods were kept in a dark
ontainer for ∼24 h before being read by an opti-chromic dose reader
FWT-200S, Far West Technology Inc., Goleta, GA, USA). They were
valuated again after 72 h and there was no significant change in the
ose values compared to the previous measurement.

Fig. 14(a) shows, as an example, the measured dose as a function
f irradiation duration for the dosimeter rod located at 𝑥 = −0.95 cm.
he dose rate is given by the slope of a weighted least-squares linear
it of the data. Similarly, the dose rates at all other rod positions were
btained. The transverse beam size, the beam center position and a
ose rate scale factor 𝛼 in the FLUKA simulation were considered as
arameters to minimize the sum of the squared errors of the dose rates
t the 12 measured locations. The scale factor accounts for systematic
ncertainties both in the Monte-Carlo simulation, such as those related
o the physics models, transport algorithm and cross section data, as
ell as those related to differences between the model setup and the

eal components [34]. The values of the fit parameters were 𝜎 =
5.3 mm, the beam center position with respect to the center of the
arget was 𝑥c = −3.0 mm, 𝑦c = 1.7 mm and the scale factor was
.30. This small off-center shift of the beam gives an indication of
he accuracy in centering the beam on the target in our setup. The
easured beam energy, 𝐸b = 8 MeV, and beam current, 𝐼b = 108 nA,
ere kept as fixed parameters in the FLUKA simulation.

Following the dose mapping study, four dosimeter rods, two in the
ertical and two in the horizontal direction, at ±1 cm from the target
8

enter, were taped in front of the target window, as shown in the
ample target layout picture in Fig. 5. This helps confirming that the
eam was properly centered during sample irradiation, and verifying
he calculated dose at those locations. A total of 58 samples with
ifferent 1,4-dioxane initial concentrations and water matrices were
rradiated for durations ranging between 0.5− 40 min. A comparison of

the dose rates measured by the four dosimeters with those calculated by
FLUKA, with the beam size and scale factor determined from the dose
mapping study discussed above, resulted in an average beam center
position of 𝑥c = −5±1 mm and 𝑦c = −1±1 mm. An average beam energy
of 8 MeV and an average beam current of 108 nA were measured over
the irradiation of all samples. The total dose, 𝐷, delivered to the sample
was calculated as:

𝐷 = 𝑑𝐷
𝑑𝑡

𝐼b𝑡b (2)

where 𝑡b is the irradiation time and 𝑑𝐷∕𝑑𝑡 = 0.54 kGy/min is the
integrated dose rate over the sample volume calculated by FLUKA with
𝐸b = 8 MeV, 𝐼b = 108 nA, (𝑥c, 𝑦c) = (−5 mm,−1 mm), 𝜎 = 15.3 mm and
𝛼 = 1.3. Fig. 15(a) shows the 2D dose distribution within the water
sample volume calculated with FLUKA, using this set of parameters.
The sample volume fraction as a function of normalized dose fraction is
shown in Fig. 15(b). About 65% of the sample volume receives between
27 − 63% of the peak dose. In addition, the simulation results showed
that ∼54% of the beam power was delivered to the water sample volume
and ∼39% to the sample chamber.

The relative uncertainty of the absorbed dose is between 3.0−5.0%.
It includes the uncertainties in the measurements of time (1 s), beam
current (0.3−1.4%) and the calculated dose rate (∼3%). The uncertainty
in the calculated dose rate includes the uncertainty in the beam center
position (∼1.1%), the root mean square deviation between the dose
rates of the 12 dosimeter rods and those from the simulation (∼1.1%),
and the average uncertainty (∼2.5%) of the experimental dose rates of
the 12 dosimeter rods.

Fig. 16 shows, as an example, the relative concentration of 1,4-
dioxane in ultra-pure water (UPW) as a function of dose, for two initial
concentration values. About 95% of 1,4-dioxane was removed with a
dose of ∼1 kGy for both samples. All of the experimental data on 1,4-
dioxane removal as a function of dose, initial concentration and water
matrix will be discussed in an upcoming publication [43].

6. Summary and outlook

An irradiation beamline at the UITF accelerator at Jefferson Lab
was successfully designed, installed and commissioned. It allows for EB
irradiation of up to five targets on a linear rail with a Gaussian beam
with a transverse beam size (1𝜎) of ∼15 mm at the target position, a
beam energy of up to 10 MeV and a beam current of ∼100 nA. We
achieved the large beam size at the target location mainly by using
a defocusing solenoid, instead of the more traditional rastering of a
small beam. The maximum beam power is currently limited by the
amount of concrete shielding present at the facility, which is planned
to be increased in the near future, allowing higher beam current by a
factor of at least ten. Even though the available beam power is much
less than that of accelerators used for environmental remediation, the
establishment of the beamline described in this article is a significant
accomplishment in two main aspects: (i) it adds to the very limited
number of facilities in the US capable of conducting R&D with EB
radiation and (ii) it provides a proof of feasibility of using an SRF accel-
erator for this kind of applications. Recent advances in SRF accelerator
technologies provide a positive outlook towards realizing efficient, low
cost, high power electron accelerators for industrial applications in the
coming years.

We have also presented a detailed characterization of the dose
distribution achieved by combining FLUKA simulations with dose map-
ping using low-cost dosimeters. We have established a collaboration

with the local wastewater treatment utility company to investigate the
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Fig. 15. 2D dose distribution within the water sample (a) and sample volume fraction
as a function of the dose normalized to the peak value (b) calculated with FLUKA.

Fig. 16. Relative concentration of 1,4-dioxane in ultra-pure water as a function of the
absorbed dose. 𝐶0 and 𝐶 are 1,4-dioxane concentrations in UPW before and after EB
rradiation, respectively. Error bars are the same size or smaller than the symbols. The
olid and dashed lines are a guide to the eye. The concentration detection limit is
.375 μg∕L.

ffect of EB irradiation on 1,4-dioxane, a chemical which is difficult
o remove by conventional methods. Whereas all of the results will be
resented and discussed in details in an upcoming publication, the set
9

of results presented in this article already show the potential of EB
irradiation towards eliminating such chemical with a relatively low
dose. In the near future we plan to continue using the established
beamline to study the effects of EB irradiation on PFAS, an even more
challenging class of man-made chemicals.
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