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ABSTRACT 

 

Near-monoenergetic photon sources offer appealing improvements over broad-band bremsstrahlung sources when applied to 

challenges in nonproliferation efforts. The use of a laser-plasma accelerator offers electrons at the energies needed for multi-

MeV Thomson sources in a compact form factor. Because these electrons have energy up to approximately 0.5 GeV, many 

energetic photons and neutrons are created as they are dumped out of the beam line. This fact creates challenges for performing 

experiments to demonstrate the advantages of such a photon source for nonproliferation applications in the short term, until 

effective methods for decelerating the electrons are developed. To mitigate these background particles for laboratory 

measurements, a system of beam dumps and secondary collimators has been designed. Once background flux is reduced to the 

lowest practical level, it is compared to the expected flux created by the source photon beam on a lead target. This simulation 

mimics a nonproliferation application by predicting measured flux off-axis from an interrogated high-Z object as a surrogate for 

special nuclear material. Background mitigation techniques are also expanded to a mobile interrogation case. These methods 

allow for demonstration of nonproliferation applications of near-monoenergetic photon sources and future deployment in the 

field.  

I. INTRODUCTION 

Near-monoenergetic photon sources (MPSs) inherently improve on many of the source properties of 

broad-band bremsstrahlung sources which lead to problems for nonproliferation applications [1–4]. 

Benefits for applications include increased specificity and reduced dose for radiography of highly 

attenuating materials such as shielded special nuclear material (SNM) and active interrogation to induce 5 

photonuclear reactions [5]. In particular, the use of a laser plasma accelerator (LPA) creates electrons at 

energies needed for multi-MeV Thomson sources in a compact form factor [6]: photons of 1-9 MeV are 

created by scattering a laser beam from electrons accelerated to 200-500 MeV [7–11]. After interacting 

with the photons, the accelerated electrons must be disposed of safely.  

Because the electrons are of energies up to approximately 0.5 GeV for a Thomson source, when they are 10 

bent away from the beamline and dumped into a shield a large number of secondary particles are created 

When these 0.5-GeV electrons are bent away from the beamline and dumped into a shield, a large number 

mailto:cmillera@umich.edu


2 

 

of secondary particles are created[12]. Note that in the longer term, plasma deceleration is being developed 

to substantially reduce the beam dump energy [13]. This technique will be important for applications but 

will not be available for first experiments. The secondary particles pose problems by both obscuring 15 

measured signals from the source photons and by imparting dose to the surrounding areas. Reducing the 

effects of secondary particle background is important for initial laboratory experiments and future 

nonproliferation applications.  

Dose delivery is limited in initial experiments by source capability, but future nonproliferation 

applications will require higher flux and hence more robust shielding for dose control. An LPA based 20 

Thomson scattering MPS is under development at the Lawrence Berkeley National Laboratory, which will 

test concepts for LPA-based MPSs at few-Hz repetition rates, including tests of electron beam deceleration. 

This source will also be used to establish requirements for scaling such a source to the kHz repetition rates 

needed to satisfy application flux requirements. 

In this paper, we report the design of shielding scenarios optimized for the mitigation of electron-induced 25 

background for both upcoming laboratory tests and future kHz-scale application relevant sources. In the 

laboratory setting, a beamstop has been designed with protruding collimators to contain the resulting 

secondary particle flux while allowing for changes in beam direction during experimental optimization. 

Limiting the effect of the electron-induced background will allow for experiments demonstrating the 

benefits of MPSs for nonproliferation applications, including detection of signature neutrons and photons 30 

with PSD capable organic scintillators [14,15]. For future kHz-rate sources intended to address 

applications, a fixed tungsten beamstop with a channel to catch the electrons was designed. In the latter 

case, plasma deceleration has also been considered to represent a realistic potential applications scenario. A 

high performance, compact combination of plasma electron deceleration and shielding will be important to 

allow for safe use of a mobile source for nonproliferation operations in the field. In both cases, an extra 35 

layer of low atomic number neutron shielding was used to reduce the number of photoneutrons emitted.  

II. METHODS 

MCNPX 2.7.0 [16] and MCNP6 1.0 [17] were used for a simulation study of the shielding design. An 8-

MeV photon beam is simulated with a 30% FWHM, which requires electrons accelerated to 500 MeV. This 

energy was chosen because it is close to the maximum anticipated for nonproliferation applications [3], 40 

hence representing a realistic worst-case shielding scenario. This energy also lies at a point in SNM cross 

sections where photonuclear reactions are likely to be induced, and there is a strong transmission contrast 

between SNM and possible shielding materials such as concrete and steel [18–20]. The 8-MeV spectrum is 

shown in Fig. 1, illustrating the advantage in energy concentration over broadband sources. The 500-MeV 

electrons are bent out of the beamline by an electromagnet at an angle of 18° into a beamstop whose design 45 
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was part of this study, while the photons proceed in the forward direction with an opening half-angle of 

1.75 mrad. These parameters are derived from realistic photon source simulations [6]. The electron-induced 

background and signal resulting from the photon beam were simulated separately to limit computational 

requirements. A 20 cm × 10 cm × 5 cm lead brick is placed 7 m downstream from the shielding to act as an 

SNM surrogate for initial possible experiments. This target is a limiting case, as the signal will increase if 50 

SNM is available for later experiments 

 

 

 

 55 

 

 

 

 

III. SOURCES OF ACTIVE BACKGROUND 60 

The high-energy electrons resulting from the accelerator source release energy in the form of photons 

as they are slowed down or their direction is altered [21]. The electron beam is affected by laboratory 

components in several different areas resulting in these energy releases.  

The most significant laboratory component contributor to background is the heavy metal beamstop 

which limits the range of the electrons in the lab space. The electrons release their energy through 65 

bremsstrahlung which abruptly slows down the particles, and causes a release of photons up to the initial 

energy of the electrons [22]. Because the beamstop is constructed of a high atomic number material, the 

cross sections for this reaction are high. With electrons of this energy, the emission of bremsstrahlung 

photons is somewhat forward directed with respect to the electron beam direction, but photons are still 

emitted in all directions [22]. 70 

 A second bremsstrahlung interaction that produces secondary photons occurs where the electrons pass 

through the vacuum window of the accelerator system. This interaction point is a less significant 

contributor than the secondary photon flux created in the beamstop because the window material is very 

thin and of lower atomic number than the beamstop. This fact reduces the probability for photon 

production, but it still considered in the shielding design.  75 

 Low-energy photons are also produced in the form of synchrotron radiation [23] where the electrons 

are accelerated, and again where an electromagnet bends the electrons out of the beam path. The electron 

bend is shown in Fig. 2. These photons are produced due to the transverse acceleration, rather than 

Fig. 1 Simulated 8 MeV MPS energy spectra compared to 

bremsstrahlung energy spectrum 
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bremsstrahlung. However, these 0.2 keV  – 5keV [24,25] average energy photons are shielded by the 

vacuum enclosure and can therefore be neglected when designing shielding. 80 

 The photons in the active background also produce neutrons through photonuclear interactions. These 

photoneutrons are predominantly created in the beamstop and subsequent photon shielding because high 

energy photons efficiently produce photoneutrons in high atomic number materials. These photoneutrons 

must be considered in the shielding design, which introduces the challenge that photons and neutrons 

must be shielded with very different materials. 85 

 All of these effects are common to both the laboratory demonstration and mobile design for 

nonproliferation applications. Because the mobile design will allow for source design optimization to 

minimize the effects of the vacuum window radiation production only the dominant effect of the main 

electron beam disposal is analyzed for that case. 

 90 
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IV. SHIELDING DESIGN DEVELOPMENT 

Shielding has been designed to allow for safe operation and reliable results for both laboratory 

demonstration experiments and a future higher repetition rate mobile system. The demonstration system is 

being implemented at Lawrence Berkeley National Laboratory, while the mobile design is dependent on 

further source development and the results from the demonstration system. 105 

 

A. Laboratory Design 

 

To allow for experiments in the laboratory containing the MPS target area, we must develop shielding not 

only for personnel protection but also to allow for efficient detection of radiation signatures induced in a 110 

Fig. 2 Electron flux showing electrons bent out of the beamline 

by the 1.25 T electromagnet 
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target. This design is challenging, especially with respect to experimental background mitigation, due to 

space constraints and previously discussed sources of active background. 

A concrete wall was initially designed as a beam dump to be sufficient for personnel protection. To 

further mitigate background for nonproliferation experiments, we implement a 20 cm thick wall of lead 

bricks proceeding and structurally supported by this concrete. Bremsstrahlung photons up to the electron 115 

energy are produced in this lead. These high energy photons are then capable of creating neutrons through 

photonuclear reactions. Through simulating a flux map of the laboratory, the particles in the electron 

interaction location were shown to be emitted in all directions, resulting in a high scattered flux throughout 

the room. The 20 cm lead thickness was chosen to effectively limit through-wall flux, where particles 

emitted from the electron interaction point on the beamstop become dominant.  120 

To address photons emitted from the electron interaction point, a fin collimator is used (shown in Fig. 3).  

While a bored tube collimator would shield most effectively, it would not allow for variation of beam 

energy and the resulting change in bend angle. The design of the fins was iterated along with thickness of 

the lead wall until the limiting factor became the photons exiting back through the fin aperture, which 

cannot be shielded while allowing for experimental flexibility.  125 

The fins must be about 5 cm wide to fit the full beam width, and can only be 38 cm long due to other 

beam components. The optimal fin configuration was determined to be 5 cm of lead, with a 5 cm thick 

lining of polyethylene both around the lead fins and the lead beamstop. Increasing the thickness of lead or 

PE has minimal effects when compared to overall scatter in the room. Using borated poly reduces the 

neutron flux by about 12%, but it greatly increases cost. Using a coating of a lower atomic number material 130 

than lead for the beamstop was also examined, but was shown to be ineffective for electrons of such high 

energy. Using this design, the fins reduce flux in the laboratory to the point where background from 

photons leaving the fin aperture and scattering around the laboratory dominates, and any increase in fin 

shielding thickness has minimal effect.   

With this design, the flux maps of secondary photons and neutrons resulting from the dumped electrons 135 

are shown in Fig. 4 (a) and Fig. 4 (b). There is a large flux of photons created where the electrons interact 

with the lead, but these photons are shielded in the forward direction by the lead and concrete and in the 

reverse are effectively collimated by the fins.   
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While the neutrons are not effectively shielded by high-Z material, and easily penetrate the lead portion 

of the beamstop, shielding is provided by the PE layer. There are also fewer neutrons than photons initially 165 

emitted. For both particle types, the fins reduce the probability of scattering into the proposed detection 

area on the right side of the lab, (near 650 cm horizontally and 50 cm vertically in Fig. 4).  

A comparison of the secondary particle flux on the plane of the target in the room with and without the 

additional fins is shown in Fig. 5. With the fins installed on the beamstop, the secondary photon flux is 

much more contained to the vertical plane of the electron beam. The probability of these photons scattering 170 

into the experimental area is greatly reduced compared to the case with no fins.  

Fig. 3. LBNL MPS beamstop design. Concrete 

backed lead wall, with polyethylene (PE) lining. 

1 m  

Fig. 4. Particle flux in accelerator laboratory space at the horizontal plane where the electrons impact the lead shielding for 

(a) photons and (b) neutrons. Effects of electron interaction with the vacuum window are included 

(b) (a) 
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To demonstrate the relationship between this electron-induced background and the signal induced by the 

source, the photon beam was simulated incident on the lead brick target. As shown in Fig. 6 the photon 

beam anticipated from upcoming experiments [6] is highly collimated, with most of the induced photons 185 

resulting from interactions in the target. In the photon beam, the photon beam flux is much higher than that 

from electron induced background, which will provide good signal-to-noise for detectors assessing MPS 

performance.  

B. Mobile Design 

 190 

A mobile beamstop has been designed for potential future in-the-field nonproliferation measurements.  

Such measurements will require multi-kHz operation, three or more orders of magnitude greater than the 

laboratory setup described above. This source strength would require a very large beam dump mass (on the 

order of 50 metric tons of tungsten) if the full electron energy were incident on the beam dump. This very 

large mass requirement makes clear the need to use the plasma to decelerate the electron beam after photon 195 

production [6]. Here, the beamstop required for such a source, accounting for active plasma beam dump 

electron deceleration, has been evaluated. The active plasma beam dump has been simulated to allow for 

90% of electrons to be decelerated to <10% initial energy [13]. This deceleration of the electrons to be 

(a) (b) 

Fig. 5. Electron-induced photon flux in accelerator laboratory space at the horizontal plane of the photon target (a) without shielding fins 
and (b) with fins. Vacuum window effects are not included in this case 

Fig. 6. Photon flux due to the MPS photon beam incident on the SNM 
surrogate. The beam is very tightly focused, contributing few photons to 

the environment until collision with the target. Point detectors shown as 

red dots with 45° and 0° off page 
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dumped allows for a large reduction in beamstop size. We have assumed that the system will have the 

ability to trip in the case of a plasma deceleration failure. The short pulse, high repetition rate nature of the 200 

source means that one full energy pulse contributes very little increase to the overall dose rate. Therefore 

this trip-on-failure assumption eliminates the need to consider additional shielding for full energy electrons 

at high repetition rate in the case of a failure.  

The tested mobile scenario is motivated by cargo screening, cask scanning, and other applications where 

previous work [3] has demonstrated the need for a source producing 10
12

 photons per second for timely 205 

operation. This requirement can be achieved with a source producing 10
8
 photons per pulse with a 10 kHz 

repetition rate, which is in the range of future source development. This Thomson source is assumed to 

have a 10% electron to photon conversion rate, so 10
13

 electrons must be dumped into the beamstop. 

We designed the beamstop to be as compact as possible, while limiting dose rates to less than 

occupational limits of 2 mrem per hour [26]. The simulated beamstop is a 1.2 m Ø × 1.2 m tungsten 210 

cylinder with a 5.08 cm Ø × 70 cm bore for the electrons to enter. Tungsten was chosen as the beamstop 

material because it offers an optimum combination of density and atomic number for photon attenuation 

among widely available materials. The tungsten cylinder is coated with ten cm of borated polyethylene for 

neutron shielding. 

This compact beamdump design has been simulated to show that the electrons resulting from a high-flux 215 

MPS can disposed of in a manner that allows for safe field operation. Future source development to 

increase photon production efficiency and improve deceleration [6] may further reduce the size simulated 

here. 

V. SHIELDING PERFORMANCE 

For a full picture of signal to background effects throughout the room, detectors were simulated 2.6 m 220 

from the target, at various angles with respect to the beam direction on the horizontal plane of the photon 

beam. These detector locations are represented in Fig. 6. The resulting flux values, assuming 10
8 

photons 

per MPS pulse, are shown in Table 1. The signal photon flux is greater than the flux of secondary photons 

created by dumped electrons. Due to the spatial and energy concentration of the MPS beam, even the on 

axis signal transmitted through the 20 cm thick lead target shown in Fig. 6 is more than fifty times the 225 

background level, indicating the ability to assess performance for thick targets. Note that these calculations 

do not include the effects of electron deceleration in the plasma structure, which is expected to further 

increase signal to background levels. The particle flux off axis is of a similar order to the electron-induced 

background which will be further mitigated with local detector shielding and pulse vetoing as appropriate 

during experiments.  230 
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The previously discussed mobile beamdump design has been simulated to show that 500-MeV electrons 

decelerated by ~90%, as in [13], yield photon dose rates less than a conservative limit of 1 mrem/hr on the 

surface of the beamdump aside from the bore location, as shown in Fig. 7. The high radiation area created 240 

by the bore will either be additionally shielded by a backstop of similar thickness or access will be 

restricted to that area. Using current design parameters for sources under development this design provides 

a concept that allows for a high-flux kHz-class MPS to be operated in the field safely with compact 

shielding. Greater deceleration is possible [8] and will allow for further reduction in mass. 

 245 
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VI. CONCLUSIONS 255 

Shielding has been designed to allow safe and effective use of MPSs both in laboratory based 

experiments for capability demonstrations, and a mobile scenario with nonproliferation applications. These 

designs consider the unique active background created by an MPS, and offer solutions mitigate it. The 

effects of advanced plasma deceleration are also characterized in a nonproliferation context.  

In the laboratory setting a beamstop and radiation containment system was designed so that the photon 260 

flux resulting from the source signal is greater than the electron-induced background flux. The signal 

through a thick lead target is also many orders of magnitude greater than the active background. However, 

the neutron active background flux is greater than the induced signal. This laboratory shielding design has 

Table 1. Particle flux at different locations through laboratory, resulting 

from electron induced background and photon beam 

Fig. 7. Photon dose (left) and neutron dose (right) with 1.2 m diameter cylindrical mobile beamstop, 2 in. bore. Tungsten 
cylinder in red shaded area with BPE coating in blue 

(a) (b) 
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eliminated the unwanted background as much as is practical, and with minimal neutron shielding for the 

detectors it will therefore be possible to detect photonuclear signals from small amounts of high-Z material.  265 

The simulated mobile design has shown a compact shielding configuration that will allow for safe 

operation of an MPS in the field with a photon flux suitable for many nonproliferation applications. Plasma 

deceleration is important for this system to achieve the necessary flux, and further advances in that 

technology will lead to greater decreases in beamstop mass.  

This work will allow for the experimental demonstration of advantages an MPS can offer over 270 

traditional interrogation sources in nonproliferation. With the successful demonstration of these advantages, 

the mobile beamdump design described here will allow for field operation of an MPS source tailored for 

specific nuclear nonproliferation applications.   
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Active interrogation; Monoenergetic photon source; Laser plasma accelerator; Photonuclear; 275 
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