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Abstract
The Advanced Photon Source Upgrade will use a multi-

bend achromatic lattice to reduce vertical and horizontal
beam emittances by one- and two-orders of magnitude, re-
spectively; the operating current will increase by a factor of
two. The resulting electron beam will be capable of deposit-
ing more than 150 MGy on machine protection collimators
creating high-energy-density conditions. Work is under-
way to couple the beam dynamics code elegant with the
particle-matter interaction program MARS and the magne-
tohydrodynamics (MHD) code FLASH to model the effects
of whole beam aborts on the collimators. Loss distributions
from elegant are input to MARS, which provides dose
maps to FLASH. We are examining MHD effects as well
as the propagation of beam downstream after interacting
with a collimator. Electron and positron components are
tracked to determine locations of beam loss. In recent beam
dump experiments, dose levels as high as 30 MGy were
generated and resulted in severe damage to the collimator
surfaces. The deformed collimator surface may lead to beam
deposition in unexpected locations. A fan-out kicker will
be used to mitigate the effects of whole beam dumps on the
collimators.

INTRODUCTION
Particle-matter interaction simulations were conducted

with MARS [1,2], which takes beam-dynamics loss distribu-
tions generated by elegant [3,4] as input. In this simulation
study, it is indicated that the ultra-low emittance electron
beams expected in the Advanced Photon Source Upgrade
(APS-U) storage ring would damage most commonly used
vacuum materials such as aluminum, titanium, copper, or
tungsten.

Two irradiation experiments were carried out in the APS
storage ring (SR) to assess the effects of high-intensity elec-
tron beams when the beam strikes the proposed collimator
material for the APS-U [5]. These experiments indicated
that high-energy-density (HED) conditions (>1011J/m3) [6]
are generated in the struck material leading to significant
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damage. This data has been used to benchmark our simula-
tions thus far, with good results overall.

Electron loss distributions from elegant are used as in-
put to MARS to calculate energy deposition (or dose) in
the collimator material. Dose maps from MARS are, in
turn, passed to FLASH [7–9] to solve magnetohydrodynamic
evolution using the unsplit staggered mesh (USM) MHD
solvers [10, 11]. The propagation of the beam after inter-
action with the collimator is a prime concern. Experimen-
tal data, as well as simulations, clearly indicate that rapid,
unplanned whole-beam loss erodes the collimator surface.
Therefore, we want to track the beam and shower compo-
nents downstream of the collimator during a whole-beam
loss event. The beam carries a significant magnetic field
with it, but as such, the field is transitory.

MAGNETOHYDRODYNAMICS
After resolving issues with the hydrodynamic solver [12],

attention has turned to the inclusion of magnetohydrody-
namic (MHD) effects. In MHD mode, magnetic fields in
FLASH are not self-starting; henceforth none would be
present without an externally-applied field (i.e., from the
bunch). The FLASH simulation approximates initial bound-
ary conditions at the vacuum-collimator interface using im-
age charges in a reasonably correct way. Unfortunately, this
model is no longer accurate after the boundary begins to
erode.

We can calculate the electromagnetic fields near an elec-
tron beam by directly summing the field contributions from
all electrons. A single relativistic electron produces the
transverse electric field

E⊥ (𝑥, 𝑦, 𝑧, 𝑡) =
𝑒

2𝜋𝜖0

𝑥x̂ + 𝑦ŷ

𝛾2
[ (𝑥2+𝑦2)

𝛾2 + (𝑧 − 𝛽𝑐𝑡)2
]3/2 , (1)

and the transverse magnetic field is B⊥ = (𝛽/𝑐)ẑ × E⊥.
We consider the field from a collection of 𝑁e relativistic
electrons whose coordinates are described by the probability
distribution function 𝑓 . We further assume that the electron
distribution function varies in the longitudinal direction over
the characteristic length 𝜎z, and that we are interested in
transverse distances such that 𝑟2 ≪ 𝛾2𝜎2

z . In this case,
the field part of the integrand is a sharply peaked function
which we can approximate by a delta function (see, e.g.,
Refs. [13, 14]).
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Taking the ultra-relativistic limit and summing over all
electrons implies that the field is given by

E⊥ (𝑥, 𝑦, 𝑧) =
𝑒𝑁𝑒

2𝜋𝜖0

∫
𝑑𝑥′𝑑𝑦′𝑑𝑧′ 𝑓 (𝑥′, 𝑦′, 𝑧 − 𝑐𝑡)

× (𝑥 − 𝑥′)x̂ + (𝑦 − 𝑦′)ŷ
(𝑥 − 𝑥′)2 + (𝑦 − 𝑦′)2 .

(2)

Hence, in the ultra-relativistic limit, the result is independent
of 𝛾, as we would expect. Furthermore, the field is given by
the convolution of 𝑓 with what is essentially the 2D Green
function of the electric field.

To make further progress, we next assume that the distribu-
tion function is separable into its longitudinal and transverse
components. In this case, the field along any transverse plane
is essentially that of a 2D source associated with the local
line density. Hence, for a storage ring where 𝑓 is Gaussian
in all three planes, the field is proportional to that calculated
by Bessetti and Erskine [15]:

𝐸𝑥 − 𝑖𝐸𝑦 =
𝑖𝑒𝑁𝑒𝑒

−(𝑧−𝑐𝑡 )2/2𝜎2
𝑧

4𝜋𝜖0𝜎𝑧

√︃
𝜎2
𝑥 − 𝜎2

𝑦

[
𝑤

(
𝑥+𝑖𝑦√

2(𝜎2
𝑥−𝜎2

𝑦 )

)
−𝑒−𝑥2/2𝜎2

𝑥 𝑒−𝑦
2/2𝜎2

𝑦𝑤

(
Υ𝑥+𝑖𝑦/Υ√
2(𝜎2

𝑥−𝜎2
𝑦 )

)]
,

(3)

where the ratio Υ = 𝜎y/𝜎x, while the complex er-
ror/Faddeeva function is defined by

𝑤(𝑧) = 𝑒−𝑧
2
(
1 + 2𝑖

√
𝜋

∫ 𝑧

0
𝑑𝜁 𝑒𝜁

2
)
. (4)

For the APS we have 1/2 ≳ Υ ≳ 1/20 and Eq. (3) must
be used. On the other hand, in the APS-U the beam can be
round, 𝜎x = 𝜎y and Υ = 1, in which case we can apply the
considerably simpler

𝐸𝑥 − 𝑖𝐸𝑦 =
𝑒𝑁𝑒𝑒

− (𝑧−𝑐𝑡 )2

2𝜎2
𝑧

(2𝜋)3/2𝜖0𝜎𝑧

𝑥 − 𝑖𝑦

𝑥2 + 𝑦2

[
1 − 𝑒

− (𝑥2+𝑦2 )
2𝜎2

𝑥

]
. (5)

For any electron beam with Υ ≤ 1, the field reaches its
maximum value along the line 𝑥 = 0 and 𝑧 = 𝑐𝑡. We plot
the predicted vertical field 𝐸y for a total charge 𝑞 = 15.3 nC
and along this line in Fig. 1. The left-hand plot assumes
that 𝜎x = 170 microns, 𝜎z = 10 mm, and Υ = 0.085, and
is representative of the present APS, while the right-hand
plot uses a round beam (Υ = 1) with 𝜎x = 12 microns and
𝜎z = 30 mm as may be the case in the APS-U. We see
that the peak fields in each case are around 65 MV/m and
140 MV/m, respectively.

In addition to the beam fields themselves, we expect that
the image currents along the chamber surface will contribute
as the beam approaches the wall. If the chamber is metal
and the distance between the chamber and the beam is much
smaller than the chamber’s radius, we can approximate the
wall as a flat, perfect conductor. In this case, the fields out-
side the wall can be found using the method of images, where
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Figure 1: Maximum space-charge field 𝐸y in the lab frame
for 𝑞 = 15.3 nC and a flat beam at the APS (left, with
𝜎x = 170 microns, 𝜎z = 10 mm, and Υ = 0.85), and a
round beam at the APS-U (right, with 𝜎x = 12 microns and
𝜎z = 30 mm.).
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Figure 2: Maximum magnetic field 𝐵y along the wall for the
same parameters as Fig. 1 including the image fields which
effectively double 𝐵y.

the (fictitious) image charges are effectively a reflection of
the electron beam in the plane of the chamber wall with
an opposite charge. This cancels the transverse component
of the field while doubling the perpendicular component.
Likewise, the axial component of the magnetic field parallel
to the wall is doubled. We plot the resulting magnetic field
along the wall at 𝑥 = 𝑥wall in Fig. 2.

A contour plot of the magnetic field intensity for the round
beam case, including the image currents, is presented in
Fig. 3 with the beam centroid 100 microns from the collima-
tor boundary. Note that intensity values for 𝑥 < −4.2 mm
are fictitious. These fields are present only with the electron
bunch. At the boundary, the magnetic field is entirely in the
𝑦-direction to satisfy the boundary conditions for the image
current density, J𝑠 = n̂ × H, where n̂ is the surface normal
and H is the magnetic field.

Figure 3: Transverse magnetic field intensity contours for the
round beam case of Fig. 1, but also including the image fields.
The collimator-vacuum boundary occurs at 𝑥 = 4.2 mm.
Intensity values for 𝑥 < −4.2 mm are fictitious.
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TIME-VARYING DOSE
For initial FLASH simulations, the total dose map was

determined from elegant loss distributions based either
on experimental data or the APS-U model. The dose dis-
tribution was then divided equally over all bunches in a
beam dump. For example, in an experiment-based, 200-
mA case with a 972-bunch fill pattern, both simulation and
experiment indicated that the full width at half maximum
(FWHM) loss duration takes approximately three turns (one
turn= 3.68 µs); therefore, the total dose map was divided by
2916 and applied repetitively over three turns. Simulated
and measured loss intensity waveforms are plotted in Fig. 4.
Elegant simulations provide temporal loss variation turn-
by-turn. We are presently using the five largest PassCount
values displayed in Fig. 4 as input to FLASH to determine
collimator behavior.

Figure 4: 200 mA loss distribution with Gaussian fits to
the respective peaks; (left) elegant-derived, (right) loss
monitor signal.

The total accumulated 𝑥-𝑦 dose map generated by MARS
over all turns using the elegant loss distribution of the
202 mA, 6 GeV beam dump case shown in Fig. 4 is given in
Fig. 5. The location 𝑥 = −0.2 cm represents the boundary
between the collimator to the left and the vacuum to the
right.

Collimator behavior, when subjected to this uniform 202-
mA irradiation, is presented in Fig. 6. The release condition,
where solid material is converted into plasma, is 1.5𝑇vap
where 𝑇vap is the vaporization temperature. For aluminum,
𝑇vap=2743 K. The boundary between solid and plasma re-
gions is indicated by the white curve in Fig. 6; the black
regions are locations where the temperature exceeds alu-
minum’s melting temperature, 𝑇m = 933 K.

DOWNSTREAM PROPAGATION
Only a fraction of the beam energy is deposited in the

collimator. The majority of the energy is in the form of
scattered electrons and electromagnetic shower components,
which continue downstream. Electron and positron trajec-
tories after the collimator are recorded and used as input
to elegant for tracking downstream. The population of
each species is tallied as a function of longitudinal orbit
coordinate 𝑠 and plotted in Fig. 7. In this case, erosion of
the collimator surface has not been included. As might be
expected, the positrons do not travel far, whereas the elec-
tron component is lost mainly at the first insertion device
vacuum chamber approximately 100 m downstream of the
collimator.

Figure 5: Total dose map of the 202 mA, 6 GeV beam dump
shown in Fig. 4; contours are plotted on log scale.

Figure 6: FLASH temperature maps and release boundary
at the collimator apex after one and three turns with 200 mA,
6 GeV electron beam irradiation. Black regions at locations
where 𝑥 < −2.0 mm or less than the boundary are areas with
temperatures above 933 K that have not yet been released to
the plasma state.

Figure 7: Trajectory count downstream of the collimator
after a beam strike.

SUMMARY
We provided a description of external magnetic fields gen-

erated by a bunch. Although promising, this model is only
accurate before the beam impacts the surface. Downstream
propagation of the shower is likely to be modified by the
trench carved out by the beam. For our future work, we
are coupling density maps from FLASH back to MARS and
elegant to provide a more accurate picture of the dynamics
of whole-beam dumps in fourth generation storage-rings.
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