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Abstract
The SNS beam test facility is a model of the SNS front

end (source through medium-energy transport). On-going
work at the BTF focuses on accurate modeling of the beam
distribution to enable the prediction of halo losses (<100
parts per million). This presentation will discuss the latest
progress towards this goal, including recent results after a
reconfiguration of the test beamline. Good agreement within
the 90% beam core is shown for a 30 mA beam at 2.5 MeV.

INTRODUCTION
The aim of research at the SNS Beam Test Facility (BTF)

is to demonstrate accurate modeling of bunch evolution in-
cluding space charge and early halo growth. The project uses
advanced beam phase space measurements developed at the
BTF, including a full-and-direct 6D phase space measure-
ment and a high-dynamic-range 2D phase space measure-
ment capable of more than 6 orders of magnitude in dynamic
range. The scope of the project is to characterize an initial
bunch (1.4 meters downstream of the RFQ) at 2.5 MeV, re-
construct the distribution for simulation, and compare to
measured output at the end of the 2.5 MeV beamline (12
meters downstream of RFQ).

We show the performance of the model at 30 mA RFQ
output. This is below typical beam currents in the SNS linac.
Ongoing efforts to build a benchmark case at 50 mA include
use of a large-aperture ion source capable of higher LEBT
current. This benchmark is limited to “optimal” transport
near the matched solution for the FODO line.

SIMULATION MODEL PARAMETERS
The current best benchmark case uses the PyORBIT

code [1]. This case uses 200,000 macroparticles and a maxi-
mum space charge step of 1 cm to model a 30 mA beam from
the “input” position (1.4 meters downstream of the RFQ) to
the “output” near the beamline end. The model also includes
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a “multi-bunch” field solver, which takes into account the
fact that, due to debunching, the 402.5 MHz bunches start
to overlap in the FODO section of the beamline.

The section of lattice under study contains 10 electromag-
net quadrupoles and 19 permanent magnet quadrupoles in a
FODO arrangement (108 degrees phase advance per cell).
The quadrupole focusing function is drawn in Fig. 1. The
field model consists of soft-edged, pure quadrupole fields
parameterized by magnet geometry.

BENCHMARK CASE AT 30 mA
Reconstruction of the input distribution is done from 3

2D phase space projections, under the assumption 𝑓6𝐷 =

𝑓 (𝑥, 𝑥′) · 𝑓 (𝑦, 𝑦′) · 𝑓 (𝜙, 𝑑𝐸). Transverse phase space mea-
surements 𝑓 (𝑥, 𝑥′) and 𝑓 (𝑦, 𝑦′) used a 2-slit system and
Faraday cup. The dynamic range of this measurement is
limited to 102. The longitudinal phase space 𝑓 (𝜙, 𝑑𝐸) is
done with a dipole, vertical slit and bunch shape monitor, as
well as two vertical slits upstream of the dipole for energy
resolution. At the time of the transverse measurements, the
RFQ transmitted 30 mA and for longitudinal, 32 mA.

The output distributions 𝑓𝑜𝑢𝑡 (𝑥, 𝑥′) and 𝑓𝑜𝑢𝑡 (𝑦, 𝑦′) are
measured using the slits and Faraday cup at the end of the
beamline. No longitudinal measurement is possible at this
location. The output distributions are characterized at 30
mA from the RFQ.

Figure 2 shows the latest result from model/measurement
comparison at the end of the beamline (approximately 9.5
meters downstream of the input). The density contours are
at the 79%, 32%, 10% and 1% levels. The measurement of
input phase space had a relatively low dynamic range of 102,
although the emittance diagnostic is capable of dynamic
range in excess of 106.

The bunch evolution between diagnostic areas is shown
in Fig. 1. This plot includes data points from measured
beam profiles from 1D slit-scans measurements. The rms
calculation includes a threshold at 1% of the peak density.
The rms value is sensitive to the tail distribution, therefore
the discrepancy in rms sizes is consistent with the contour
plots in Fig. 2.

TRANSPORT MATRIX ELEMENTS
Measurement of lattice matrix elements allows an indepen-

dent benchmark of subsections of the BTF lattice. This mea-
surement requires scanning the coordinates of a (𝑥, 𝑥′, 𝑦, 𝑦′)
collimated beamlet and measuring the response with a sen-
sitive luminescent screen.

Table 1 compares the measured matrix elements to sim-
ulated values for the same optics case investigated above.
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Figure 1: Simulation of rms size evolution between first diagnostics area and final beamstop. The square markers show
comparison to measurements made with slit scans using the diagnostics area at the end of the beamline. 𝑠0 indicates the
position of the first slit in the first diagnostics area. 𝑠1 to 𝑠3 are diagnostic screen locations, referenced in Table 1.

(a) Comparison of horizontal phase space (b) Comparison of vertical phase space

Figure 2: Comparison of model to measurement for a 30 mA beam at the location of the second diagnostic stage, after
FODO line.

Matrix elements can be measured between the first slit posi-
tion and 3 screens at the beginning, middle and end of the
FODO section.

This comparison is comparable to the results reported in
Ref. [2], but here simulation uncertainty is included. This
uncertainty stems from the fact that the luminescent screen
used to detect the beam is tilted at 45◦, as drawn in Fig. 3.
As a result, the s-coordinate where the beamlet impinges on
the screen is not well known and will vary during a single
measurement. The uncertainty in the measurement is de-
rived from the covariance matrix of a least squares fit and is
uniformly very low.

PROJECT OUTLOOK

Previous benchmark attempts showed worse agreement [2,
4]. Results pre-2023 included 2 90◦ bends in the 2.5 MeV
beamline. The beamline reconfiguration to remove these

Figure 3: Diagram of FODO viewscreen diagnostic, repro-
duced from Ref. [3].

bends dramatically improved results, although the exact rea-
son is not clear. Contributing factors likely include:

• the 90◦ bend model was not sufficiently realistic (for
example, there were no fringe fields)
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Table 1: Comparison of measured and simulated beam trans-
port matrix elements. Positions 𝑠0 to 𝑠3 are indicated in
Figure 1.

Sim. Meas.
𝑠0 → 𝑠1
M11 -0.35 ± 0.03 -0.26 ± 0.00
M12 -0.05 ± 0.09 -0.41 ± 0.00
M33 -0.63 ± 0.05 -0.66 ± 0.00
M34 -0.79 ± 0.09 -0.84 ± 0.00
𝑠0 → 𝑠2
M11 0.07 ± 0.03 0.05 ± 0.00
M12 -0.76 ± 0.09 -0.97 ± 0.00
M33 -0.26 ± 0.05 -0.32 ± 0.00
M34 -0.76 ± 0.09 -0.70 ± 0.00
𝑠0 → 𝑠3
M11 0.43 ± 0.03 0.28 ± 0.00
M12 -0.91 ± 0.09 -0.96 ± 0.01
M33 0.30 ± 0.05 0.23 ± 0.00
M34 -0.15 ± 0.09 -0.16 ± 0.00

• The combination of large dispersion and large energy
spread likely led to scraping between the bends. Scrap-
ing upstream of the FODO line can lead to significant
and non-intuitive distortion in the output phase space.

• The combination of uncorrected dispersion and large
energy spread caused significant, energy-dependent
distortion of the measured phase spaces

• High transverse divergence of the bunch downstream
of the FODO line increased sensitivity to magnet pa-
rameters. Two additional quadrupoles were recently
added to improve control in this region.

The comparison of modeled/measured transport matrix
elements suggests a discrepancy in the linear quadupole
function, especially in the horizontal plane. However, the
description of the linear focusing strength of the quadrupoles
is sufficient for good agreement in this case, which repre-
sents near-optimal optics for the BTF. The plan of study
includes exploring tail/halo growth with mismatched modes,
which will result in larger local envelope sizes and likely will
require tighter constraints on the quadrupole parameters.

A hypothesis of this project is that a very complete
and accurate description of the initial bunch distribution
𝑓6𝐷 (𝑥, 𝑥′, 𝑦, 𝑦′, 𝜙, 𝑑𝐸) is needed for good simulation re-
sults. A simulation study motivated by 5D and 6D phase
space measurements found low sensitivity to the presence
of observed interplane dependencies [5]. For the BTF ex-
periment, simulations predict that the assumption 𝑓6𝐷 =

𝑓 (𝑥, 𝑥′) · 𝑓 (𝑦, 𝑦′) · 𝑓 (𝑧, 𝑧′) should give good results above
the 0.01% threshold. Therefore, the omission of full-6D
correlation is not likely to be the cause of the discrepancy
reported here.

The good agreement in the core but not the tails shown in
Fig. 2 suggests that nonlinear terms may play a role, either
arising from the magnetic elements, or from space charge.
An earlier study of the nonlinear components of the perma-
nent magnets as designed predicts a small effect [6], but this
same study should be extended to include electromagnet
quadrupoles and design errors.

The data used for this benchmark case had limited dy-
namic range (≤ 102). Recent high dynamic range measure-
ments (106) of the initial bunch at 46 mA transmitted current
show that the tails drop off sharply, and no extended halo is
observed. Future studies will focus on the necessary sensi-
tivity of the input bunch measurements for good predictions,
as well as characterize the halo extent at the end of the beam-
line.

SUMMARY
A recent model/measurement benchmark at the SNS

Beam Test Facility shows good agreement for evolution of
the bunch 90% core from RFQ output to end of the 2.5
MeV test beamline. This benchmark breaks down for the
extended tails of the bunch (1%-10% level), suggesting there
is a nonlinearity that is not accounted for. A measurement
of transport matrix elements suggests that some small cor-
rection to the linear quadrupole fields may also be required.
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