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Single-shot, transverse self-wakefield reconstruction from screen images
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A single-shot method to reconstruct the transverse self-wakefields acting on a beam, based only on
screen images, is introduced. By employing numerical optimization with certain approximations, a
relatively high-dimensional parameter space is efficiently explored to determine the multipole components
of the transverse-wakefield topology up to desired order. The reconstruction technique complements
simulations, which are able to directly describe the wakefield composition based on experimental
conditions. The technique is applied to representative simulation results as a benchmark, and also to
experimental data on wakefield observations driven in dielectric-lined structures.
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I. INTRODUCTION

Electromagnetic wakefields generated by relativistic par-
ticle beams propagating in slow-wave structures or near
resistive boundaries are an important consideration in many
aspects of accelerator and beam physics research. The
transverse components of self-generated wakefields that
act back on the beam may be desirable and intentionally
excited, e.g., as passive streakers for beam diagnostics [1] or
in emerging wakefield-based focusing schemes [2,3].
However, transverse self-wakefields may also lead to emit-
tance growth and possibly seed a beam-breakup instability
[4,5]. Detailed information about the wakefields and the
subsequent beam dynamics are thus critical for accelerator
design and, in particular, advanced acceleration concepts
based on wakefields in plasma or structures. Due to the
spatial and temporal scales involved, as well as the relativistic
nature of the beam and its induced fields, it is challenging to
directly interrogate self-wakefields in situ. Nevertheless, it is
possible to ascertain properties of the electromagnetic wake-
fields based on the measured frequency content of the
outcoupled radiation [5,6], or by comparing experimental
measurements of beam properties to simulations. However, a
method to directly determine the detailed characteristics of
wakefields themselves is much more desirable. In a plasma
wakefield accelerator, it may be possible to directly image the
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plasma wave and thus infer information about the wakefields
either optically [7-11] or using a secondary electron beam
[12]. Such nondestructive approaches are not applicable to
wake interactions which occur in vacuum structures within
material enclosures (e.g., wakefields from dielectric lined or
corrugated metallic structures). Other wakefield-based tech-
niques have been proposed which may be more appropriate
for in-vacuum interactions, including using tailored probe
beams [13]. In this paper, we introduce a new technique for
investigating the transverse self-wakefields without requir-
ing any additional experimental infrastructure, by measuring,
on a standard screen, the two-dimensional transverse pro-
jections [in the (x,y) plane] of the beam undergoing trans-
verse self-wake interactions.

In order to develop a foundation for the reconstruc-
tion approach, we revisit the formalism of wakefield
descriptions using a standard multipole decomposition. It
is possible to describe the transverse wakefields, W,
expressed in terms of the net transverse momentum kick,
at each longitudinal position along the beam with a poten-
tial-based formalism [14]:

A+iV =Y (a,+ib,)(x+iy)",

n=1

oV 0A
W=—-q—,—>. 1
{ax ax} (n)
This yields transverse wakefields of the form
oV 0A
W=—-—,—
{ Ox 0x}

= {=b, =2a,y — 2byx — 6azxy + 3b3(=x> +y*) +---,
—ay —2ayx + 2byy + 3a3(—x* + y?) + 6bsyxy + - - -},

(2)
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where a, and b, are the nth-order skew and normal
multipole coefficients, respectively. By confining the
reconstruction to low order multipole moments (an
approximation that is quantified and justified below) it is
possible to infer the self-wakefields by examining the
change that they cause in the transverse distribution of a
beam imaged on a screen.

Furthermore, in this work we utilize a thin-lens approxi-
mation, i.e., that the beam spatial distribution does not
change significantly over the length of the wakefield
interaction itself, and thus only the integrated kick from
the interaction (in the instantaneous approximation) is
reconstructed.

We will also assume that the transverse wakefield at
every longitudinal position along the beam (denoted
simply as z, with beamline distances indicated by s) is
proportional up to a multiplicative constant, x(z), which
is a normalizing factor determined from the data. The
approximation holds provided that the bunch length is
short compared to the wavelength of all modes which
appreciably contribute to the overall wakefield and will
be further justified below. In this limit, each mode’s
convolution with the beam, over the duration of the
beam, is well approximated as a curve which is mono-
tonically increasing toward the tail of the beam. Though
each of these contributions will have different slopes
depending on their wave number, since they all start at
zero (by construction) their ratios will be constant,
justifying this approximation.

With-structure
screen image

In this paper, we first describe the mathematical algo-
rithm to reconstruct transverse self-wakefields. We then use
the algorithm to reconstruct wakefields using simulation
results as a benchmark. The technique is then extended to
experimental data from a recent dielectric wakefield study
conducted at the Argonne Wakefield Accelerator (AWA)
facility. Finally, we discuss the range of applicability for the
reconstruction and some simple ways to extend the tech-
nique’s fidelity.

II. TRANSVERSE WAKEFIELD
RECONSTRUCTION

The goal of the reconstruction method (Fig. 1) is to fully
describe the transverse self-wakefields affecting the beam.
The input for the technique is two images, taken on the
same screen downstream of the wakefield interaction point:
one with the structure in place, and one without. Herein,
“structure” is used generically and can refer to either a
plasma, dielectric-lined waveguide, corrugated waveguide,
or any other wakefield-generating element that acts back on
the beam. The screen images are used as probability density
functions (PDF) which are sampled to create two popula-
tions of n, (x,y) macroparticles. A 2D grid of bins is
defined which is large enough to cover both beam dis-
tributions, with a bin spacing small enough to resolve the
beams’ structures. The wakefield-affected (i.e., “with-
structure”) macroparticles are binned, yielding bin-wise
counts B; ;. The without-structure macroparticles are then

Binwise errors

Particles

screen image

—

(z,y) + (Tc, ye) + KW L/p.

Particle
transform

v

Parameter
vector

Binned test *
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FIG. 1.
size has been exaggerated for clarity.

Schematic overview of the algorithm for the single-shot reconstruction of transverse beam wakes from screen images. The bin
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transformed according to (x,y)+ (x.,y.) + «WL/p,
where (x.,y,) are corrections for beam drift between the
without-structure and with-structure shots (omitted for
simulations where this effect is not present), x is the
wakefield amplitude scale factor, sampled independently
from the PDF of the random variable KC, L is the effective
drift length from the structure to the screen, and p, is the
mean longitudinal momentum of the beam. The trans-
formed macroparticles are binned, yielding B,»,J-. We define
the overall error as the sum of the absolute errors for all the
bins, divided by twice the number of macroparticles to
avoid double counting:

|Bij = Bi,|
Efit = Z#’ 3)
i.j

which ranges from zero to one. A numerical optimizer is
employed to minimize this error term by finding the best
parameter vector {x.,v.,K,Ks,...,a1, by, a5, by, ...}
where K, IC,, ... parameterize K, with multipole coeffi-
cients a;, b; up to the selected order. The technique is
visually summarized in Fig. 1.

The random variable C results from weighting the
probability of the wakefield strength at a longitudinal
position, k(z), by the current at that position, 1(z).
Depending on the available information and the expected
complexity, different definitions for the PDF may be used.
For the simulated cases below, the values of x(z) and /(z)
can be found directly and used to construct the PDF. For
experiments for which there are trusted simulations, this
approach may also be used. However, it is also possible to
use less prior knowledge. Shown is an example of a
convenient and versatile PDF, used by several reconstruc-
tions below, with one optimizer parameter, /C;:

(1 + IC])K'KI

0 otherwise

O0<k<l1

e = { (4)

If this does not give convergent results, it is possible to
define the distribution based on other assumptions or with a
greater number of free parameters.

Several methods were attempted for optimization in this
relatively high dimensional parameter space. Derivative-
based optimizers encountered difficulties due to the dis-
continuous and noisy nature of the data, resulting from
binning discrete particles. Bayesian optimization methods
performed better, but the comparatively high computational
overhead of this technique made it suboptimal. The best
performance was found using a derivative-free [15] global
optimization, in particular, differential evolution. This
approach is not guaranteed to arrive at the complete
wakefields, but since the relevant wakefields are often
dominated by a few, low degree multipole components, it
serves as an efficient and effective approximation.

Alternative options may include, instead of binning the
particles to discrete bins, using a differentiable optimization
based on kernel density estimation [16].

III. BENCHMARKING TO SIMULATION

A variety of dielectric wakefield scenarios were simu-
lated using the finite-difference time-domain (FDTD)
particle-in-cell (PIC) code wWARP [17] (summarized in the
Appendix, in Table I). These scenarios are inspired by
recent experimental work which investigated wakefields
arising from a variety of beam distributions, including those
containing skew components.

In the first scenario chosen, a beam with a charge of
1.95 nC, bunch size o, =1.76 mm, o, =0.23 mm,
o, = 0.64 mm, and a tilt of 2.2° (see Fig. 2) was propagated
past an alumina slab (¢, = 9.9) 5 mm thick and 150 mm
long, coated on the side opposite the beam with a layer of
metal. The beam centroid was 0.91 mm below the surface
of the dielectric. This simulation is most similar to the
recent wakefield experiment performed at AWA [18] with
the exception that the simulated beam energy was
500 MeV. This permitted us to freeze the motion of the
beam during the interaction to ensure the validity of the thin
lens assumption. The transverse momentum of each par-
ticle was recorded before and after the simulated interaction
and used to construct an interpolated function for the
transverse wakefield W, (x, y, z), taken to be the ground
truth in the analysis.

Wim(x, v, z) is then sampled at a number of z slices,
spaced with Az < o,. These fields were fit with the best
Woess by finding the vector cgice = {ay.by.az.bs, ...,
a,,b,} which minimizes

<|Wsim (-xk1 Vi Zslice) - Wguess (xkv yk) |>95%’ (5)

where k counts along the simulation macroparticles and
()9sq 1s a truncated mean which excludes 5% of the
population with the worst errors to prevent stray particles
from unduly affecting the result. In this case, coefficients up
to n = 6 (dodecapole) were used. Using these fit coeffi-
cients for each slice and then linearly interpolating between
the slices yields Wjicewise- AS @ confirmation that a high
enough multipole order was appropriate for the fit, the
slicewise coefficients are compared back to the ground
truth wakefield:

Eslicewise —

<|Wsim(xkv Yies Zk) - Wslicewise(xk» Vi Zk) |>95%
<|Wsim(xk7 Vi Zk) |>95%

(6)

Equation (6) yields a relative error of 1.5% indicating that,
for this case, n = 6 is sufficient to describe the transverse
wakefields. €gicewise Will improve monotonically with
greater n but with diminishing returns.
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FIG. 2. Figures relating to the 500 MeV, top slab, with
PDF WARP simulation and reconstruction (see Table I) (a) Trans-
verse distribution of without-structure beam. (Plot range is
constant for all subfigures. Charge density (arb. units) color
scale bar is constant between distributions). (b) Reconstructed
wakefields, W,,,. White region contains 90% of beam charge.
(c) Implied with-structure beam distribution by W . (d) Ground
truth wakefields, Wagg. (e) Ground truth with-structure beam
distribution.

In order to find the aggregate multipole coefficients,
Cq0, Calculate the average of all the ¢, vectors, weighted
by the current at that longitudinal position, I(Zg;c.)

Cagg = Zl(zslice)cslice/Zl(zslice)' (7)

slices slices

These coefficients, via Eq. (1), yield the aggregate wake-
field W,,.

As previously discussed, we assume that the fields at
every slice are equal to the aggregate wakefield, including
a multiplicative constant: ¢gjce & k(2)€,q,. The approxima-
tion is valid if the wavelengths of modes which produce
relevant multipoles are long relative to o,, which is
reasonable for the scenarios under consideration. In
Fig. 3, the normalized, slicewise coefficients for the first
three multipole moments are shown as a function of z.
Since the lines for the dipole, quadrupole, and sextupole
orders are approximately the same shape within the area
of most of the beam charge, this is evidence that appro-
ximating the fields as constant, up to a z-dependent
multiplicative factor, is reasonable. x(z) is calculated by
finding the value which minimizes the difference between
K(Zslicewise)Wagg and Wslicewise at each Zslice and linearly
interpolating between these values.

As a final check of both sufficient multipole order and
the Cgjice X K(2)€,gy assumption, k(z)¢,q, is compared to the
ground truth at all the macroparticle positions:

. (W gim (x> Yies 26) = K(20) Wage (X Y g5 (8)
e (W gim (X Yi» 20) 05

Equation (8) yields an overall relative error of 2.3%. Note
that €gjcewise (1.5% in this case) will set a lower bound on

— Dipole

Quadrupole

Sextupole

— Current [arb. units]

Normalized multipole contribution

0.0
Z [mm]

FIG. 3. At each longitudinal position along the beam, a
multipole decomposition is performed. The values of
\/a? + b? are shown, after being normalized. Also shown is
the current profile of the beam, with the white region near the
center corresponding to 90% of the beam charge.
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o Exact PDF
= Best fit PDF

Probability density [arb. units]

|

0. 0.25 0.5 0.75 1. 1.25
Multiplicative factor,

FIG. 4. A histogram showing the probability density function
of k, the multiplicative weighting factor. These results are for the
500 MeV, top slab WARP simulation with the “Exact PDF”
corresponding to using the scaled /(z) weighted exact x(z) and
the “Best fit PDF” corresponding to Eq. (4) with ; = —0.35,
determined using the reconstruction algorithm.

€agg; the close agreement between these values indicate that
the longitudinal approximation is reasonable. Specifically,
we have managed to capture the overwhelming majority of
the information regarding the 3D map of the transverse
wakes (W: R?> — R?) using only 12 coefficients for the
multipoles and a 1D function, x(z). The PDF for the
wakefield strength was constructed from x(z) and 1(z); it is
shown in Fig. 4.

Simulated screen images, 3 m downstream of the exit of
the structure, were produced from the simulation data and
fed into the optimizer described in the previous section.
Initially, the kick PDF was provided so the only free
parameters were the multipole coefficients which were
permitted up to n = 6. Figure 2 shows the without-structure
beam and reconstructed with-structure beam and associated
fields, as well as the ground truth with-structure beam and
fields. The optimizer figure of merit, e, converged to
1.3%. Finally, the ground truth aggregate wakefield, W
is compared to the reconstructed wakefield, Wy:

>median’ (9)

where (), .gian 1S the median. For this scenario, the
reconstruction technique described here recovered the
ground truth wakefield to within 2.7%.

This particular reconstruction assumes that the PDF of XC
is known. If there are accurate simulations available for the
experiment under consideration, this is of course possible.
More generally though, we anticipate that the /C will not be
known. We repeat the reconstruction of this scenario with
one more free parameter, XC;, and the PDF from Eq. (4).

agg?

€ _ <|Wagg(xkv yk) - Wopt(xkv yk)|
recons <|Wagg (xk’ yk)|>95%

FIG. 5. Reconstruction of 500 MeV, top slab WARP
simulation under different reconstruction conditions. Insets show
the wakefields that result in the corresponding beam. For addi-
tional details refer to Table 1. (a) Without-structure beam. (b) Not
given k PDF, reconstruction to n = 2. (c¢) Not given x« PDF,
reconstruction to n = 4. (d) Not given « PDF, reconstruction to
n = 6. (e) Given k PDF, reconstruction to n = 6. (f) Ground truth,
with-structure beam.
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The final result is quite similar; the reconstructed PDF is
scaled and shown compared to the ground truth PDF in
Fig. 4 and the with-structure beam is shown in Fig. 5.
Before calculating €., the same multiplicative scaling
factor that was used to adjust the PDF is applied to W ;
this does not change the reconstructed fields. By approxi-
mating the PDF with Eq. (4) the overall reconstruction
eITOL, €recons> 1S degraded only slightly, to 3.7%.

Since the ground truth to which the reconstructions are
compared has been defined to finite order, by construction,
there is no advantage to giving the reconstruction algorithm
additional, free multipole coefficients beyond n = 6.
However, for experimental data, it will not be known
a priori to what order reconstruction should be performed.
Instead, the number of free parameters should be chosen
such that there are diminishing returns for a higher order.
This process has been tested on simulated data and
summarized in Fig. 6. Here it can be observed that both
optimizer figure of merit e and the overall reconstruction
eITOT €.cons trend down with increasing reconstruction
order but reach diminishing returns around n =4 or 5.
The effect of changing the conditions of the reconstruction,
including varying n can be visually inspected in Fig. 5. This
same approach will be used for experimental data; recall
that eg; will be available for reconstructions of experimental
data but €., cannot be known. Using a higher number of
free parameters will dramatically increase the computa-
tional expense and also increase the possibility of over-
fitting the data, leading to worse estimates.

Further simulations were conducted using the same
beam parameters, but reducing the energy from 500 to
42 MeV to more closely align with the experimental
scenario at AWA. This change will reduce the validity of
the thin lens approximation, as the less rigid particles
move during the wakefield interaction, causing both the
particle distribution and wake distribution to evolve along

~ 100;

R e
& & g0
£ g {
£ & |
S 2 60
o 3
58
3 >
= 9 |
g5 4 .
£ 3 [
a2 °
o °
x S 20
(14 v ]
0 , >
0 1 2 3 4 5 6

(No transform)
Reconstruction multipole order, n

FIG. 6. The effect of changing the reconstruction order, n, on
the error metrics €g; and €..,ns for the 500 MeV, top slab
WARP simulation. Diminishing returns for both metrics are
achieved around n = 4 or 5.

the structure. In this case, the virtual screen is 0.2 m
downstream of the end of the structure. But, since we now
must assume that the beam evolves within the structure the
effective drift, L, also includes one half of the structure
15 cm structure length, i.e., L = 0.28 m. We still assume
that the evolution within the structure is sufficiently small
that the wakefields do not change. As expected, the lower
energy beam does reduce the accuracy of the model
(summarized in Table I). Crucially though, since the
difference from the ground truth, €, ., 1S only 4.3% at
42 MeV, this is still a very high-quality reconstruction and
illustrates the flexibility of this approach and its appli-
cability to experimental scenarios of interest. In a later
section, we will discuss some possible extensions to the
model which could improve its reconstructions further from
the thin lens limit.

This same 42 MeV simulated beam is shown recon-
structed in several ways in Fig. 7. In the first case, it is

(@) i)
|
— (e)

mm

FIG. 7. Reconstruction of without-structure beam, (a), into
different with-structure beams. This illustrates how the technique
is single-shot, once a without-structure image has been collected.
The first row is the without-structure beam, the second row is the
ground truth, with-structure beam, the third row is the recon-
structed wakefields, and the final row is the reconstructed with-
structure beams. Both cases start from the same without-structure
beam, (a). The left column, (b—d), corresponds to the 42 MeV,
top slab, without PDF simulation while the right column,
(e—g), corresponds to the 42 MeV, double slab, without

PDF simulation. The insets on (b) and (e) show the ground truth
wakefields from each simulation (scale bars = 1 mm).

094601-6



SINGLE-SHOT, TRANSVERSE SELF-WAKEFIELD ...

PHYS. REV. ACCEL. BEAMS 26, 094601 (2023)

propagated past a single dielectric slab on the top, while in
the second case, it passes on the symmetry plane between a
pair of slabs: one on top and one on the bottom. These
reconstructions were accomplished using the same without-
structure screen image, illustrating the single-shot nature of
the technique: once a without-structure image is acquired,
provided the beam is stable over time, all subsequent with-
structure screen images can be reconstructed on a single-
shot basis.

IV. RECONSTRUCTING EXPERIMENTAL DATA

This technique has also been applied to experimental
data, summarized in Table I. In Fig. 8, a dielectric wakefield

‘mm
(
‘mm
‘mm

(b)
1
(o))
1
—
(f)
1
o~

W)

FIG. 8. Reconstruction of experimental data with Top slab,
7.2° tilt beam case under different reconstruction conditions.
For additional details refer to Table I. (a) Measured without-
structure beam. (b) Measured with-structure beam. (¢ and
d) Reconstructed wakefields and implied with-structure beam
to n = 6. (Reconstructed C; = —0.70) (e and f) Reconstructed
wakefields and implied with-structure beam to n = 3. (g and
h) Reconstructed wakefields and implied with-structure beam
ton=1.

interaction at the AWA between a 7.2° tilted, 42 MeV beam
has been reconstructed up to sixth multipole order with
lower order reconstructions also shown. This effort is
discussed in much greater detail in [18] where the recon-
structed wakefields are compared to both simulations and
analytic models of the skew wake interaction. In this case,
the PDF of K was estimated with Eq. (4). x. and y, were
also varied, for a total parameter space dimension of 15.
The final reconstruction agrees with the actual with-
structure beam image to within 6.0%, suggesting a suc-
cessful inference of the true wakefields.

Naturally, shot-to-shot and long term drifts in the
beamline will reduce the quality of the reconstruction.
Obviously, if the without-structure reference beam used
in the reconstruction algorithm does not remain substan-
tially similar to the actual beam which entered the
structure, the reconstruction will be less accurate. The
inclusion of free parameters to remove jitter, x. and y,, is
able to address only the most basic sort of jitter, and not
longer term drifts.

V. DISCUSSION

We have introduced and explained a technique for
reconstructing the transverse self-wakefields of a beam
without additional experimental infrastructure. The
approach has been benchmarked against simulations where
the simulated fields may serve as a ground truth, enabling
us to quantify the accuracy of the technique. We have, in
this way, found agreement at the few-percent level for
experimentally relevant scenarios. This technique, with its
underlying methods explained in detail, has also been used
to reconstruct the transverse self-wakes for experimental
data. Comparison to simulation and theory for the particu-
lar experiment in question is given elsewhere [18].

With improvements to the implementation of the tech-
nique, specifically in the numerical optimizer, it may be
possible to use this technique as a real-time diagnostic. By
combining the reconstructed wakefield information with
advanced beam control (e.g., multileaf collimators [19] or a
range of other options [20]) possibly also leveraging
additional non-destructive diagnostic information [21-23]
it should be possible to exert very precise control over the
wakes to establish a desired condition.

Although this technique has been demonstrated to be
useful for a range of experimentally relevant scenarios,
future extensions may further increase its range of appli-
cability. One such step that would further loosen the thin
lens requirement would be to reconstruct in multiple steps,
evolving the particle distribution (such that each particle
now can sample different parts of the wakefield) along the
structure but assuming that the wakefield functions them-
selves are unchanging. It may also be possible to fit
multiple x PDFs for different moments to loosen the
requirement that the beam be much shorter than all relevant
mode wavelengths.
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For a bunch experiencing energy changes from longi-
tudinal wakefields but otherwise continuing to satisfy the
thin-lens approximation, the described method is still valid if
knowledge of the absolute wakefield magnitude is not
required. Our approach of describing the wakefields using
a PDF for the strength is adequate without further change,
provided the energy change is constant within a z-slice, since
the effect of reduced energy is indistinguishable from
increased wakefield strength. As such, the effect of this
change in energy would continue to be encapsulated by the
strength PDF. With additional information, e.g., a spectrom-
eter, the absolute magnitude of the wakes could be recovered.

In a wakefield accelerator, any accelerated bunch will
necessarily be far enough from the drive bunch to violate the
assumption that the total current profile is short compared to
the structure modes. However, it may be possible to
reconstruct the wakes for the drive bunch and witness bunch
independently. Specifically, this may be approached by
running a drive bunch alone with and without the structure
present; this technique can be applied directly to reconstruct
its self-wakes. Then, the drive and witness can be run through
the structure and the drive beam’s contribution to the screen
images may be background subtracted in an effort to capture

TABLE L

only the witness beam’s with-structure and without-structure
distributions. Subsequently, this reconstruction algorithm
may be applied to the background-subtracted, witness-only
images. This would be exciting future work and could
function synergistically with patterned witness beams,
e.g., [13]. By using short witness beams and adjusting the
delay relative to the drive beam, it would also be possible to
measure the transverse wakefields at different longitudinal
positions to reconstruct the full 3D wakefields.
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APPENDIX: SUMMARY OF
RECONSTRUCTIONS

Reconstruction details and figures of merit for selected
cases are summarized in Table I.

Summary of figures of merit for reconstructions of simulated and experimental screen images. €gjicewise [EQ- (6)] compares

the slicewise multipole fits to the ground truth wakes. €,,, [Eq. (8)] compares the aggregate multipole coefficients and longitudinally
dependent multiplicative factor, k(z), to the ground truth wakes. eg, [Eq. (3)] is the figure of merit for the optimizer and expresses the
error between the binned without-structure beam, transformed according to the best parameter vector, and the with-structure beam.
€recons |EQ- (9)] compares the reconstructed wakes to the ground truth wakes.

Multipole Total free

Name Data type  €gicewise (%) €age (%) order, n parameters €5 (%)  €recons (%)
500 MeV, top slab, with PDF 6 12 1.3 2.7
500 MeV, top slab, without PDF 6 13 1.8 3.7
5 11 2.1 4.0
4 9 4.0 9.9
1.5 2.3
3 7 7.1 10
Simulation 2 5 14 24
1 3 20 65
0 0 30 100
42 MeV, top slab, with PDF 6 12 1.5 4.3
2.4 3.2
42 MeV, top slab, without PDF 6 13 1.7 4.6
42 MeV, double slab, without PDF 2.2 2.6 6 13 1.7 4.1

(Table continued)
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TABLE 1. (Continued)

Name

Data type

Eglicewise (%)

Multipole Total free

Top slab, 7.2° tilt

Experiment Not applicable Not applicable

Bottom slab, 2.2° tilt

Top slab, 2.2° tilt

€agg (%) order, n parameters €5 (%)  €recons (%)
6 15 6.0
5 13 6.0
4 11 6.2
3 9 6.2
2 7 6.4 Not applicable
1 5 15
0 2 25
6 15 8.9
6 15 6.1
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