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Abstract 
Project X is proposed as a high intensity proton facility at 
Fermilab to support a world-leading program in neutrino 
and flavor physics over the next several decades. The 
front-end consists of an H- ion source, low-energy beam 
transport (LEBT), and 162.5 MHz CW Radio-Frequency-
Quadrupole (RFQ) accelerator.  The LEBT design, 
currently under study at LBNL, would comprise two 
solenoids, a dipole magnet and a chopper. The LEBT 
chopper is designed to achieve 1 MHz beam chopping of 
a partially neutralized 30 keV, 5 mA H- beam. 
Preliminary simulation studies show that chopping the 
beam before the second solenoid is more efficient in 
terms of chopper bias voltages. However, the space 
charge neutralization will be lost along the beam after the 
chopper and through the second solenoid. A beam 
dynamics study, using WARP 3D (a Particle-in-cell 
simulation code), has been carried out to investigate both 
the time dependence of the partial neutralization in the 
segment after the chopper, as well as the emittance 
growth. Beam emittances have been measured at various 
chopping repetition rates. The experimental results can be 
used to benchmark future transport simulations.   

 

INTRODUCTION 
Project X is a multi-functional high intensity proton 

facility being proposed by Fermilab to support the 
intensity frontier of future high energy physics programs 
in the US [1]. As a critical centrepiece of the technology 
development R&D program toward the success of Project 
X, Project X Injector Experiment (PXIE) is aimed at 
studying, building and validating the concept for the 
Project X front-end, thereby minimizing a primary 
technical risk element within the reference design. The 
PXIE system will have a DC H- ion source (up to 10 mA 
cw H- production), a solenoid-based low energy beam 
transport (LEBT) system, a 162.5-MHz 2.1-MeV CW 
radio-frequency quadruple (RFQ), MEBT with wideband 
choppers and two SC cryomodules to accelerate beam to 
30 MeV.    

Solenoid-based LEBTs do not spark, can withstand 
uncontrolled beam losses, and transport high current, 
space-charge neutralized ion beams [2]. But solenoid-
based LEBTs are typically longer then electrostatic 
LEBTs. When the beam is chopped, e.g. at MHz 
frequencies, the space charge neutralization will be 
partially lost along the chopper, which causes beam 

emittance growth and mismatch into the RFQ and these 
detrimental effects are aggravated for longer LEBTs.. 
Hence, it is crucial to understand the time- dependent 
beam dynamics, in particular beam matching into the 
RFQ after the LEBT chopper where the beam transitions 
from nearly neutralized to un-neutralized.  

WARP 3D is a particle-in-cell code, developed to 
achieve end-to-end 3D self-consistent time-dependent 
simulations of beams [3-5]. The WARP code includes a 
variety of physical models that make it useful for a broad 
range of research in plasma physics and computational 
electrodynamics. It can model acceleration, focusing and 
compression along accelerators, particle loss at walls, 
particle interaction with desorbed gas and electrons, 
neutralization from plasma etc. We used WARP 3D to 
study beam dynamics in the PXIE LEBT and chopper.  

ION SOURCE AND LEBT 

H- Ion Source 
A filament-discharge H- ion source was chosen as the 

PXIE baseline ion source. The ion source has been tested 
and confirmed to deliver 10 mA DC H- beam without 
using any Cs [6]. The normalized rms emittance for the 
10 mA beam was measured to be less than 0.2  mm 
mrad [7]. As the filament is a consumable component in 
the ion source, there is a limited time of operation before 
filament replacement is necessary. The filament lifetimes 
are approximately 350 and 500 hours for 5 mA and 10 
mA operating levels, respectively. A LEBT design with 
two ion sources and a switching magnet has been 
proposed to significantly shorten the beam downtime due 
to ion source service cycles.   

  
 

Figure 1: Schematic drawing of a two-solenoid LEBT 
proposed to PXIE.  

LEBT 
In Figure 1 we show a LEBT beamline (approximately 

1.3 meters long), consisting of a two-solenoid magnetic 
lens system and chopper, which is being evaluated for 
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PXIE. Beam diagnostics such as an online emittance 
scanner, DC current transformer for online beam 
monitoring, and a Faraday cup as a beam stop have been 
proposed to be added along the beamline. A LEBT 
chopper, placed in front of the second solenoid, has been 
designed to achieve a 1 MHz beam chopping rate for a 
partially neutralized 30 keV, 5 mA H- beam.  

LEBT BEAM DYNAMICS 
In contrast to electrostatic lenses, which have been used 

in compact LEBTs [8], magnetic solenoid lenses are 
inherently spark-free but typically longer, so it is more 
important to compensate the space charge of the ion beam 
by particles of the opposite charge, usually created by ion 
impact ionization of the residual gas in the beamline. The 
LEBT chopper will provide up to 1MHz chopper 
capability with rise/fall times of less than 50 nsec. Typical 
space charge re-neutralization times are on the order of 50 
s at background pressure of 10-6 Torr [9], much slower 
than the beam pulse. Partial space charge neutralization 
will be lost along the beam in the chopper and possibly 
through the second solenoid. It is crucial to understand 
the time-dependent beam transport, in particular beam 
matching and emittance growth. 

Particle Interactions with Background Gas 
In the LEBT, energetic H- ions collide with background 

residual H2, creating positive ions and electrons that 
interact further with the H- beam and the background H2. 
The charge state balance resulting from these collisional 
processes, listed as follows, impacts H- beam transport 
[10]. 

H- + H2  H + H2 + e  (detachment),  (1) 
e + H2  H2

+ + e  (ionization),  (2) 
H- + H2  H- + H2

+ + e  (ionization),  (3) 
H- + H  2H + e  (detachment),  (4) 
e + H  H+ + 2e  (ionization),  (5) 
H- + H  H + H-         (charge exchange),  (6) 

Time-Dependent Beam Transport Simulation 
Using WARP 3D 

In order to include particle interactions with the 
background gas, WARP 3D is being further developed to 
model charge exchange, electron detachment, and 
ionization processes that occur during the beam transport. 
Currently, reactions (1)-(3) have been implemented in the 
code, using cross sections obtained from various 
references and databases [11-13].  

Figure 2 shows a snapshot of the particles transported 
through a chopper and a solenoid simulated by WARP 
3D. The white dots represent H-, blue are H2

+, and red are 
electrons. Preliminary results show an emittance increase 
of 20% along the x-axis.  

 

Figure 2: WARP 3D time-dependent simulations of 
chopper beam dynamics in the LEBT. 

 

BENCHMARK EXPERIMENT 
We have measured the emittance of a pulsed H- beam 

for a series of pulsing conditions (pulse lengths and 
repetition rates) in order to benchmark the LEBT chopper 
simulations. As shown in Figure 3, the H- ion beam is 
extracted from the ion source, pulsed by a parallel-plate 
chopper, and focused by a solenoid lens.  In the present 
study, the background pressure was 6×10-6 Torr, and the 
ion beam energy was set to 16 keV.  Simulations predict 
that there is a beam waist located between the solenoid 
and the scanner.  

 

Figure 3: Benchmarking experiment setup. 
 
Figure 4 shows the emittance plots of beams chopped 

with rates from 5 kHz to 1 MHz, where the Pulse 
repetition rates were adjusted so that the duty factor was 
kept constant at 50% for all pulse conditions. As shown in 
Figure 5, the normalized emittance values of a pulsed 
beams vary only very little (+/-10%). However, the Twiss 
parameter alpha increases with increasing beam pulsing 
frequency and approaches zero with increases in the 
repetition rate, indicating that the beam waist moves 
downstream towards the emittance scanner.  
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Figure 4: Emittance plots of 3.5 mA, 16 keV H- beam, 
chopped at 50% duty factor, and repetition rate from CW 
to 1 MHz.  

 

(a) 

(b) 
Figure 5: (a) Normalized rms emittance as a function of 
pulse repetition rate. (b) Twiss parameters of the pulsed 
H- beam as a function of beam pulse width.  
 

 The typical space charge neutralization time is on the 
order of 50 sec [8]. Partial space charge neutralization 
will be lost when the chopper voltage is ON. As the 

repetition rate increases above about 10 kHz, the beam 
pulse width becomes shorter than the space charge 
neutralization time. There is not enough time for the 
space charge compensation to build up again during a 
short beam pulse before the chopper is turned ON again.  
Therefore, under the same focusing force, the beam is 
more divergent and the waist of the beam envelope moves 
downstream.  

 

Figure 6: Emittance plots of 3.5 mA, 16 keV H- beam, 
chopped at 10 kHz (top), 50 kHz (middle), and 200 kHz 
(bottom) from 20% to 80% duty factor. 
 

(a) 

(b) 
Figure 7: (a) Normalized emittance and (b) Twiss 
parameters of the pulsed H- beam as a function of pulse 
duty factor at 10 kHz, 50 kHz, and 200 kHz. 
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Figure 6 lists the emittance plots of beam chopped at 10 

kHz, 50 kHz, and 200 kHz, respectively.  As shown in 
Figure 7, for a given beam repetition rate, the emittance 
increases when the pulse duty factor decreases. As 
discussed above, the Twiss parameter alpha approaches 
zero when the duty factor (beam pulse width) decreases. 
This is less effective at higher and higher repetition rate. 
For different chopping conditions, the LEBT lens 
parameters need to be adjusted to rematch the beam 
entering into RFQ.  

SUMMARY 
Time-dependent WARP 3D simulations of particle 

interactions, such as electron detachment, charge 
exchange, electron impact ionization, and H- ionization in 
a solenoid-based LEBT have been carried out. 
Preliminary simulation results show that the beam 
emittance increases by approximately 20% from the 
chopper to the entrance of the RFQ when the beam is 
pulsed at 1 MHz and 20% duty factor. Emittances of an 
H- beam chopped at various repetition rates and duty 
factors have been measured experimentally. The data can 
be used for benchmarking further simulations in the near 
future.  
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