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Abstract

A solenoid-based low-energy beam transport (LEBT)

test stand is under development for the Spallation Neu-

tron Source (SNS). To support commissioning of the test

stand, the parallel VORPAL framework is being used for

3D electrostatic particle-in-cell (PIC) simulations of H-

beam dynamics in the LEBT, including impact ioniza-

tion physics and MHz chopping of the partially-neutralized

H− beam. Here we describe the process of creating a

partially-neutralized beam and examine the effects of a sin-

gle chopping event on the beam’s emittance.

INTRODUCTION

The Spallation Neutron Source at Oak Ridge National

Laboratory produces high-intensity neutron beams for in-

dustrial applications and materials science research. The

SNS contains an electrostatic low-energy beam transport

(LEBT), which couples a 65-keV H− beam into the RFQ

without significantly increasing its emittance. The LEBT

includes a chopper that deflects the beam away from the

RFQ at periodic intervals, which is required for extracting

the beam from an accumulator ring with minimum loss [1].

The proposed power upgrade to the SNS involves in-

creasing the accelerated beam energy by 30%, which en-

tails increasing the beam current at the RFQ entrance. The

increased beam power and current makes the electrostatic

LEBT vulnerable to beam loss and sparking. Since mag-

netic LEBTs lack the sparking problem, are less susceptible

to beam loss, and can transport high-current space-charge

neutral beams, physicists at the SNS have proposed a two-

solenoid magnetic LEBT for the SNS power upgrade [2, 3].

SIMULATION METHOD

The current electrostatic LEBT at the SNS sits between

an H− ion source and a radio-frequency quadrupole (RFQ)

accelerator. Reference [1] documents the specifications of

the proposed solenoid-based LEBT, shown in Fig. 1. It con-

sists of two beam focusing solenoids and chopper for beam

steering and deflection. At the RFQ, ray-tracing simula-

tions of a 65-keV H− beam described in Ref. [1] predicted

a radius and normalized rms emittance are r
rms

= 0.38 mm

and ǫ̃n = 0.3π mm-mrad, respectively.

In the LEBT, the H− beam traverses a region contain-

ing background H2. This is modeled here with the quantity
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nH2
= 3.33 × 1016 m−3. These species interact in two

ways: detachment of an electron from the H−, and ioniza-

tion of the H2. Both result in a free electron. Ref. [4] de-

scribes four other reactions resulting from the initial ioniza-

tion and detachment reactions. All of them have been im-

plemented in VORPAL via its Monte Carlo collision models

and the TXPHYSICS [5] numerical library, which includes

relevant collision cross-section data.

The simulation results presented here begin 32 cm to the

left of the solenoid “S2” in Fig. 1. In our simulations, this

solenoid has a 72-mm radius, 135-mm body length, and

40-mm fringe fields. The gap between the solenoid and

the 40-mm long chopper is 57 mm, and the RFQ begins 10

mm after the chopper and has a 7.5-mm diameter aperture.

A 60 mA H− beam (β = v/c = 0.012) with radius r =

21 mm and angle 10 mrad is emitted from the left side of

the domain. As shown in Fig. 2, the total length of the

simulation domain is 66 cm, which the H− beam crosses in

0.19 µs. The chopper begins at z = 592 mm.

To find the expression for the solenoid magnetic field,

we integrated the magnetic vector potential from a stack of

infinitesimally thin current loops. Partial derivatives of this

expression yielded the on-axis longitudinal magnetic field

Bz(z). With this expression and by solving for the mag-

netic scalar potential in cylindrical coordinates, we derived

the off-axis fields Bz(r, z) and Br(r, z).
The present simulations also account for beam neutral-

ization more accurately. The LEBT simulations in Ref.

[4] approximated such a neutralized H− beam by gradually

loading H+
2 to mimic the rate of H+

2 production via ioniza-

tion of neutral hydrogen and H2. The simulations presented

here load H+
2 only at the start of the simulation, and track

the neutralization of the beam.

BEAM NEUTRALIZATION

To simulate a neutral beam, we determined the ap-

proximate path such a neutralized H− beam would fol-

low through the LEBT by first modeling a low-current

H− beam through the LEBT simulation domain. Like the

space-charge neutral equilibrium we sought to reach, this

beam had close to zero space-charge effects, and hence

would travel a path similar to the equilibrium state. Af-

ter adjusting the solenoid strength to approach the desired

beam radius and emittance mentioned above, we loaded

this beam into the simulation as an initial condition of a

higher-current (60 mA) VORPAL LEBT simulation. At this

stage we added the chopper, as seen in Fig. 2. In future

simulations we will adjust the solenoid strength to move
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Figure 1: A schematic view of the 2-solenoid SNS LEBT.

(Reprinted from Ref. [1].)

Figure 2: Scatter plot of charged particles in 3D VORPAL sim-

ulation of SNS LEBT. (Red: electrons. Green: H−. Blue: H+

2 .)

The chopper causes the trapezoidal regions of low particle density

surrounding the H− beam focus.

the focus closer to the RFQ, per Ref. [1].

Figure 3 shows the neutralization of the H− beam for

this higher current simulation. To accelerate neutralization,

the collision cross-sections are 50× their actual values until

t = 17.1 µs.

Our neutralization metric is α = 1 − |Σρ(t)|

|Σρ
H−

0
|
. The nu-

merator ρ is the net charge density of the H−, H+
2 , and

electrons in the RFQ entrance. The denominator ρH−
0 is

the equilibrium value of the charge density of an unneutral-

ized H− beam in the LEBT; that is, in the absence of other

species. After about 10 µs the beam neutralization stabi-

lizes at α ≈ 0.5. The blue curve shows that the beam is bet-

ter neutralized in first half of the LEBT, where z ≤ 0.33 m.

The emittance of the beam in the RFQ (z ∈ [645 mm,

655 mm]) during this period is shown in Fig. 4. At initial

times less than 5 µs, the normalized rms emittance oscil-

lates about its equilibrium value of ǫ̃n = 0.33.

The Fourier analysis of this signal between times be-

tween 1.5 µs and 5 µs shows a primary oscillation fre-

quency of νc=1.72 MHz. Other notable frequencies exist

at ν1 = νc ± ∆ν and ν2 = νc ± 2∆ν, where ∆ν = 0.14

MHz. The amplitude of each is ≃15% of the νc amplitude.

To explore the origin of the oscillations in the rms emit-

tance, we analyze the relevant plasma and cyclotron fre-

quencies. The plasma frequency is given by ωc = 2πνp =

√

ρq2/(ǫ0m) where ρ is the particle density, q is the charge

of the particle, and m is the particle mass. The cyclotron

frequency is given byωc = 2πνc = |q|B/m where B is the

magnitude of the magnetic field. Figure 5 shows the H+
2

plasma and cyclotron frequencies along the z direction for

different radii. Both ranges of plasma and cyclotron fre-

quencies include the emittance oscillation frequency. Fur-

thermore, these frequencies also include the 1 MHz chop-

ping frequency. Thus, the chopping might activate resonant

behavior in H+
2 which could ultimately affect the chopped

beam performance. The cyclotron frequencies are almost

independent of r presenting deviations smaller than 2% for

r < 2 cm .

EFFECTS OF BEAM CHOPPING

A chopping event consisted of a single 0.1 µs square-

wave pulse with amplitude 2.5 kV. Figure 6 shows the

H− beam emittance after chopping at two longitudinal po-

sitions: between the chopper and RFQ (z ∈ [633 mm, 641

mm], blue [1]), and in the RFQ (z ∈ [645 mm, 655 mm],

red [2]). In each case the transverse computation region

was ±2.65 mm.

Between the chopper and the RFQ, the beam emittance

returns to its pre-chop value at t
[1]
a = 1.2µs after the end

of the chop, with a maximum overshoot of 2.6% relative to

the pre-chop emittance value. In the RFQ, the return time
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Figure 3: Neutralization of H− beam relative to a completely

unneutralized H− in a VORPAL simulation of the SNS solenoid-

based LEBT.
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Figure 4: Normalized rms emittance ǫ̃n of the H− beam at the

RFQ entrance in the VORPAL simulation of the SNS solenoid-

based LEBT.
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Figure 5: Typical distribution of H+

2 plasma [solid curves] and

cyclotron [dashed curve] frequencies at different radii r from the

solenoid axis.
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Figure 6: Normalized rms emittance ǫ̃n of H− beam in the VOR-

PAL simulation of the SNS solenoid-based LEBT. Blue: Com-

puted between chopper and RFQ entrance. Red: Computed in

RFQ.

is t
[2]
a = 0.66 µs, and the overshoot is 4.8%.

Since this SNS LEBT is designed to operate at a ∼1

MHz chopping frequency,[1] these return times and over-

shoot values should be minimal. The difference in the two

curves in Fig. 6 shows the importance of properly focusing

the beam to ensure that its emittance quickly returns to pre-

chop values. Granted, Fig. 6 may overstate this sensitivity,

as the beam waist was located in the chopper rather than at

or in the RFQ. Rather than chopping a converging beam,

the chopper displaced an expanding beam past its waist,

where the beam is expanding due to space-charge forces at

the focus.

FUTURE WORK

Given the misplaced H− beam waist, our next step is to

evaluate the effect of a single chop on an H− beam with a

weaker solenoid magnetic field that moves the beam waist

closer to the RFQ. We also plan to evaluate other param-

eters that influence the SNS LEBT performance such as

the functional form of the solenoidal fields, the background

H2density.

Future plans also includes increasing the accuracy of

the VORPAL simulations. Accuracy improvements include

checking numerical convergence with grid size, accounting

for the effects of spatially varying H2density, finite rise and

fall times for the chopper voltage, and exploring ways to

produce a more neutralized beam.

In addition, given the range of plasma and cyclotron res-

onances in the beam, discussed above, we plan to explore

whether chopping frequencies can provoke instabilities in

the H− beam.
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