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Abstract

Intra-beam stripping (IBSt) is a critical beam-loss mecha-
nism in high-intensity H™ linacs and presents a significant
limitation to increasing beam power. This work presents a
computational framework to evaluate IBSt-induced beam
losses along the Spallation Neutron Source (SNS) linac for
arbitrary bunch distributions. The calculation is based on
evaluating the IBSt loss integral using a probability den-
sity function (PDF) trained on discrete-particle bunch dis-
tributions with normalizing flows. The input distribution
is transformed to scaled normal-form coordinates, which
improves both normalizing-flow training and Monte Carlo
(MC) sampling. The method is benchmarked against sim-
plified analytically solvable Gaussian bunches and then ap-
plied to canonical-angular-momentum-dominated (CAM-
dominated) beam distributions, which contain strong inter-
plane correlations. The results show that the normal-form-
coordinate approach improves MC sampling stability and
enables efficient IBSt loss calculations for correlated beam
distributions.

INTRODUCTION

High-intensity H™ linacs require careful control of beam
loss to support reliable operation and future power upgrades.
At the SNS, IBSt is one mechanism that can contribute to
beam loss when particles within the bunch interact and strip
the weakly bound electron from H™ ions. Accurate predic-
tion of IBSt loss requires knowledge of the six-dimensional
beam phase-space distribution, since the loss rate depends
on both the relative velocity of interacting particles and their
spatial overlap. For realistic or correlated beams, this dis-
tribution is generally not known analytically, making direct
evaluation of the IBSt loss integral challenging.

Previous work developed a Monte Carlo framework for
evaluating IBSt losses using analytic Gaussian distributions
and machine-learned PDFs trained on PyORBIT tracked
phase-space data [1,2]. In this work, we extend that frame-
work by reformulating both normalizing-flow training and
MC sampling in scaled normal-form coordinates. The lab co-
ordinates are transformed to normal-form coordinates, where
they are uncorrelated in the rms sense, and then scaled so
that each of the transformed coordinates has a dimensionless
unit rms spread. This improves the overlap between the sam-
pling distribution and the high-density region of the bunch
PDF.
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To demonstrate the efficiency of the updated algorithm,
we apply it to the challenging case of canonical-angular-
momentum-dominated (CAM-dominated) beams. These
beams contain strong inter-plane correlations, such as x-y’
and y-x’, which may make conventional MC sampling in the
lab frame inefficient. Therefore, they provide a useful test of
the normal-form-coordinate method presented in this paper.

IBST LOSS RATE FORMALISM

We begin with an analytic expression for the IBSt loss
rate specified in the bunch rest frame [3]. In this frame,
the stripping cross section o describing the interaction
probability depends on the magnitude of the relative velocity
u = v; — v, between the two interacting particles. The total
loss rate can be written as
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where f is the phase-space probability density, which is
a function of the six phase-space coordinates. The delta
function accounts for the fact that IBSt occurs locally, so
only particle pairs that overlap at the same position in the
bunch contribute to the loss rate.

We convert beam loss per unit time in the rest frame to
beam loss per unit length along the linac in the lab frame
by means of the following substitutions d#,;, = y dt. and
ds = Pcdtyy, arriving at
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In the results below, we report the normalized particle num-
ber loss rate (1/N)dN /ds as a function of the longitudinal
position s along the linac.

NORMAL-FORM-COORDINATE MONTE
CARLO METHOD

Coordinate Transformation

In the previous implementation [2], Monte Carlo in-
tegration points were sampled directly in the scaled lab-
coordinates. This becomes inefficient if the beam distribu-
tion is stretched, or strongly correlated. In such cases, a
fixed sampling region can include many points where the
beam density is low.

The new calculation uses a sequence of coordinate trans-
formations. The integrand functions in Eq. (1) are expressed
in terms of the rest-frame coordinates. They are first con-
verted to the lab-frame coordinates. We next apply a transfor-
mation to the normal-form coordinates and finally scale them
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so that the resulting distribution has an identity covariance
matrix.
The six-dimensional particle coordinate vector can be
written as
X = (x,x,y,y,28)7, A3)

where § denotes the relative momentum deviation. The lab
coordinates are related to the scaled normal-form coordi-
nates by

X =AU. @

where U denotes the scaled normal-form coordinate vector
used for sampling, while A maps these coordinates back to
the lab frame. U is also scaled using the beam covariance
matrix in the normal-form coordinates, so that the resulting
covariance matrix of U is a unit matrix,

Ty =1 )

Neural Spline Flow (NSF) training and MC integration occur
in this scaled normal-form coordinate space, keeping the
learned PDF and MC sampling consistent. The coordinate
transformations are accounted for in the integral evaluation
using their respective Jacobians.
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Figure 1: Schematic comparison of the sampling strategy.
The blue regions indicate the beam distribution while the
orange dashed circles indicate the sampling region. Panels
(a) and (b) show sampling in the scaled lab-coordinates.
Panels (c¢) and (d) show sampling in scaled normal-form-
coordinates.

Figure 1 illustrates that the sampling efficiency depends
on the coordinate choice despite the same underlying physics.
It is convenient to sample the non-uniform MC evaluation
coordinates using a simple uncorrelated 9D Gaussian distri-
bution. When the 2D beam projections are strongly corre-
lated in the lab coordinates, such as x-x’, y-y’, x-y, etc., they
may not be efficiently covered by the fixed sampling region.
In scaled normal-form coordinates, the same distribution is
placed on an approximately unit scale, improving overlap
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between the sampling region and the high-density part of
the bunch. This reduces low-weight samples and makes the
sampling procedure more efficient.

Treatment of Spatial Delta Function

The spatial delta function in the IBSt integral constrains
the two interacting particles to be at the same position in the
lab frame:

(x1,¥1,21) = (%2,¥2,22)- (6)

After transforming to scaled normal-form coordinates, this
condition cannot be imposed by simply setting certain com-
ponents of U; and U, equal. The equality must still hold
after mapping back to the lab frame.

If A, denotes the three rows of A that map the six scaled
normal-form coordinates to the lab spatial coordinates x, y, z,
then the position vector is

r=A,U. (N
The spatial overlap condition therefore becomes
AU =AU, )

Equation (8) provides three constraints on the phase-space
coordinates of the two particles. In the Monte Carlo imple-
mentation, nine independent scaled normal-form variables
are sampled, while the remaining three variables are deter-
mined from the spatial overlap condition. This treatment
preserves the local nature of the IBSt interaction while allow-
ing the MC sampling to be performed in scaled normal-form
coordinates. This step significantly improves the efficiency
of IBSt loss calculation for a wide class of arbitrary distri-
butions.

CAM-DOMINATED BEAM APPLICATION

We apply the scaled normal-form-coordinate method to
CAM-dominated beam distributions. These beams are a
useful test case because their transverse phase space contains
strong inter-plane correlations, such as x-y” and y-x" [4].
These correlations make the distribution more difficult to
sample efficiently using only scaled lab-coordinates.

For fixed projected beam parameters, the level of the
canonical angular momentum is characterized by the eigen-
emittance ratio

A=22 ©

€1

where €, and €, are the transverse eigenemittances. Smaller
values of A mean that one transverse eigenmode dominates
the distribution. In the limit of A — 0, the beam’s canonical
angular momentum approaches maximum with the distri-
bution consisting of a single circular mode. As A — 1, the
beam approaches a conventional planar transverse distribu-
tion. Therefore, scanning A provides a way to study how
this degree of the bunch’s intrinsic correlation influences the
IBSt loss.

For comparison, we also calculate the IBSt loss rate for a
matched planar waterbag case. The waterbag distribution
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is constructed with the same projected beam parameters as
the CAM-dominated beam, so that the comparison mainly
reflects the effect of internal phase-space correlations rather
than changes in the beam size or projected emittances.

RESULTS AND DISCUSSION
Sampling Efficiency

Figure 2 shows the effect of the coordinate choice on
the loss calculation along the SNS linac. The scaled lab-
coordinate calculation exhibits stronger point-to-point fluc-
tuations, whereas the scaled normal-form calculation gives
a more stable and precise estimate for the same number of
MC samples. This improvement comes from sampling in
coordinates that better follow the correlated structure of the
beam distribution.
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Figure 2: Normalized IBSt loss per unit length rate along
the SNS linac for a CAM-dominated beam at A =0.2. The
red curve is calculated using scaled lab-coordinate sampling,
and the blue curve is calculated using scaled normal-form
coordinate sampling.

The two calculations follow the same overall loss trend,
indicating that the normal-form transformation does not
change the underlying loss model. Instead, it improves
the overlap between the sampling distribution and the high-
density region of the bunch, reducing point-to-point fluctua-
tions compared with lab-coordinate sampling.

Loss Dependence on Eigenemittance Ratio

To study how the correlated beam structure affects the
IBSt loss, we vary the eigenemittance ratio A = €,/€q,
at a fixed linac location using local beam parameters. In
Fig. 3, the red curve shows that the scaled lab-coordinate
sampling gives a noisier estimate of the CAM loss rate. This
is expected because the CAM beam contains stronger inter-
nal correlations, especially when one transverse eigenmode
dominates at small A. In this case, many samples do not fall
in the high-density region of phase space, as illustrated in
Fig. 1. The blue curve shows that calculation using scaled
normal-form coordinates is more robust.
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Figure 3: Normalized IBSt loss as a function of eigenemit-
tance ratio A = ¢,/¢; for CAM-dominated beams, evalu-
ated at a fixed linac location. The red and blue curves com-
pare scaled lab-coordinate sampling and scaled normal-form
coordinate sampling, respectively. The dashed black line
shows the matched waterbag reference, and shaded bands
indicate +1¢ Monte Carlo uncertainty.

The normalized IBSt loss for CAM-dominated beams
increases with A. As the two eigenmode contributions be-
come more comparable, the result approaches the matched
waterbag reference. For smaller A, the CAM-dominated
beams give lower loss than the matched waterbag case.

CONCLUSION

We developed a new algorithm to accurately calculate
IBSt losses for arbitrary bunch distributions. We used an ex-
isting normalizing-flow toolkit to learn the beam PDF from
discrete-particle tracking data. The resulting neural network
was then used in the evaluation of the IBSt loss integral.
The integration was performed in scaled normal-form phase
space to optimize the training and MC sampling. We demon-
strated that the new scaled normal-form method produces a
more stable MC estimate with reduced point-to-point fluctu-
ations compared with direct lab phase-space sampling. As
an additional application, we scanned A and found that the
CAM-dominated beam has substantially lower loss than the
matched waterbag reference. This result suggests that the
rotating, correlated structure can reduce IBSt losses.
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