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Abstract 
We present design of a normal conducting, high effi-

ciency linac that would provide a CW beam of 1 MW elec-
trons at 1 MeV energy for various environmental applica-
tions. When a flowing sheet of wastewater is exposed to 
such a beam, various radiation-induced reactants are gen-
erated that lead to water purification by decomposing the 
chemical and biological pollutants therein. Such a linac 
could treat about 20 million gallons of wastewater per day 
with an ample dose of 1 kGy. Our linac comprises of three 
optimized accelerating rf cavities operating at 476 MHz. A 
compact rf distribution manifold splits the rf power from a 
1-MW klystron in the appropriate ratio and phase for each 
accelerating cavity. The beam capture efficiency is 82% 
and the rf-to-beam efficiency is 94.5%. The total length of 
our accelerator is 2 m, which includes the 30 keV gun, the 
buncher cavity, and the accelerating cavities. In this paper, 
we present the corresponding beam dynamics, the imple-
mentation of rf couplers and feeding manifold, and the 
steady-state thermal analysis.  

INTRODUCTION 
Various studies and pilot scale projects around the world 

have shown the efficacy of electron beam radiation treat-
ment of municipal and industrial wastewater [1-4]. In this 
process, the detoxification of contaminated water is 
achieved by the reaction of biological and chemical pollu-
tants with highly reactive species: hydrated electron, OH 
free radical and H atom, that are generated because of elec-
tron beam induced radiolysis of water [5, 6]. The industrial 
scale adoption of electron beam induced radiation treat-
ment of wastewater requires a reevaluation of the current 
state of the art industrial class of accelerators. It also re-
quires application of modern approaches and technologies 
to improve linac efficiency at high average power and re-
duce the overall cost. Systems with high wall-to-beam ef-
ficiency are of paramount importance as they have poten-
tial to reduce the cost of operation and alleviate the com-
plexities associated with the heat management of linac. 
Special consideration should also be given to minimize the 
capital cost. Recently, we have explored various theoretical 
methodologies and designs for high average power and 
high efficiency normal conducting linacs for industrial ap-
plications [7-9]. 

 

LINAC DESIGN 
Here, we present the physics design of a 2-meter long, 

476 MHz, 1 MW, 1 MeV linac. The conceptual layout is 
shown in Fig. 1 (a). 

 
Figure 1: (a) Layout of the linac showing the DC gun, di-
pole magnet (D), solenoids (S), buncher cavity (C0), and 
the three accelerating cavities (C1, C2, C3). (b) RF power 
distribution manifold vacuum space. (c) One of three vac-
uum windows. (d) Solid model of cavity C3. 

The linac comprises of a buncher cavity and four accel-
erating cavities with optimized shunt impedance. This de-
sign is based on an economical low voltage thermionic DC 
gun [10] already available to us and employs a dipole and 
four solenoid magnets to steer the beam. The gun injects a 
CW electron beam of 30 keV, 1.225 A and the output of the 
linac is a bunched beam of 955 keV, 1.02 A. The output 
electron beam window was outside the scope of this study. 

The rf-to-beam efficiency of the accelerator is 94.5%. 
The rf power lost in the copper walls is 36 kW and beam 
power loss is 18 kW. The mean±rms energy spread of top 
ninety percentile of the bunch at the output is 997±43 keV. 
The total rf power input to any cavity doesn’t exceed 500 
kW. The rf power is supplied through WR2100 waveguide 
by a CW, 476 MHz, 1 MW klystron [11] which is available 
at SLAC. The linac will be housed in a nearby shielded 
room and fed with rf power through a single WR2100 
waveguide. This shielded room has 2-feet-thick concrete 
walls and a 6-inch-thick steel door. It will be equipped with 
Personal Protection System at the time of linac commis-
sioning. Inside the shielded room, the WR2100 rf feed will 
be divided into three feeds for the accelerating cavities. 

 ____________________________________________  
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Figure 2: Simulation results of the 30 kV DC gun with a solenoid and a dipole magnet. The blue lines indicate reference 
trajectories obtained from EGUN simulation while the green lines show reference trajectories as obtained from ASTRA 
simulation. Here, 𝑧𝑧4 is the coordinate along the linac axis. Note that the dipole plane is also rotated. 

Figure 1 (b) shows the design of the rf power distribution 
network that divides the klystron power with appropriate 
magnitude and phase for the three accelerating cavities (see 
the first two rows of Table 1). The distribution network de-
sign includes chokes for matching and phase adjustments. 
In future, we will replace these chokes with cylindrical 
posts. 

To isolate the vacuum of the cavities from the gas-filled 
waveguides, we will employ three vacuum rf windows that 
were used for PEP-II cavities [12, 13]. One such window 
is shown in Fig. 1 (c) where the cavity side 16” × 9” inch 
flange is visible while the WR2100 flange is on the back 
side. These windows are rated for 500 kW, CW rf power 
and can be safely used for all the accelerator cavities in our 
design. Figure 1 (d) shows CAD model of the last of the 
three accelerating cavities with 16” × 9” vacuum flange.  
The buncher cavity will have coaxial coupler and would be 
separately fed by a 500-watt solid state CW amplifier. 

DC Gun Simulation 
The beam simulation results of this gun are shown in 

Fig. 2. The gun axis is tilted at an angle of about 20° with 
respect to the linac axis. This arrangement is done to pro-
tect the cathode from the back scattered electrons. This gun 
is to be operated in space-charge limited regime with a 3-
cm2 cathode and without any grid.  

First, we used Ansys Maxwell [14] to obtain the 3D mag-
netic fields from the solenoid and dipole. Then we ran 2D 
electrostatic simulation using EGUN [15] with cathode at 
1400 K to obtain the particle trajectories shown in blue in 
Fig. 2. For this 2D analysis we ignored the field of the di-
pole magnet as those are negligible in the relevant region. 
The EGUN simulation also showed that this gun could pro-
vide a CW electron beam of 1.225 A at 30 keV. 

Obtaining the particle distribution from the previous 
analysis, we performed the 3D beam dynamics simulation 
using ASTRA [16, 17]  with the magnetic fields of both the 
solenoid and the dipole. This generated the trajectories that 
are shown in green in Fig. 2. From these trajectories, we 
obtain the linac axis as the one on which the mean trans-
verse position and momentum of the particles is zero. 

Buncher and Accelerating Cavities Simulation 
Figure 3 (a) shows a longitudinal-half cross section of 

the linac without the rf couplers. The buncher cavity, and 
the accelerator cavities were optimized in Ansys 
HFSS [18] to maximize shunt impedance assuming the es-
timated beam energy range as given in Table 1. The ampli-
tude of the longitudinal rf electric field inside the cavities 
and the static magnetic field of the solenoids are shown in 
Fig. 3 (b). The phases of the beam-loaded rf fields in the 
cavities, as used in ASTRA, are also shown. A snapshot of 
steady-state particle distribution obtained through this sim-
ulation is shown as particle energy (𝐸𝐸) versus longitudinal 
position (𝑧𝑧) in Fig. 3 (c). The particles are color-coded ac-
cording to the rf-cycle during which they got injected from 
the gun. About 82% of the particles, which constitute 
1.02 A current, get captured and accelerated out of the linac 
at mean energy of 0.955 MeV. 

 
Figure 3: (a) Cross section of the linac. (b) Longitudinal rf 
electric and DC magnetic field amplitudes along the axis. 
(c) A snapshot of energy distribution of the particles at 
steady-state along the linac.  

The transverse and longitudinal phase space plots of the 
electron beam at the output of the linac are shown in Fig. 4. 
Note that the linac beam pipe radius is 3 cm. The 
mean±rms energy spread for all the particles at the output 
is 955±168 keV. The corresponding rms longitudinal 
spread is 6 cm while the rf wavelength is 63 cm. 
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Figure 4: The transverse and longitudinal phase space plots 
of the electron beam at the output of the linac (z = 203 cm).  

Beam Loading Analysis 
We performed detailed beam loading analysis using the 

results obtained from ASTRA beam dynamics simulations 
to calculate beam-induced field and generator-induced 
field for each cavity. These were then used to obtain the 
required rf generator phase (𝜙𝜙𝑔𝑔) and power (𝑃𝑃𝑔𝑔), power 
gained by the beam (𝑃𝑃𝑏𝑏), power lost in the cavity walls (𝑃𝑃𝑐𝑐), 
and the required coupling coefficients (𝛽𝛽) for the cavities. 
Table 1 summarizes these results along with quality factor 
(𝑄𝑄0) and shunt impedance (𝑟𝑟𝑠𝑠) of the cavities. In the last 
row of Table 1 we list the energy (𝐸𝐸) ranges of the particles 
inside each cavity that we used to calculate 𝑟𝑟𝑠𝑠. Given the 
values of the coupling coefficients (𝛽𝛽), we have designed a 
loop coupler (not shown) for the buncher cavity and 
16" × 9" waveguide couplers for the accelerating cavities 
like the one shown in Fig. 1 (d). 

Table 1: Cavity Parameters 
Quantities C0 C1 C2 C3 
𝜙𝜙𝑔𝑔 (°) 2 18 57 152 
𝑃𝑃𝑔𝑔 (kW) 0.43 171 370 450 

𝑃𝑃𝑏𝑏  (kW) 0.41 167 356 432 

𝑃𝑃𝑐𝑐 (kW) 0.02 4 14 18 

𝛽𝛽  22  39.3  26.6  25.1  

𝑄𝑄0  30,420 35,170 38,500 41,890 

𝑟𝑟𝑠𝑠 (MΩ)  4.3 7.8 11.2 12.5 

𝐸𝐸 (keV) 30 30 – 
200 

200 – 
600 

600 – 
1000 

Thermal Analysis 
The DC power requirement of the dipole and solenoid 

magnets is in the range of 10 – 80 W. These magnets will 

be built using square, hollow, copper tubes that would carry 
low conductivity water for cooling. 

For the cavities, besides the rf wall losses mentioned in 
Table 1, we also calculated the power lost by beam hitting 
the cavity walls. The total wall loss density due to both rf 
and beam is shown in Fig. 5 (a). For the buncher cavity, we 
implemented two azimuthal cooling channels of cross sec-
tion 5 mm × 20 mm that can be seen as tiny rectangles in 
Fig. 5 (b). We assume 30°C water flowing into each of 
these channels at a rate of 4 gallons per minute (gpm). For 
the accelerating cavities, we implemented similar cooling 
channels but of cross section 5 mm × 10 mm with 30°C 
water flowing into each channel at a rate of 2 gpm. The 
fluid dynamic estimates give a convective heat coefficient 
of 12 kW/m2/K for both cases. The thermal simulations 
were performed using Ansys Workbench [19] and the re-
sultant steady-state temperature distribution is shown in 
Fig. 5 (b). 

 
Figure 5: (a) Total (rf and beam) wall loss density on the 
accelerator surface. (b) Steady-state temperature distribu-
tion with convective heat transfer coefficient of 
12 kW/m2/K along the cooling pipe surfaces. 

CONCLUSION 
We have presented the physics design for a 1 MW, 

1 MeV electron linac with rf-to-beam efficiency of 94%. 
This includes a summary of the detailed beam dynamics 
studies. The beam loading analysis is done to calculate rf 
power and phase requirements for each cavity and their 
coupling coefficients. The cavity couplers and the rf distri-
bution network is designed accordingly. A steady-state 
thermal analysis is also presented. 

Currently we are performing the particle-in-cell simula-
tions to confirm the beam loading calculations. We are also 
fabricating the last accelerating cavity (C3) and are plan-
ning to test it at high power with the klystron as a demon-
strator for the full linac. 
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