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The Advanced Photon Source (APS) team is building a fourth-generation storage ring (4GSR), replacing
the present double-bend achromat lattice with a multibend achromat system thereby allowing the production
of ultrabright x-ray beams. The new lattice enables a 2-order-of-magnitude reduction in horizontal beam
emittance and a factor of two increase in beam current. The result is an electron beam of very high energy and
power densities. Initial predictions suggest many common ultrahigh-vacuum-compatible materials struck by
the full-intensity electron beam will be damaged. Two experimental beam abort studies have been conducted
on collimator test pieces in the present APS SR to inform the design of a fully-functional machine protection
system for APS 4GSR operations at 200 mA. A comprehensive suite of diagnostics was utilized during the
studies. The diagnostics used in these experiments are not new, but employed in different ways to obtain
unique data sets. With these sets now in hand, we are developing new numerical tools to guide collimator
design using PELEGANT [M. Borland, ELEGANT: A flexible SDDS-compliant code for accelerator simulation,
Technical Report No. LS-287, Advanced Photon Source, 2000; Y. Wang and M. Borland, Implementation
and performance of parallelized ELEGANT, in Proceedings of the 2007 Particle Accelerator Conference,
http://cern.ch/AccelConf/p07/PAPERS/THPAN095.PDF, pp. 3444–3446], MARS [N. V. Mokhov and S. I.
Striganov, Fermilab-conf-07/008-ad, AIP Conf. Proc. 896, 50 (2007)], and FLASH [B. Fryxell et al., FLASH:
An adaptive mesh hydrodynamics code for modeling astrophysical thermonuclear flashes, Astrophys. J.
Suppl. Ser. 131, 273 (2000); P. Tzeferacos et al., Laboratory evidence of dynamo amplification of magnetic
fields in a turbulent plasma, Nat. Commun. 9, 591 (2018)].
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I. INTRODUCTION

The next decade of scientific research with hard x rays
will be dominated by the development of diffraction-
limited storage ring (SR) sources. The Advanced Photon
Source Upgrade (APS-U) project [1] centers on the con-
struction of a fourth-generation storage ring (4GSR) [2,3].
Specifically, the present double-bend achromat lattice will
be replaced with a seven-bend system including reverse

bending magnets yielding a horizontal emittance of 42 pm
[4], a reduction of two orders of magnitude. The ultralow
emittance, multibend achromat (MBA) lattice operating at
6 GeV and 200 mA comes with the concomitant challenge
of handling electron beams of very high energy and power
densities. In any storage ring, it is inevitable that the beam
will be lost due to equipment failure, triggering of machine
protection interlocks, or triggering of personnel protection
interlocks. In the event of such beam aborts, the beam
should ideally be absorbed in a well-shielded set of
collimators (or beam dumps) that are capable of with-
standing the energy and power densities. However, simu-
lations with the particle-matter interaction program MARS

[5] indicated many common ultrahigh-vacuum-compatible
materials struck by the full intensity, primary APS-U beam
will be damaged. The objective of the present work is to
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conduct experimental studies which inform the design
and construction of a robust, fully functional collimator
system for 200 mA APS-U beam operations. Whole-beam
dumps are fairly common in the present APS SR, on the
order of 1–2 per week, and are likely to remain so in the
SR upgrade.
Beam-irradiation damage from shock impacts has been

observed at a number of accelerator facilities [6–9], and
studies have been carried out most notably at CERN.
Bertarelli provides a comprehensive review of analyses,
simulations, and experiments [10]. Recent experimental
and simulation efforts have been undertaken to couple
energy-deposition and hydrodynamic codes [11–15];
however, these studies involved hadron particle beams.
Except for damage to permanent magnets [16,17], con-
cern in electron/positron SRs has focused on heating,
pressure rise, and instabilities that come as a result of
synchrotron photons, rather than hazards from the lepton
beam itself [18].
In the APS SR, two whole-beam-loss studies have been

performed thus far, the first in May 2019 and the second in
January 2020; see Table I. An earlier experiment conducted
in April 2012 examined the effects of whole-beam aborts on
a tungsten (W) scraper used for diagnostics and provided
evidence that significant damage can take place at dose
levels of 2–3 MGy. Figure 1 illustrates the effects of
individual beam aborts in the scraper’s beam-facing surface.
The two most recent collimator experiments, conducted

to create the conditions expected during APS-U SR beam
dumps, are listed in Table I along with the maximum beam
current, and collimator material tested. Because of its shorter
radiation length, the titanium alloy showed significant

melting during the first experiment [19] and was not tested
during experiment 2.
Diagnostics for these experiments included turn-by-turn

(TBT) beam position monitors (BPMs), cameras, dc current
transformers (DCCTs), and beam-loss monitors (BLMs).
A different set of diagnostic techniques were used after the
studies to examine the collimator test pieces including
microscopy and metallurgy.
The manuscript is organized as follows. In Sec. II, we

briefly discuss our plans to operate the APS-U SR using
fast kickers for swap-out injection and why such a scheme
cannot be used for whole-beam dumps. In Sec. III, we
present several simulation results. Section III A describes
modeling whole-beam aborts on collimators employing the
static, particle-matter interaction code, MARS. In Sec. III B,
thermal diffusion effects are considered as well as estimates
of melting and vaporization. Section III C discusses pre-
liminary efforts to couple beam dynamics, particle-matter
interaction, and hydrodynamics codes to simulate the
effects of high-energy-density (HED) beams on first-
surface materials. High-energy densities are defined as
energy densities exceeding roughly 1011 J=m3 [20]; in
aluminum this represents an acute dose of 37 MGy and
in tungsten 5.2 MGy. Section IV describes the experiments
conducted to irradiate collimator test pieces in the APS SR
replicating conditions expected in the APS-U 4GSR.
Results of the irradiation experiments related to beam-loss
conditions are presented in Sec. V. Measurements made
during the studies, specifically, beam spot size, emittance,
implied dose, collimator emission, and beam-loss temporal
behavior are given in Sec. VA. Post-irradiation measure-
ments utilizing both destructive and nondestructive diag-
nostic methods are described in Sec. V B. Threshold
behavior is observed between elastic, plastic, and hydro-
dynamic regimes as dose increases. These observations
allow us to quantify damage in the test pieces and provide
benchmark data for coupled simulations. In Sec. VI we
estimate power densities likely present during the beam
dump experiments and discuss why the absorbed power
density (dose rate) as well as energy deposition (dose) are
both important parameters to consider when designing a
collimator system. Section VII summarizes the experimental
work to date, and we discuss the path forward for the
simulation effort. Section VIII provides concluding remarks.

II. OPERATIONAL CONSIDERATIONS

With on-axis swap-out injection [21,22], an entire bunch
is kicked out of the SR and replaced with a new bunch. In
the APS-U scheme [23], the swapped out bunch is directed
to a dedicated beam dump (named the swap-out dump).
Prior to bunch replacement, the targeted bucket receives a
150 μrad “decoherence” kick, which acts to increase the
transverse spot size through decoherence over a period of
approximately 250 turns (1 turn ¼ 3.68 μs); at this point, a
stronger kicker is triggered that directs the bunch into the

TABLE I. APS SR collimator experiments for APS-U.

Experiment
No.

Study
dates

Maximum beam
current (mA)

Collimator
material

1 May 18–19,
2019

67.4 Al-T6061,
Ti6Al4V

2 Jan. 25–26,
2020

202.2 Al-T6061

FIG. 1. Damage in the beam-facing surface of a W collimator
after irradiation by separate beam aborts at 7-GeV, 100-mA stored
current, yielding energy deposition of 2–3 MGy.
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swap-out dump [24,25]. In this manner, the swap-out dump
is protected. Interlocks prevent swap-out from occurring
in the event that the target bunch is not kicked by the
decoherence kicker.
In addition to the swap-out dump, APS-U will have a

series of five whole-beam dumps that also function as
horizontal collimators for Touschek-scattered particles.
These devices are in high-dispersion locations in five
consecutive sectors where the shielding wall is made from
higher density material. Unfortunately, the approach of
using decoherence to inflate the spot sizes of all bunches is
not feasible for whole-beam aborts, since at 200 mA, the
beam can arrive on the collimator in as few as 20 turns.
A “fan-out” kicker scheme would allow the bunches to be
spread vertically on the collimators, which would reduce
the degree of damage. Beam dynamics simulations indicate
a fan-out kicker system can protect the collimators. Such a
kicker is planned for APS-U and will be triggered whenever
a beam abort is detected. However, there is no possibility to
delay the beam abort should the fan-out kicker fail to fire,
so in this case the collimators would be unprotected.
Basic timing-mode beam parameters for the present APS

SR and SR upgrade are given in Table II. The machine
circumference is 1104 m in both present and upgrade
designs. Though the electron energy drops from 7 to 6 GeV
in the new machine, the circulation period, To remains
essentially the same at 3.68 μs with a harmonic number of
1296 (rf frequency ¼ 351.9 MHz). In uniform fill patterns,
bunch spacing is To=Nb where Nb is the number of
bunches. The number of bunches listed in Table II represent
“timing mode” fill patterns; other patterns are available,
most notably “brightness mode” where Nb ¼ 324.

III. SIMULATIONS AND DAMAGE ESTIMATES

The purpose of the simulation effort is to develop
numerical tools that can be used to understand possible
damage to collimators and ideally guide construction of
robust collimator designs and machine protection systems
for HED electron beams in 4GSR light sources generally,
and specifically for APS-U.

A. Static collimator dose simulations

Simulations of a beam-dump collimator dose have been
carried out with MARS employing electron loss distributions
generated by PELEGANT [26,27]. PELEGANT is a parallel

particle tracking code that includes the ability to simulta-
neously model single- and multibunch collective effects;
other relevant features include modeling rf trips, time-
dependent kickers, and collimators of various types.
Modeling of the beam aborts included both collective

effects and nonlinear dynamics. For collective effects, the
short-range longitudinal and transverse impedances were
included [28]. Since the beam abort is performed by
removing or muting the drive signal to the rf amplifiers,
the ring-down of the rf cavities was included using the
estimated average parameters of the sixteen installed rf
cavities (Ra ¼ 11.2 MΩ, Q0 ¼ 49 × 104, β ¼ 2.20). The
RFMODE element in PELEGANT supports realistic cavity
modeling with feedback [29] (to properly model bunch-
train transients) and also allows muting the rf drive signal at
a defined point. For linear and nonlinear dynamics, we used
element-by-element tracking with a calibrated lattice model
based on measurements taken before the beam abort study.
The lattice model included the vertical beam bumps used to
vary the location of the beam strike on the collimator.
A total of 20 beam aborts were performed during the

second experimental study, with various fill patterns and
total beam current. To further improve the correspondence
between simulation conditions and reality, the waveforms
from the bunch current monitor were used to create the
bunch patterns for the simulations. PELEGANT requires
that all simulation particles represent the same charge,
so variation in charge per bunch was modeled by varying
the number of particles in the bunches. To limit the running
time of the simulations, the total number of simulation
particles in all bunches was limited to 1 million.
Prior to the beam abort studies, initial MARS simulations

of APS-U conditions indicated that even a single 6-GeV
bunch from a 48-bunch fill pattern at 200 mA
(15.3 nC=bunch) could damage most commonly used
accelerator materials including aluminum, titanium, cop-
per, and tungsten.
We examined the effect of whole-beam dumps employ-

ing the MARS collimator geometry of Fig. 2. The horizontal
collimator is modeled with a radius of curvature of 0.865 m.
Figure 3 compares beam strikes on aluminum and tungsten
collimators in terms of electron-positron flux, ϕep. In both
cases, the same input loss distribution is employed. In these
early simulations, the lost electron distribution strikes with
a depth of 0.6 mm at the collimator apex. No significance is
attached to this depth other than the requirement to fully

TABLE II. Basic timing-mode beam and machine parameters for the present APS SR and upgrade SR, including beam energy, Eb,
beam current, Ib, total charge,Qt, total electron number,Nq, stored energy, Eq, number of bunches,Nb, transverse emittances, ϵx and ϵy,
and rms bunch duration, σt.

Machine Eb (GeV) Ib (mA) Qt (nC) Nq Eq (J) Nb ϵx (pm-rad) ϵy (pm-rad) σt (ps)

Present SR 7.0 100.0 368.0 2.3 × 1012 2580.0 24 3110.0 40.5 41.0
Upgrade SR 6.0 200.0 737.0 4.6 × 1012 4420.0 48 42.0 4.2 100.0

COLLIMATOR IRRADIATION STUDIES IN THE … PHYS. REV. ACCEL. BEAMS 25, 043001 (2022)

043001-3



strike the collimator for comparison of dose and temper-
ature transients in different materials. The apex is the
location of the collimator closest to the beam centerline and
is modeled here to occur at x ¼ −0.42 cm, z ¼ 10 cm. The
horizontal collimator is modeled as a symmetric structure
also used to stop Touschek and injection losses with an
outboard apex at x ¼ þ0.42 cm. The actual collimator test

pieces are only 4-cm long in the z direction but maintain a
similar radius of curvature on the beam-facing surface as
presented in Figs 2 and 3; see Sec. IV. As will be shown in
Sec. V, a length of 4 cm is sufficient to view the full extent
of the beam-collimator interaction region.
In the case of aluminum, the physical radiation length is

tR ¼ Xo=ρ ¼ 8.9 cm, where the geometric radiation length
Xo ¼ 24.01 g=cm2 [30] and the density ρ ¼ 2.70 g=cm3.
A portion of the beam is scattered, but most of the energy
passes through the collimator [31]. On the other hand,
for the tungsten collimator with tR ¼ 0.35 cm [32], the
primary beam is almost completely attenuated and only
secondary radiation remains.
However when acute dose levels exceed 2 MGy, static

solutions are not always accurate. Heated material in the
beam-strike region can be deformed, melted or expelled,
especially in the case of high-Z, high-density (short
radiation length) metals such as tungsten, as shown in
Fig. 1. As the collimator is eroded, its effectiveness for
shielding downstream components is reduced. Eventually,
this may allow a beam strike on a vacuum chamber, with
potential vacuum-integrity consequences.
The temperature rise in an irradiated material volume

between initial temperature T1 and final temperature T2 can
be approximated by

qVðxÞ ¼
Z

T2

T1

ρðx; TÞcpðTÞdTðxÞ; ð1Þ

where qV is the energy deposited per unit volume, ρ is the
material density (a function of position and temperature),
and cp is the specific heat at constant pressure. Assuming a
constant density and average specific heat over the temper-
ature range, the final temperature may be expressed as

T2 ≈
qVðxÞ
ρðxÞc̄p

þ T1 ¼
DAw

Cm
þ T1; ð2Þ

where D is the dose, AW is the atomic weight, and Cm is
the molar specific heat. Prior to the solid-to-liquid phase
change, the specific heat of aluminum increases with
temperature [33]; whereas, the density decreases only
slightly. Equation (2) thus yields a conservative result
overestimating the temperature rise. Equations (1) and (2)
also assume no phase change in the material nor diffusion
due to temperature gradients. For most metals, Cm is
approximately 25 J/mole-K.
Employing Eq. (2), final peak temperatures T2 in Al, Ti,

Cu, andWare presented in Table III based on the dose from
one bunch of a 48-bunch fill pattern at 6 GeVand 200-mA
(15.3 nC=bunch) for APS-U beam parameters assuming
T1 ¼ 300 K. The data in Table III suggest these elements
commonly found in beam-facing accelerator components
will be damaged by a single bunch of an APS-U beam in
timing mode.

FIG. 2. Simplified horizontal collimator geometry implemented
with MARS. Shown in (a) is a cross section through the collimator
apex at z ¼ 10 cm with the e-beam into the page, and in (b) is an
anamorphic view of a lateral slice at beam elevation (y ¼ 0).

FIG. 3. Static MARS simulation of combined electron-positron
flux in collimators fabricated from (a) aluminum and (b) tungsten.
The x-y-z voxel dimensions are 0.02 cm × 0.1 cm × 0.1 cm
centered at beam elevation (y ¼ 0).
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In the present APS storage ring, again using Eq. (2), the
final peak temperatures in Al and W due to the instanta-
neous dose from a 100-mA, 7-GeV whole-beam dump are
842 and 22,150 K, respectively. MARS calculates T2

accounting for the variation of cp with temperature [33]
as long as added heat does not exceed that necessary to
cause a phase transition. In the case of aluminum for a
whole-beam dump in the present APS SR, the maximum
temperature predicted by MARS is 768 K [34], less than the
melting point. Unfortunately, a similar calculation for
tungsten will be inaccurate since the deposited energy is
sufficient to both melt and vaporize the metal. Thus, based
on the peak dose and material properties, the damage
observed in the tungsten collimator shown in Fig. 1 should
be expected. Further at 100 mA in the present machine,
damage to aluminum is not expected, which is consistent
with APS experience.

B. Estimation of thermal diffusion effects

The beam typically takes three to five turns (∼11–18 μs)
to be completely lost, allowing thermal diffusion to
diminish the degree of material damage by reducing the
temperature rise. Measured time profiles of beam losses are
presented in Sec. VA. Thermal diffusion can be approx-
imately included by convolving the dose map with a
Gaussian spread function [35] with σd ¼

ffiffiffiffiffiffiffiffi
αΔt

p
, where α

is the thermal diffusivity and Δt is the time over which
energy is deposited. Using this, an improved method was
developed for estimating material melting and vaporization.
The method begins by creating a two-dimensional dose

map Dij using the lost-particle coordinates from a beam
abort simulation (it is assumed that all voxels with the
same x and y coordinates receive the same dose). More
specifically, Dij ¼ ðQijdÞ=ðΔxΔyÞ, where Qij is the
charge impacting the pixel of size Δx by Δy, and d is
the dose per unit charge, computed from the collisional
stopping-power data from the NIST ESTAR database [36].
Since σd sets a scale for how rapidly the thermally diffused
distribution can vary, the transverse size of the voxels
for Dij was chosen to be Δx ¼ Δy ¼ σd=6. The Gaussian
parameter for the thermal diffusion spread function
was taken to be σd ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
αΔt90

p
, where Δt90 ¼ t95 − t5,

where t95 (t5) is the time, according to the simulation, at
which 95% (5%) of the beam has been lost. ConvolvingDij

with the thermal-diffusion Gaussian provides an effective
dose map, D̂ij.
The effective dose map can be used to estimate the

volume of material that is melted or vaporized. Assuming
constant specific heat capacity Cp for the solid phase,
melting is indicated if

D̂ij > ðTm − T1ÞCp þ ΔHm; ð3Þ

where ΔHm is the enthalpy of melting and Tm is the
melting temperature. Vaporization is indicated if

D̂ij > ðTm − T1ÞCp þ ΔHm þ ðTv − TmÞCl þ ΔHv; ð4Þ

where Cl is specific heat capacity (assumed constant) of the
liquid phase, ΔHv is the enthalpy of vaporization, and Tv is
the temperature of vaporization. The volume of melted or
vaporized material is estimated as the number of melted or
vaporized pixels times the volume behind each pixel, the
latter being ΔxΔyΔzij, where Δx and Δy are the pixel sizes
and Δzij is the depth of material in the beam direction,
which varies with transverse coordinates.
This method was applied to the conditions of the second

collimator experiment, using data from simulations of the
beam aborts performed with PELEGANT [26,27]. While it is
difficult to compare these predictions quantitatively to
experiments, the simulations provide other predictions that
can be directly compared to measurements. Here, we
outline the simulation methods and predictions of melting
and vaporization.
The machine lattice was measured prior to the experiment

using the linear-optics-from-closed-orbit method [37] to an
accuracy of about 1% in beta functions and dispersion.
Although the bunches were started with close-to-equilibrium
properties, the simulations were run for 10,000 turns (about
2.4 damping times) to ensure equilibration. Averaging over
the last 2,000 turns provides predictions of the equilibrium
properties, as shown in Fig. 4. Cases where the predicted
vertical emittances are smaller do not agree well with
measured vertical emittance values. This is due to an
apparent error in the lattice setup that was not recognized
until after the studies took place. The variation in the vertical
emittance resulted from inclusion of sextupole magnets
inside the vertical bump that was used to move the strike
location on the target. This error shows significant (∼10%)
lattice function beats in the calibrated model, but it is unclear
if the lattice as set up for the experiments had these beats.
However, this detail is thought to be of minor consequence
given the effect of thermal diffusion, as shown below.
Figure 5 shows the peak dose in aluminum as a function

of current based on these simulations. Results including
thermal diffusion are shown along with the raw dose
calculated using the collisional stopping power, Spc [36]

TABLE III. Examples of final peak temperatures in Al, Ti, Cu,
and W using Eq. (2) based on the dose from a single 15.3-nC
bunch at 6 GeV with APS-U beam parameters (T1 ¼ 300 K). Tm
and Tv represent the melting and vaporization temperatures.

Material
Dmax
(MGy)

Aw
(g/mole)

Cm
(J/kg-mole)

T2

(K)
Tm
(K)

Tv
(K)

Al 1.96 26.98 24.20 2285 856 2743
Ti 3.03 47.87 25.06 5830 1941 3560
Cu 2.94 63.55 24.44 7650 1358 2835
W 2.53 183.84 24.27 19,300 3695 6203
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at 6 GeV and MARS simulations. MARS peak dose levels
exceed the raw values by roughly 9%, likely due to MARS

including the developing shower contribution. The effect of
thermal diffusion is to decrease the peak dose by about a
factor of 2.5. The predicted raw peak dose at 200 mAvaries
among the different cases due to variation in the transverse
beam dimensions. The effect of this variation is eliminated
in the diffused dose map. The peak dose with thermal
diffusion is linear in the total current, as might be intuitively
expected. Figure 6 shows the predicted vertical extent of
liquefied aluminum based on the thermally diffused dose
maps. (Note that no vaporization of aluminum is predicted.)
The predicted curve saturates as the current increases,
which can be understood by recalling that the occurrence
of liquefaction is subject to a threshold. As the current
increases, more of the impacted volume of the collimator is
pushed over the threshold. However, the volume cannot
increase without limit as the footprint of the beam on the
collimator is limited.

These predictions are somewhat difficult to correlate
with the experimental results. It is not clear from this simple
analysis whether melted material resolidifies, flows, or
explodes from the surface. However, there are some aspects
of the simulations that can be compared to the experiments,
as described below. In addition, these simulations are a step
toward more comprehensive simulations that will enable
more detailed comparisons to experiments.

C. Initial hydrodynamic simulations of the collimator

Simulations of dynamics involve coupling a static
particle-matter interaction program with a hydrodynamics
code. Future work will involve the inclusion of beam
dynamics modeling to track shower components down-
stream of the collimators. Here we highlight initial steps in
that direction.
Early coupling work was carried out by Wilson [38]

and Mokhov [6] for 20-TeV proton beams in the
Superconducting Super Collider. More recent coupled
simulation work focused on beam loss in the Large
Hadron Collider [11,12] and the proposed Future
Circular Collider [14,15]; again effort was devoted exclu-
sively to hadron (proton) rather that lepton beams.
Modeling employed FLUKA [39] for particle-matter physics
along with LS-DYNA [40] or AUTODYN [41] for hydro-
dynamics. Coupled simulations reported in these references
focused on cylindrically symmetric (2D) geometry. Full
3D, coupled simulations were carried out for LHC colli-
mators as well [13].
A range of time intervals is important in the simulations:

(1) deposition time or intrabunch time, (2) interbunch
time dependent on the fill pattern, and (3) turn period,
To ¼ C=c ¼ 3.68 μs, where the circumference of the SR,
C ¼ 1104 m and c is the speed of light. Loss monitors and
BPMs indicate that the loss period varies, but has not been
observed to be less than two turns, full width half maximum
(FWHM). We chose a 48-bunch fill pattern to do initial

FIG. 5. Simulated peak dose in aluminum for the second
collimator experiment. Shown are the raw results, MARS results,
and those including thermal diffusion.

FIG. 6. Vertical extent of the liquified-aluminum region for the
second collimator experiment, based on the thermally diffused
simulated dose map.

FIG. 4. Simulated equilibrium beam parameters for the second
collimator experiment, from particle tracking simulations with
PELEGANT. The horizontal axis label, “Abort” refers to the
sequence number of the beam dumps (see Table VI).
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simulations with FLASH [42,43]. FLASH is a hydrodynamics
plasma code which includes magnetohydrodynamic
(MHD) effects; here the MHD component is turned off
with only the hydrodynamics solver invoked. In the case
of a 48-bunch fill pattern, the interbunch spacing, Δtb ¼
To=Nb ¼ 77 ns, where Nb is the number of bunches. The
damage observed in the collimators suggested a 2D
approach was a reasonable starting point. In this case,
Cartesian coordinates (x,y) were chosen, where x repre-
sents the horizontal dimension measured with respect to
the nominal beam centerline, and y is the vertical
dimension measured relative to beam elevation. MARS

transverse dose maps were provided to FLASH with
20 μm by 20 μm resolution. The FLASH simulation domain
(0.2 mm × 0.2 mm) and MARS dose map overlaying this
domain are presented in Fig. 7. The peak dose for this case
of a single 15.3-nC bunch (9.58 × 1010 electrons) is
2.0 MGy. The dose map is scaled from a simulated
APS-U 48-bunch, 200-mA whole-beam dump at 6 GeV.
Helium is needed in the vacuum region as a low-density
material to satisfy needs of the hydrodynamic solver; the
presence of He contributes negligibly to the simulation
results [44].

FLASH typically deals with fluids in the form of plasmas,
employing equations of state to determine local pressure,
density, and temperature conditions, however the material
in the collimator starts in solid form. To handle the phase
transition from solid to fluid, a release criterion based
on the dose is established. The release condition may be
written in a form similar to Eq. (4),

Di;j > CpðTm − TrÞ þΔHm þ flClðTv − TmÞ þ fvapΔHv;

ð5Þ

where fl and fvap are fractions of the liquid and vapor
phase energies with values between 0 and 1. In the first
phase of simulations, fl ¼ fvap ¼ 0 was chosen; meaning
the collimator material was released to fluid form after the
melt condition was satisfied. Figure 8 shows the effects of
dose deposited by a 200-mA, 48-bunch beam over five
turns (18.4 μs) at one-fifth of the intensity of a single turn.

Note the rapid change in conditions from solid to high- and
low-density fluid. In this simulation, horizontal motion of
the beam due to energy loss and dispersion has been
ignored. The simulation indicates regions of relatively
high-density fluid (vapor or plasma) forms within and out-
side the trench cleared by the beam. This fluid will interact
with and scatter the beam that has not yet struck the surface.
The scattering effect may play a role in limiting damage to
the material remaining in the collimator below the beam.
Scattering caused by interaction with a high-density vapor
generated from a beam dump on a cryogenic-cooled, solid
xenon target has been investigated numerically with
PELEGANT and showed promising results [45].
By the time of the second frame shown in Fig. 8(b),

ablation of the surface has largely stopped. Compared with
the microscopy data, the simulation using the melt con-
dition for release is too aggressive. Work is presently under
way to refine the model in FLASH. For example, guided
by the discussion in Ref. [46] we are setting the release
condition to higher temperatures to satisfy vaporization
conditions. The rapid release and conversion of solid voxels
to fluid however can cause numerical issues which we are
presently addressing.
Reducing the MARS domain to 0.3 mm × 0.3 mm and

overlaying a 128 × 128 transverse grid yields voxels of
2.34 μm on a side; significantly smaller than the beam
spot sizes. The dose distribution at the apex for an APS-U
200-mA, 48-bunch fill pattern is shown in Fig. 9; x- and
y-dose profiles through the data of greatest integrated dose
are presented in the left and right insets. (Also, the contour
plot has been rotated by 90°, now showing the x direction
along the vertical axis.) The dose map presented in Fig. 9 is
scaled to that of a single bunch. Using the same PELEGANT

input loss distribution, peak dose is found to be 3.1 MGy;
this grid is being used for on-going studies with FLASH.
After the January 2020 experiment, the PELEGANT

simulations discussed above were carried out and new
loss distributions were produced. The MARS-generated,
whole-beam dump dose map for one of the 200-mA cases
is presented Fig. 10; specifically, this is the eighth shot
(SN08) carried out in the sequence of 20 loss events and the

FIG. 7. (a) FLASH 2D simulation domain (initial condition) and
(b) the MARS dose map overlaid on the same region.

FIG. 8. FLASH 2D-density simulation of a 48-bunch, 200-mA
beam dump in aluminum spread over five turns. The domain is
the same shown in Fig. 7. The results are shown at (a) 1.28 μs
[0.35 turn] and (b) 4.37 μs [1.19 turns].
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first of the 200-mA cases. Experimental data for SN08 and
other beam dumps are presented in the following sections.
The increased size of the distribution relative to that for the
APS-U case is evident.
In the simulation results presented here, the dose map is

static; in reality, the beam moves inboard after the beam
dump is initiated due to synchrotron radiation and other

loss mechanisms. We are presently working on coupling
the density modifications from FLASH back into MARS.
In Sec. VI we discuss in greater detail how loss intensity is
affected by temporal and spatial distribution based on
experimental results.

IV. EXPERIMENTAL METHODS

To test the effects of APS-U HED electron beams on
accelerator technical surfaces, we utilized the APS SR to
provide approximately equivalent conditions. The beam
was dumped by muting the rf drive signal to the SR rf
amplifiers. A variable-position, horizontal collimator
mounted to a scraper assembly was used to provide a
means of positioning a target close to the beam path. The
assembly was located in the sector 37 (S37) long rf straight
section. A plan view of the assembly is presented in Fig. 11.
This location is 2 m downstream of the fourth rf cavity
in S37. [In the APS SR, sectors 36 through 40 are devoted
to rf cavities and injection; sectors 1–35 are the domain of
user activities and include small-gap undulator insertion
device (ID) vacuum chambers.]

A. Collimator surface

The experiments made use of an existing, unused
horizontal beam scraper assembly. Two collimator test
pieces were mounted on the end of the scraper jaw, as
shown in Fig. 11. An oblique drawing of the collimator test
piece as well as an actual manufactured item are presented

FIG. 9. Dose map at the collimator apex for a simulated
APS-U 48-bunch, 200-mA whole-beam dump fill pattern using
a 128 × 128 grid over an x-y domain of 0.3 mm by 0.3 mm (voxel
size: 2.34 μm). The dose is scaled to that for a single bunch.
The insets plot the x- and y-dose profiles at the location of
maximum integrated dose, yielding FWHMx ¼ 31.3 μm and
FWHMy ¼ 26.3 μm.

FIG. 10. Dose map at the collimator apex for a 200-mA, whole-
beam dump from the January 2020 experiment simulating the
eighth loss event (SN08). Note the increased size of the footprint
relative to the APS-U case presented in Fig. 9. The x- and y-dose
profiles plotted at the location of maximum integrated dose yield
FWHMx ¼ 132.1 μm and FWHMy ¼ 43.9 μm.

FIG. 11. Horizontal collimator assembly plan view. The colli-
mator test pieces are stacked in the y direction so that only one is
visible in this view; in addition, the collimator pieces are shown
fully inserted, past the centerline. In the experiments, the
collimators are withdrawn to a parking position allowing the
beam to circulate. Dimensions are given in mm.
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in Fig. 12. The beam-facing surface is hidden, below the
image. The surface facing the beam is machined to have
large radius (0.8 m) creating an apex near the center of the
collimator. The apex is the location on the collimator we
expect the beam to strike first as it loses energy after rf
muting. The machined radius yields an apex approximately
0.3 mm above the chord connecting the upstream and
downstream ends of the collimator piece. Note that
Figs. 2(b) and 3 show anamorphic, idealized views of
the geometry in the x-z plane (y ¼ 0) used in MARS. The
actual collimator test pieces presented in Figs. 11 and 12
are not as long in the beam (z) direction as shown in the
MARS geometry, but the curvature of the exposed surface is
still present.
Prior to assembly, a microscope system was used to

obtain a view of the machined radius as well as surface
roughness. An anamorphic image of the collimator surface
taken with a Keyence VR3200 microscope is shown in
Fig. 13. The view is magnified in the vertical (x) direction
3000 times. The measurement was made on the aluminum
test piece installed for the May 2019 experiment; the

surface roughness was found to be 2.7 μm. The aluminum
test pieces used in the January 2020 study had a signifi-
cantly reduced surface roughness value of 0.45 μm. We
note in the latter experiment only aluminum test pieces
were irradiated.
Optical and mechanical monitoring of the collimator

surface was performed during the experiments. The colli-
mator surface was imaged using a diagnostic camera. Details
of the camera apparatus are outlined in Ref. [47]. The
horizontal (x) position of the collimator surface was moni-
tored using a linear variable differential transformer (LVDT).
LVDT calibration is also discussed in Ref. [47].

B. Lattice parameters at the collimators

Since the electron beam emittance is ∼2.5 nm in the APS
SR, we employ an insertion with modified lattice parameters
at the location of the collimators in order to maximize energy
deposition. Lattice parameters at the scraper location in S37
are summarized in Table IV. Beam size estimates are made
using averaged PELEGANT simulation results for emittances

FIG. 12. Collimator test piece. (a) Oblique view. (b) The
manufactured article showing 1-mm-spaced rulings along one
of the lateral surfaces. Distance along the chord on the beam-
facing surface is 41.5 mm.

FIG. 13. An anamorphic view of the collimator surface show-
ing curvature and roughness for the aluminum test piece used in
May 2019.

TABLE IV. Lattice parameters at the collimator location in
sector 37. Beam sizes are determined using ϵx ¼ 2.58 nm,
ϵy ¼ 15 pm, and σΔp=p ¼ 8.2 × 10−4.

Parameter Symbol Design value Units

Horizontal beta function βx 4.0 m
Vertical beta function βy 6.0 m
Horizontal dispersion function ηx 0.059 m
dηx
ds

η0x 0 � � �
Vertical dispersion function ηy 0 m
dηy
ds

η0y 0 � � �
Horizontal beam size, rms σx 111 μm
Vertical beta size, rms σx 9.5 μm

FIG. 14. The reduced-horizontal-beam-size lattice functions in
S37 and S38. The collimators were positioned at s ¼ 1023.78 m.
Horizontal and vertical tunes were 36.169 and 19.241.

COLLIMATOR IRRADIATION STUDIES IN THE … PHYS. REV. ACCEL. BEAMS 25, 043001 (2022)

043001-9



and energy spread from Sec. III B with ϵx ¼ 2.58 nm,
ϵy ¼ 15 pm, and σΔp=p ¼ 8.2 × 10−4.
A triple reduced-horizontal-beam-size (RHB) lattice was

developed to minimize the spot size at the S37 scraper
location. The lattice was modeled with PELEGANT. Twiss
parameters for the RHB lattice in S37 and S38 are plotted
in Fig. 14; the collimator/scraper assembly was located
at s ¼ 1023.78 m.

V. RESULTS

In addition to the beam-related measurements mentioned
in this section, temperature and rf cavity chamber pressure
were also monitored; these results are found in Ref. [47].

A. Observations during irradiation studies

Beam dumps were monitored by both turn-by-turn
(TBT) beam position monitors (BPMs) and fast beam-loss
monitors (BLMs). Both diagnostics provide temporal
information on the beam losses.

1. Electron beam emittance, current,
and current density

The electron beam size was measured during the
experiments using a hard x-ray pinhole camera at S35.
Using the beam sizes and the design lattice functions at
the pinhole location allows us to infer the emittances. The
beam size and current density at the scraper location are
then calculated using the beam emittances and lattice
functions.
By way of example, horizontal and vertical emittances

just prior to a 200-mA beam dump are plotted in Fig. 15
along with scraper position and current for the case of
ybump ¼ 2.6 mm. The plot ends with the beam dump. As
shown in Fig. 15, variations in vertical emittancewith current
were observed prior to beam dumps, whereas horizontal
emittance essentially showed no change. The stored beam

current was measured using a DCCT. The slope of current
versus time becomes more negative as the scraper was
inserted to its final position indicating a reduction in lifetime.
A position of 2.57 cm corresponds to the collimator

apex at x ¼ −2.0 mm relative to the beam centerline.
After the collimator reached this position, the beam abort
was initiated. The beam dump cases were separated by
vertical (y) orbit bumps with a nominal spacing of 0.4 mm.
The electron beam position was located vertically with
respect to the collimator through observations of beam
lifetime variation with vertical position. Near the gap
between the upper and lower collimator test pieces, beam
lifetime was observed to increase. Details of this process
are outlined in Ref. [47].
Table V lists the beam aborts in sequential order for the

highest beam currents (> 15 mA) during the first experi-
ment where both Al and Ti alloys were tested. Beam dumps
below 15 mA displayed no damage. Also presented in the
table are vertical beam offset, current, emittances, rms spot
sizes, estimated peak dose based on Gaussian transverse
profiles [see Eq. (8)], and the maximum dose from MARS

simulations. In Table V, the MARS results employ the
APS-U loss distribution scaled by beam current,

DU ¼ DUtIb=200; ð6Þ

where DUt ¼ 3.1 MGy=bunch (48 bunches) ¼ 149 MGy
and Ib is the beam current in mA. PELEGANT loss
distributions were not generated for the May 2019 experi-
ment. Table VI presents the same data for the second
experiment where only Al-alloy test pieces were irradiated.
In addition, PELEGANT loss distributions for each of the
20 beam dumps were employed to generate the raw dose
maximums, Draw presented in Fig. 5 using the collisional
stopping power Spc at 6 GeV. The loss distributions were
also used as MARS input to determine peak dose, Dex.
Assuming Gaussian distributions, the peak current density
jb is calculated as

jb ¼
Ib

2πσxσy
: ð7Þ

At 200 mA, calculated current densities reach 39 Amm−2,
approximately 5 times the damage threshold observed in
aluminum. Initial dose for a normal-incident, Gaussian-
distributed, monoenergetic beam may be expressed in a
form similar to Eq. (7) as

DG ¼ Spc
Nq

2πσxσy
; ð8Þ

where Nq is the total number of circulating electrons.
At 6 GeV, Spc ¼ 2.02 MeVcm2 g−1 in titanium and
2.153 MeVcm2 g−1 in aluminum. The radiative stop-
ping power Spr (246.7 MeVcm2 g−1 for Al and
373.7 MeVcm2 g−1 for Ti) is much larger than Spc.

FIG. 15. Beam emittances, scraper position, and beam current
for a 200-mA beam with a 2.6 mm vertical bump. The plot ends
with the beam dump.
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The radiative component should not appreciably con-
tribute to local heating in the case of aluminum
(ðXo=ρÞAl¼8.9 cm); however, this is probably not true
for the titanium alloy (ðXo=ρÞTi ¼ 3.56 cm).
The ratio DU=Dex ¼ 5.02� 0.81 for all entries in

Table VI and 5.36� 0.50 for the eleven 200-mA cases.
These values are roughly consistent with the ratio of
the footprint areas given by the product of the FWHM
beam sizes presented in Figs. 9 and 10: ð132.1=31.3Þ
ð43.9=31.3Þ ¼ 5.92. Nearby S38A:P2 TBT BPM centroid
measurements at 200-mA indicate the beam moving
inboard at a rate of −132 μm per turn; here horizontal
dispersion ηx is 78 mm; however, as shown in Table IV,
at the collimator position ηx ¼ 59 mm. The rate of

inboard motion at the collimators is then approximately
−100 μm=turn. PELEGANT simulations for APS-U predict
−80-μm=turn horizontal motion for a whole-beam dump
at 200 mA. In the simulations, an electron is considered
lost when its horizontal position places it anywhere within
the collimator.
Equation (8) describes the beam as if it were normally

incident on the collimator. Instead prior to phase changes,
the electrons are sheared off horizontally at the collimator
apex; as discussed below, this process happens over 3–5
turns depending on current. One would then expect the
collimator apex to be irradiated by several regions of the
beam cross section over the period of the dump and thus
experience a higher dose than that given by Eq. (8). In other

TABLE V. Material and chronological sequence number (SN), number of bunches Nb, y offset, beam current, Ib, charge per
bunch, Qb, emittances, spot sizes σx;y, current density je, peak Gaussian profile dose DG, and maximum dose predicted by MARS using
the APS-U loss distribution, DU, during the May 2019 S37 collimator study. Mat’l Al refers to aluminum alloy T6061 and Ti stands for
titanium alloy Ti6Al4V.

Mat’l/SN Nb yoff (mm) Ib (mA) Qb (nC) ϵx (nm) ϵy (pm) σx (mm) σy (μm) je (A=mm2) DG (MGy) DU (MGy)

Al=04 27 3.8 17.1 2.33 1.87 8.2 0.1047 7.0 3.71 2.94 12.7
Al=05 54 4.3 33.1 2.26 1.84 10.1 0.1042 7.8 6.48 5.13 24.6
Al=06 108 4.8 67.4 2.30 1.89 14.7 0.1052 9.4 10.85 8.60 50.2
Ti=11 27 −3.3 15.9 2.17 1.87 4.54 0.1048 5.2 4.64 3.45 11.8
Ti=12 54 −3.8 32.1 2.19 1.85 4.98 0.1044 5.5 8.90 6.62 23.9
Ti=13 108 −0.7 66.9 2.28 1.84 24.3 0.1042 12.1 8.45 6.28 49.8
Al=14 108 1.2 64.1 2.18 1.79 9.58 0.1032 7.6 13.00 10.31 47.7

TABLE VI. Chronological sequence number (SN), number of bunches Nb, y offset, beam current, Ib, charge per bunch, Qb,
emittance, spot sizes σx;y, current density je, peak Gaussian profile dose DG, peak raw dose Draw, maximum dose levels simulated with
MARS from the January 2020 experiment, Dex and dose scaled to APS-U conditions, DU. The target material in both test pieces is
Al-T6061.

SN Nb

yoff
(mm)

Ib
(mA)

Qb
(nC)

ϵx
(nm)

ϵy
(pm)

σx
(mm)

σy
(μm)

je
(A=mm2)

DG
(MGy)

Draw
(MGy)

Dex
(MGy)

DU
(MGy)

00 27 1.0 18.1 2.18 1.831 6.00 0.1039 6.00 4.61 3.65 4.12 4.69 13.5
01 54 1.4 34.6 2.18 1.829 5.28 0.1039 5.63 9.42 7.47 6.88 7.56 25.7
02 108 1.8 69.4 2.18 1.972 7.58 0.1066 6.74 15.36 12.18 10.53 11.32 51.6
03 324 2.2 99.1 1.13 2.088 13.36 0.1088 8.95 16.20 12.84 14.98 16.30 73.8
04 108 −3.4 73.1 2.18 2.012 7.51 0.1074 6.71 16.14 12.80 9.56 10.89 54.4
05 108 −3.4 66.6 2.18 1.965 7.88 0.1065 6.88 14.47 11.47 8.97 9.74 49.6
06 324 3.0 100.0 1.13 2.023 13.74 0.1076 9.08 16.29 12.92 14.58 16.19 74.4
07 324 −1.0 166.8 1.7 2.120 9.58 0.1094 7.58 32.02 25.39 20.97 23.08 124.2
08 972 2.6 202.0 0.76 2.765 14.91 0.1206 9.46 28.18 22.35 30.74 31.91 150.3
09 972 3.4 201.2 0.76 2.094 17.85 0.1089 10.35 28.41 22.53 30.11 32.17 149.7
10 972 3.8 202.1 0.76 2.104 15.51 0.1091 9.65 30.56 24.23 29.72 32.82 150.3
11 972 −1.4 199.8 0.76 2.140 9.52 0.1097 7.56 38.33 30.39 25.20 28.31 148.6
12 972 −1.4 201.9 0.76 2.132 9.55 0.1096 7.57 38.74 30.71 25.70 28.08 150.2
13 972 −1.8 201.4 0.76 2.112 9.54 0.1092 7.57 38.79 30.76 25.24 27.09 149.9
14 972 −2.6 201.9 0.76 2.117 10.71 0.1093 8.02 36.68 29.08 23.99 25.99 150.2
15 972 −2.6 201.4 0.76 2.102 10.42 0.1090 7.91 37.18 29.48 23.38 26.18 149.9
16 972 −2.6 201.9 0.76 2.108 10.44 0.1091 7.92 37.19 29.49 23.52 26.61 150.2
17 972 −2.6 201.8 0.76 2.112 10.61 0.1092 7.98 36.86 29.22 23.85 25.82 150.2
18 972 −2.6 202.2 0.76 2.124 10.36 0.1094 7.88 37.31 29.58 23.60 25.51 150.5
19 324 −3.8 143.6 1.7 2.087 11.49 0.1088 8.30 25.32 20.07 15.76 17.97 106.8
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words, the effective width of the distribution becomes
smaller in the x direction. However, the ratios of bothDraw,
based on Spc, and Dex, based on a more complete physics
model (MARS), to DG, also using Spc but with Gaussian
measured footprints, are close to 1.

2. Fast beam-loss monitors

Fast BLMs are based on high-purity fused-silica fiber
optic (FO) bundles [48,49] as well as small cylindrical
fused-silica radiators [50]. Two types of FO bundles are
used as BLMs. The first type consists of 61 fibers of
200 μm diameter and forms an effective 3.1 mm2 circular
cross section. The second bundle type is fabricated with
seven fibers of 200 μm diameter for an effective circular
cross section of 0.34 mm2. Both FO bundle types are
mounted at beam elevation with the downstream ends
coupled to photomultiplier tubes (PMTs). The larger cross
section bundles are located next to room-temperature
undulator vacuum chambers. The smaller bundles are
placed within superconducting undulator (SCU) cryostats
on either side of the beam pipe [51].
Loss intensity signals observed on one of the SCU fast

BLMs at the insertion device, S1 location (ID1) are shown
in Fig. 16(a) and compared with PELEGANT simulations of
the beam dumps in Fig. 16(b). The PELEGANT simulations
consist of the difference in the number of particles
remaining with respect to time in units of 3.68 μs turns
since rf muting, as described in Sec. III B. These data show
qualitative agreement with simulations.
In Fig. 17(a), the measured peak intensity loss times

measured from the time of rf muting are determined from
the center of the distribution and compared with PELEGANT

simulation results in Fig. 17(b). The simulated times since
rf mute required to lose 10%, 50%, and 90% of the beam
are presented as a function of stored current. Good agree-
ment is seen between the fast BLM data and the PELEGANT

50% simulation. The reduction in time or turns for the
appearance of loss signals with current is due to beam
loading in the rf cavities. The loss signals correspond to the
arrival of the beam on the collimator surface as well as
subsequent downstream scattering.

3. Beam position monitors

The peak loss intensity times determined from differ-
entiated TBT BPM sum signals are also included in Fig. 17.
A systematic difference of approximately two turns (∼7 μs)
is observed between the TBT BPMs and the fast BLM data
with the fast BLM peaks appearing first. The delay is due to
processing latency in the TBT BPM electronics.

4. Imaging of the collimator surfaces during beam dumps

It came as a surprise during the first experiment that
beam striking the collimator resulted in easily observed
visible light emission even at the lowest current levels

(approximately 2 mA during the May 2019 study). At low
currents, emission is thought to be due to optical transition
radiation from the surface, while at high currents, black-
body radiation (BBR) is presumably dominant. During our
first experiment, we were limited to maximum currents of
67 mA. Emission images from both studies have been
previously reported [19,47]. Visible light emission from
beam dumps of 69.4 and 201 mA observed during the
second experiment are presented in Fig. 18. Note, the
scene shows the first 11 mm at the upstream end of
the collimators as do the rest of the images in this section.
A digital video recorder (DVR) operating at 30 frames per
second was employed to capture these bursts of light.
During the second experiment, significantly more linear
features were observed in the 65–70 mA range than were
seen in the first experiment at similar strike currents;
compare Fig. 18(a) with Fig. 5(b) in Ref. [19]. The linear
features are believed to be hot ejecta leaving the irradiated
zone. Though present at higher current, these linear tracks
are better defined (focused) in the 65–70 mA range. The
primary mechanical difference between the May 2019 and

FIG. 16. Loss intensity profiles from (a) ID1 fast BLM and
(b) PELEGANT modeling. Both ordinate axes are given in arbitrary
units. The leading two-digit numbers in the legend correspond to
the beam dump sequence numbers in Table VI.
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January 2020 collimator pieces is surface roughness. In the
former case, the average surface roughness was measured
to be 2.7 μm, whereas for the latter, the average roughness
was found to be 0.45 μm. Perhaps greater roughness leads
to wakefield effects that can partially disrupt the beam;
in addition, improvements in the control of the vertical
emittance were made for the later experiment.
Even at the highest currents, BBR is seen only in one

33-ms DVR frame. The tracks are likely due to a time
integration of hot ejecta moving across the scene with
widely different trajectories relative to the beam direction.
Assuming ejecta velocities are on the order of 1 km=s, the
tracks are generated in ∼10 μs, much less than the 33-ms
video-frame duration.
A few trajectories appear to bend or deflect near the

strike zone, as indicated by the dashed circles in Fig. 18(a).
In the case of the 69.4-mA beam dump, a peak magnetic
field of 0.15 T is present near the bunch; this field, though
short in duration (∼50 ps, FWHM), may deflect free
electrons in the ejecta plasma via magnetic force from
the remaining circulating charge. In the case of Fig. 18(b),

the lower charge per bunch at 200 mA (see Table VI) means
the peak magnetic field is reduced by almost a factor of 3.
The surface is illuminated more intensely by the higher
current beam dump and the ejecta appear diminished in
intensity, both effects make the ejecta harder to distinguish.
Nevertheless from the tracks that are visible, no obvious
bending is observed.
The depth of focus of the diagnostic camera is 2 mm

[47]; therefore, the linear features seen in Fig. 18(a) must be
close to the collimator surface. Figure 18(b) shows that
while the emission is much brighter at 200 mA, the linear
features, though present, are less pronounced perhaps
suggesting these features are leaving the depth of field.
In these images, beam is moving from right to left.
For the second experiment on the lower collimator test

piece, two positions were selected for double strikes and
one location received five strikes. Referring to Table VI,
these are SN 04 and 05, SN 11 and 12, and SN 14–18,
respectively. This was done in order to provide under-
standing of the survivability of the collimator in real-world
operations, where the same location will be struck multiple

FIG. 17. Comparison of loss signal arrival times determined
from (a) the fast BLMs and TBT BPMs and (b) PELEGANT

simulations. The fast BLMs are based on high-purity, fused-silica
fiber optic bundles; in sector 1 these are labeled ID1_ChM,
where M ¼ 1; 2; 3 and in sector 6 labeled ID6_ChN, where
N ¼ 1; 2; 3; 4. PELEGANT results are presented for 10, 50, and
90 percent particle loss.

FIG. 18. Visible light emission from beam strikes during
experiment 2 at (a) 69.4 mA and (b) 201.2 mA corresponding
to SN02 and SN09 in Table VI. Beam is moving from right to left.
The yellow dashed circles in (a) are locations where ejecta tracks
appear to bend. The horizontal scale is centered on the field of
view which is near the upstream end of the collimator. The apex is
out of the field of view to the left of the image. The vertical scale
is centered at nominal beam elevation (y ¼ 0).
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times. Light intensity was observed to drop for later beam
dumps at the same vertical offset.
In Fig. 19, the two emission frames from the 200 mA,

double strike case (SN11 and 12) are presented. A clear
reduction in emission is seen in the second strike. A more
dramatic drop in light emission at 200 mA is seen between
the first and fifth beam dumps shown in Fig. 20 (SN14
and 18). The number of pixels near saturation (intensity
> 700) are roughly the same in the two first-strike cases in
Figs. 19(a) and 20(a); however, this region is significantly
smaller in the second-strike case, and much smaller for the
fifth-strike case. In the five-strike case, the second-strike
emission frame (SN15, not shown) displayed a similar
reduction in intensity to that shown in Fig. 19(b). The
emission from the fifth strike shows strong intensity
modulations. The reasons for these variations in emission
intensity are not fully understood. Part of the reduction in
emission with subsequent dumps at the same y offset may
be due to the beam cutting a progressively deeper channel
or trench in the collimator material, moving the most
intense emission out of the field of view. The region of
brightest emission appears to move further downstream.
In addition to imaging the emission of light from the

beam strike, the diagnostics camera allowed damage

assessment during the experiments. For example, the final
image recorded at the end of the May 2019 study is shown
in false color in Fig. 21; here color indicates reflected
light intensity. This provided immediate confirmation
that experimental parameters (i.e., dose) were in line with
expectations. Strikes occurred at different elevations by
translating the beam with a local bump. The top half was Ti
alloy Ti6Al4V, and the lower half of the scraper was Al.
Beam current levels are indicated next to the tracks. In this
first experiment, beam dumps started at 2 mA; however
damage was only visible in the Ti alloy starting at 16 mA
and in Al at 32 mA. In both experiments, the field of view
(FOV) of the diagnostic camera was 11 mm and is centered
at the upstream end of the test pieces.

B. Postirradiation observations

1. Photography of surface postirradiation

Images from the May 2019 experiment showed damage
to the titanium alloy test piece was significantly greater
than to the aluminum for the same current [19]. Irradiation
effects in titanium were observed down to 16 mA; whereas,
the minimum current for surface damage in aluminum was
32 mA. This is not surprising because the effect of thermal
diffusion in titanium is significantly less than in aluminum.

FIG. 19. Emission images at 200 mA from two beam dumps at
the same y-offset location; referring to Table VI these strikes are
(a) SN11 and (b) SN12. A reduction in light intensity is evident in
the second strike.

FIG. 20. Emission images at 200 mA from the five-strike case
at the same y location. Again referring to Table VI, light
intensities from beam strikes (a) SN14 (first) and (b) SN18
(fifth) are shown.
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One additional complication was that the titanium test piece
became activated during the experiment. For these reasons,
we decided not to do further testing with titanium.
In early February 2020, after the second experiment,

photographs were taken of both aluminum collimator
pieces while still attached to the scraper assembly; an
example is presented in Fig. 22. For scale, note that the
gap between the two collimator pieces is 0.83 mm. The

collimator pieces were positioned at x ¼ −2 mm; i.e.,
2 mm inboard of the horizontal beam centerline prior to
dumping the beam via rf muting. The sequence numbers
are indicated on the left side of Fig. 22 while targeted
current is indicated on the right side (the actual current
values are given in Table VI). Locations with more than one
sequence number indicate a vertical position struck multi-
ple times. Once the collimator pieces were removed from
the scraper body, better resolution images of the irradiation
surfaces were obtained.
The collimator test pieces from the January 2020 study

were examined with a single-lens reflex camera using a
high-magnification macrolens. Different lighting orienta-
tions reveal some of the structure of the beam strike
damage. Figure 23 presents a photograph of the upper,
single-strike collimator piece; the region is indicated by
the box in the upper left-hand corner of Fig. 22. Starting
from the bottom of Fig. 23, the beam dump currents were
34.6, 69.4, 99.1, 202.0, 100.0, 201.2, and 202.1 mA. The
nominal separation between each strike is 0.4 mm.

2. Microscopy of surfaces

Microscopy of all four collimator test pieces from both
experiments was carried out using an Olympus BX51M
Metallurgical microscope system running StreamMotion

software. A set of variable objective lenses provides
magnification from 25 to 1000 times. Due to the high
magnification, the depth of field is narrow—only a few
microns at 500×—therefore, to build an “in-focus” or
“flattened” image of the beam strike regions, where depths
can vary by over 100 μm, the microscope stage is stepped

FIG. 21. Last image of the collimator surfaces after the final
beam dump of the May 2019 study, shown in false color. The
titanium alloy collimator test piece is above the gap and the
aluminum piece is below. The field of view is 11 mm. Color
indicates reflected light intensity.

FIG. 22. Photograph of the January 2020 collimator test pieces
still attached to the scraper body. Sequence numbers are shown
on the left; targeted currents are listed on the right. “Targeted”
refers to nominal current we were intending to store before the
beam was dumped. The actual currents are given in Table VI.
The gap between upper and lower collimator pieces is 0.83 mm.
The pieces were positioned at x ¼ −2 mm prior to dumping the
beam by rf muting.

FIG. 23. An enlargement of the boxed region shown in
Fig. 22. Sequence numbers, shown on the left, correspond to
those given in Table VI; thus, starting from the first visible
mark at the bottom are strikes of 34.6, 69.4, 99.1, 202.0, 100.0,
201.2, and 202.1 mA corresponding to sequence numbers 01,
02, 03, 08, 06, 09, and 10, respectively. The vertical separation
between each strike position is 0.4 mm. Illumination is from the
bottom of the image.
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vertically. Images are recorded at each step; the regions
of each image with the highest spatial frequencies are
assembled to form a single frame. Figure 24 shows the
regions of top and bottom test pieces struck by the beam; all
dimensions are in mm. As mentioned above, the length of
the beam-facing surface of each piece is 41.5 mm.
The beam was moving from right to left in the image.

Three z locations of interest, designated z0, z1, and z2, are
shown in Fig. 24; the collimator apex is located just
upstream of z2. The damaged region appears biased toward
the upstream side of the test pieces. One explanation could
be the collimators were mounted with a yaw angle (rotation
about the y axis). Alternatively, the fact that the collimators
were machined with a radius may also play a role. Starting
at the apex, as collimator material is removed during the
beam dump the strike location must move upstream as the
remaining beam moves inboard due to energy loss and
positive dispersion.
Single strike.—Microscopy from the May 2019 experi-

ment indicated plastic distortion in the aluminum test piece,
and melting in the titanium alloy [19] with maximum
currents between 65 and 70 mA. The January 2020
experiment covered a higher range of beam currents. In
both experiments, the collimators showed melting in the
aluminum above 30 mA; however, in the second study,
the area of melting substantially grew as beam current
increased from 100 to 200 mA. At 200 mA, the beam left
evacuated regions or trenches along its path as material was
expelled from the heated volume. In Fig. 25, two adjacent,
vertically merged frames show the effects of 100 and
202 mA beam strikes on the top collimator test piece (SN06
and SN08 in Table VI) at the z0 location indicated in
Fig. 24. In multiple strike cases (same y offset), the width of
the melt region did not expand; instead, the depth of the
trench grew as did the length. Large, thick melt regions are
seen as well as much thinner coatings on the surface. The
width of the melt zone grew by roughly a factor of 2 from

100 to 202 mA. For comparison, the analysis of simulation
data shown in Fig. 6 predict that these variations will begin
at lower current, suggesting that the simple approach used
in the postsimulation analysis overestimates the extent
of melting. A topographical representation of the same

FIG. 24. Overview of the top and bottom collimator test pieces struck by beam dumps recorded at 25× magnification. The top piece
was subjected to single-strike beam dumps; the bottom piece received both single and multiple beam dumps at the same vertical offsets.
Beam was moving from right to left. Three z locations of interest are indicated on the top image; the apex location is just upstream of the
z2 position. All dimensions are in mm.

FIG. 25. Adjacent, vertically merged microscopy images of
beam strikes SN 06 and 08 (100 mA, upper, and 202 mA, lower),
from a 700-μm section of the top collimator at location z0. The
flattened images are recorded at a magnification of 200x.
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SN08, z0 location is presented in Fig. 26. Each contour line
represents a spacing of 2 μm.
Surface profiles in x and y generated every 100 μm in the

z direction from the z0 SN08 position are presented in
Fig. 27. Referencing Fig. 26, the lowest profile is taken
at z ¼ 0 with subsequent profiles corresponding to
z ¼ 100; 200;…; 700 μm. Such profile data will be used
for benchmarking more sophisticated simulations of dam-
age, along the lines outlined in Sec. III C. Even with more
sophisticated simulations, comparison with experiments
will require careful control and understanding of exper-
imental conditions. This indicates that other factors besides
beam current are influencing the outcomes; variation in
vertical emittance causing vertical beam size change is one
possibility. Vertical emittance changes occur shot to shot,
not within a bunch or between bunches and are likely

instigated by different vertical beam bumps. An example of
transient vertical emittance blowup is shown in Fig. 15
and may be due to an ion instability [52]. From Table VI,
200-mA vertical emittances in the single-strike test piece
(SN08-10) were 59% higher than for those in the multi-
strike piece (SN11-18).
Variations in the morphology of the damaged regions are

also seen over relatively short distances along the strike
path; rapid changes in the depth and width are observed.
For example in Fig. 28, the flattened, 3D image of beam
dump SN08 at the z1 location appears to show a large melt
region overfilling the trench on the downstream (left) side.
In Fig. 29, the three depth profiles selected across the strike
region presented in Fig. 28 at z ¼ 0, 300 and 600 μm
confirm the filling of the trench. The location shown in
Figs. 28 and 29 is 10.0 mm downstream of the z position
displayed in Figs. 25–27 and therefore closer to the
collimator apex; this may help to explain the deeper trench

FIG. 27. Surface profiles extracted from the SN08 stack data of
Fig. 26 (z0) in waterfall format. The z separation between profiles
is 100 μm.

FIG. 26. Anamorphic topological map of beam strike SN 08,
202 mA from the same 700 μm-length section of the top
collimator shown in Fig. 25. The increment in the x direction
is 2 μm.

FIG. 28. Flattened image of the SN08, 200 mA beam dump at
location z1. A large variation of trench depth occurs at this
position.

FIG. 29. Surface profiles from the SN08 strike zone of Fig. 28
showing relatively large variation in depth along the trench.
Separation between the profiles is 300 μm starting from z ¼ 0.
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observed there. The HED beam will strike the apex first
before striking the upstream location. The microscopy
results for 200 mA beam dumps show both trench
formation as well as deposition of melted material on both
sides of the trench. The z2 location is 5 mm downstream of
z1, 1.1 mm beyond the nominal apex location. The flattened
SN08 z2 image is presented in Fig. 30. The trench depth
at this location is significantly shallower than at z0 and z1;
this is odd since near the apex is where one would expect
the deepest trench depth.
Multiple strike.—The bottom collimator test piece was

chosen to receive multiple beam dumps at the same y offset.
The five-time strike location (SN14-18) is indicated in
Fig. 24 and displays the greatest length of damage,
approximately 33 mm. Double strikes at nominal currents
of 64 mA (SN 04 and 05) and 200 mA (SN 11 and 12) were
also recorded. The flattened image of a five-strike region is
shown in Fig. 31.

The maximum trench depth of the five-strike case is
significantly greater than for the single strike events; on
the other hand, the width, though variable, is typically
narrower. For the case shown in Fig. 31 the depth is
200–250 μm. The width of the channel for the five-strike
case is approximately 115 μm versus 200–250 μm for the
single dump cases on the top piece. Figure 24 indicates
the five-strike case creates the longest trench in the
bottom test piece. The reduction in light emission shown
earlier and the narrow channel suggest the walls cut into
the collimator from previous strikes may be interacting
with the beam possibly via wakefields, producing loss
elsewhere in the SR. (Also, collimator wakefield effects
are not included in the PELEGANT modeling at this point;
work is ongoing to add this component.) In Fig. 32,
loss durations for each of the five-strike cases are
compared with the PELEGANT Δt90 intervals. Variations
are evident in the measured values relative to PELEGANT

simulation.

3. Metallurgy

Metallurgical analysis was performed on the aluminum
test piece used in the May 2019 experiment. A transverse
cross section was cut from the test piece, polished, then
prepared with Barker’s etch. A comparison of cross sec-
tional regions struck by 33.1 and 67.4-mA beams are
presented in Fig. 33. In the figure, regions of plastic flow
and partial melt are identified; the beam direction is out of
the page.
The size of the affected area (plastic flow or melt) as the

current is raised from 33.1 to 67.4 mA is significantly
greater than a factor of 2, especially in the partial melt zone.
Based on the effects of higher current irradiation during the
January 2020 experiment, these cases are viewed as being
transitional from no-damage to plastic flow to melting,
perhaps accompanied by pockets of vaporization and rapid
expulsion of heated material. Table VI shows peak dose

FIG. 30. Flattened image of the SN08, 200-mA, single-strike
beam dump at location z2.

FIG. 31. Flattened image of multiple-strike zone at
yoff ¼ −2.6 mm; SN 14-18 (Table VI).

FIG. 32. Five-strike FWHM loss durations taken from ID1 and
ID6 fast BLMs compared with PELEGANT 90% loss increment.
The BLMs in ID1 are labeled ID1_ChM whereM ¼ 2; 3; and the
BLMs in ID6 are labeled ID6_ChN where N ¼ 1; 2; 3; 4.
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rates of 30 MGy were attained, a factor of 2 higher than that
required for hydrodynamic behavior [38], and approxi-
mately 3 times higher than what was achieved in the May

2019 study. The depth of the affected region is important
since it will be mechanically weakened during the strike.

4. Gamma spectroscopy

A metallurgical analysis of the titanium alloy test piece
was not conducted due to its activation and the production
of mixed waste which would have been generated by
cutting and polishing. After the January 2020 experiment,
both of the aluminum tests pieces were also found to be
activated. Gamma spectroscopy conducted on March 13,
2020 showed the nuclide responsible for the largest count
rate was beryllium-7. Be-7 is generated by high-energy
events such as spallation or cosmic ray impacts on nitrogen
or oxygen in the upper atmosphere. The single-strike
collimator piece received a total of 3.411 μC; whereas,
the multistrike piece received 7.595 μC. Only a small
fraction of the beam energy was deposited in the two
pieces. Table VII lists the activity of the two largest
contributors, Be-7 and Na-22.
Gamma spectroscopy measurements took place 47 days

after irradiation; with a 53.12 day half-life, this implies the
initial activity of the Be-7 would have been 1.85 times
higher than indicated in the table. Na-22 has a half-life of
2.602 years; therefore its initial activity would have been
only slightly higher.

5. Metrology

Table VIII lists the collimator weights before and after
irradiation as well as mass loss. The weights of both
collimator pieces were measured using a Mettler Toledo
XS105 DualRange precision scale. Greater mass loss is
noted in the multiple-strike (bottom) piece, which is
perhaps expected due to it being struck by more than
twice the total charge of the single-strike (top) piece. In
addition, the bottom piece experienced a preponderance of
the high-current beam aborts. Ejecta observed in images
taken with the diagnostic camera shown in Sec. III are
clearly part of the mass loss process.

VI. ANALYSIS-POWER DENSITY

Another factor related to beam-induced damage is power
density, determined as the energy fluence per unit time. We
observed that loss duration tended to decrease with increas-
ing current according to the fast BLMs and TBT BPMs;
this effect was also seen in PELEGANT simulations and is
readily understood as resulting from rf cavity beam load-
ing. We expect that if the beam is moving faster toward the

TABLE VII. Induced activity of the January 2020 collimator
test pieces.

Test
piece

Total beam
charge (μC)

No. of
strikes

7Be
(dpm)

22Na
(dpm)

Single strike
(top)

3.411 8 795 325

Multistrike
(bottom)

7.595 12 1535 550

TABLE VIII. Weights and weight loss for the January 2020 collimator test pieces.

Test piece Total beam charge (μC) No. of strikes Weight before (mg) Weight after (mg) Weight loss (mg)

Single strike 3.411 8 31,785.63 31,785.04 0.59
Multistrike 7.595 12 31,759.29 31,757.83 1.46

FIG. 33. Polished and etched cross sections of the aluminum
test piece from the May 2019 study showing regions struck at
(a) 33.1 mA and (b) 67.4 mA.
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wall with higher current, as seen in Figs. 16 and 17, then
assuming the beam maintains a constant cross section, the
duration of the loss pulse will decrease and intensity
increase. The FWHM duration of loss intensities observed
with the fast BLMs and TBT BPMs are presented in
Fig. 34(a) and compared with PELEGANT predictions of
time intervals required to lose the central 50%, 80%, and
90% of the beam in Fig. 34(b).
The majority of the FWHM data appear to agree most

closely with the Δt90 PELEGANT predictions; however,
fast BLMs in S37, approximately 10 m downstream of
the collimator location and in ID1 upstream (US) of the
cyrostat both show significantly longer loss intervals. ID1
is the first location in the ring where the beam sees a small-
aperture undulator insertion device vacuum chamber after
the larger cross sections of the rf zone upstream. Both the
S37 and ID1 US radiators are the 61-fiber-bundle BLMs.
The difference in FWHM data may be due to saturation;
alternatively, charge may continue to circulate in the SR
but losses are confined to S37 and ID1 locations. In the low
current cases, the charge per bunch is actually greater

(2.2 nC); however at high current, though the charge per
bunch is smaller (0.77 nC), the bunch signals occur with
greater frequency exceeding the response and recovery
times of the PMTs. An example of a whole-beam dump
event given in Fig. 35 for 18 mA (SN01) shows sufficient
time exists for recovery between the loss pulses; here losses
detected in the external US ID1 FO bundle in are presented
in a contour plot format. The horizontal axis represents
signals within a single turn (fast), and the vertical axis
exhibits behavior over separate turns (slow). The data
sample rate in this case was 2.5 GS s−1.
In Fig. 35, losses are seen to extend over several turns.

The loss intensity profiles shown in Fig. 16(a) are derived
from similar data collected from one of the internal ID1 FO
bundle BLMs. The fact that the full beam current is not lost
in a single turn confirms the expectation from simulations
that the bunches are clipped or scraped off over multiple
turns, lowering the power density seen by the collimators.
The faint signals appearing after the main loss pulses are
likely due to after-pulsing in the PMT.
Power density can be thought of in terms of average and

peak values in the circulating beam as well as in the energy

FIG. 34. Comparison of FWHM loss durations for all 20 beam
dumps of the second experiment determined from (a) the fast
BLMs and TBT BPMs and (b) PELEGANT simulations. PELEGANT
results are presented for time required to lose 50, 80, and
90 percent of beam particles. The fast BLMs in ID1 are labeled
ID1_ChM where M ¼ 1; 2; 3 and those in ID6 are labeled
ID6_ChN where N ¼ 1; 2; 3; 4. The fast BLM in S37 is simply
labeled S37.

FIG. 35. Contour plots from the ID1 external FO bundle BLM
during the 18 mA beam dump. The fill pattern held 27 equally
spaced 2.2 nC bunches. The horizontal (fast) axis shows loss
signals within a turn, and the vertical (slow) axis shows behavior
turn by turn. Part (a) shows loss signals over a full turn on the fast
axis; (b) zooms in on losses from three adjacent bunches.

J. DOOLING et al. PHYS. REV. ACCEL. BEAMS 25, 043001 (2022)

043001-20



absorbed per unit time. Power densities associated with
average and peak circulating charge may be expressed as

Pd ¼
jb
e
Eb ð9aÞ

Pd;pk ¼
Pd

Nb

Toffiffiffiffiffiffi
2π

p
τb

; ð9bÞ

where e is the electronic charge, τb is the rms bunch
duration, and Eb is the beam energy. The bunch duration
(assume a Gaussian profile) is determined by interpolating
[53] between the natural or zero-current value, 18 ps, and
the design-current value, 44 ps (15.3 nC) [54]. Circulating
power density data are plotted in Fig. 36. While the average
circulating power densities increase with beam current, the
peak values generally decline as the number of bunches in
the higher-current fill patterns increase.
More challenging to ascertain experimentally is the beam

cross section as it strikes the collimator; for this, PELEGANT
is employed as indicated in Sec. II. Bertarelli defines
absorbed power density as absorbed power per unit
volume [10]; using this definition, the absorbed power
density may be expressed as

Pda ¼ _Dρ ¼ Spc
_Nqρ

Ad
; ð10Þ

where _Nq ¼ IsðtÞ=e, IsðtÞ is the time-varying loss current
striking the collimator, and Ad is the area of deposition.
However, we observe from the BLMs and simulations that
the loss duration occurs over more than a single turn. From
loss intensity data presented above, we see that IsðtÞ is a
function of the total current, I. The temporal form of current
striking the collimator can be approximated as

InsðtÞ ≈
eNqffiffiffiffiffiffi

2π
p

τbNbNt

fnðtÞ; ð11Þ

where

fnðtÞ ¼ fbnðtÞfeðtÞ: ð12Þ

Nt represents the number of turns required to dump the
beam during the strike time ts ¼ NtTo after the beam
arrives at the collimator, fbnðtÞ describes the bunch pattern,
and feðtÞ represents the envelope of the loss. For an initial
estimate, we express the temporal loss forms as

fbnðtÞ ¼ H

�
t −

nTo

Nb

�
−H

�
t −

�
nTo

Nb
þ

ffiffiffiffiffiffi
2π

p
τb

��
ð13Þ

and

feðtÞ ¼ HðtÞ −Hðt − tsÞ; ð14Þ

where the Heaviside function, HðξÞ ¼ 0j1 for ξ < 0j ≥ 0.
The strike time ts is the FWHM of the loss intensity. In this
simple model, the total dose is expressed as

D ¼
Z

ts

0

_Ddt ≈ Spc
XNbNt

n¼0

Nq

NbNtAd
fn ¼ Spc

Nq

Ad
: ð15Þ

During a beam dump, the rf power is muted, and the
beam moves inboard due to energy loss and positive
dispersion at the collimator location as Δx ¼ ηxΔp=p,
where p ≈ 6 GeV=c. As the beam approaches and strikes
the collimator apex, charge is shaved off horizontally.
Based on the loss intensity and FWHM interval data
presented in Figs. 16 and 34, Is tends to increase with
circulating current in a nonlinear manner. The nonlinearity
in current can be addressed by adjusting Nt in Eq. (11).
As mentioned in Sec. V, at 200 mA, centroid motion

at the collimator is approximately −100 μm=turn. From
Table VI, for the 200 mA cases, the circulating horizontal
beam size, σx ≈ 110� 3.4 μm; thus, with ts ¼ 3 turns or
≈11 μs, the beam FWHM x extent at impact should be
≈260 μm. This interval is consistent with the PELEGANT

loss interval, Δt90 shown in Fig. 34(b) and most but not all
of the data of Fig. 34(a). Ignoring the effects of wakefields
or material loss from the surface of the collimator, we
assume the beam is clipped off horizontally at 100 μm
per turn (Δx) with no change in the local power density
of the remaining circulating charge. The section of the
beam striking the collimator is assumed lost and does not
recirculate.
We observe from Figs. 9 and 10 that the y profiles are

approximately Gaussian but the x profiles are not. This
suggests the beam footprint or area on the collimator can be
given as Ad ≈

ffiffiffiffiffiffi
2π

p
σyldx, where ldx is the deposition width.

Equating the FWHMx value shown in the Fig. 10 x profile
with ldx (132.1 μm), we see this is 32% larger than the
horizontal motion per turn given above. TBT data shows
that the centroid motion picks up speed just prior to striking

FIG. 36. Average and peak circulating power densities in the
6-GeV electron beam.
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the collimator. The higher speed would increase the size of
the footprint on the collimator; however, the loss duration
would further decrease. This implies that the cross section
of the beam is growing just prior to striking the collimator.
Erosion of the collimator surface may also cause a temporal
growth in the strike duration; note that 100 μm is approx-
imately the depth of the trench shown in Fig. 27.
Knowing the beam footprint, current, and beam energy

allows calculation of dose in the experiment using the
collisional stopping power; this method was employed to
calculate DG and Draw given in Table VI. In the first case,
the circulating beam cross was determined knowing the
measured beam emittance and lattice functions; in the
second case, PELEGANT tracking simulations provided
the loss distributions. These calculated dose values are
compared with those from MARS simulations, Dex and DU.
PELEGANT-generated loss distribution are necessary to
provide estimates of beam footprints on the collimators.
Using the peak dose, the maximum absorbed power

density may be expressed simply as

Pdap ¼
Dbρffiffiffiffiffiffi
2π

p
τb

; ð16Þ

where Db is the bunch dose spread over Nt ¼ 3 turns. The
average of the peak absorbed power densities given by
Eq. (16) using the MARS dose for the eleven 200-mA beam
dumps are presented in Table IX and compared with those
determined from collisional stopping power. Also shown in
the table is peak absorbed power density for the 48-bunch
200-mA case for APS-U. The results in Table IX are for a
single bunch.
Comparing the absorbed power densities in Table IX with

the regions shown in Fig. 1 of Ref. [10] for the individual
bunches, the duration is below the chart’s deposition time
limit (1 ns). The peak absorbed power densities would
appear to reside in the elastic and plastic regions.

VII. SUMMARY DISCUSSION

Over the range of currents and bunch patterns selected
to conduct these experiments, a diverse set of material
behavior has been observed. For example, Fig. 18(a)
exhibits numerous ejecta features; whereas images from
the first experiment under similar irradiation conditions

show none [19]. Surface roughness may play a role when
comparing these separate 65–70 mA beam aborts cases
in May 2019 and January 2020, suggesting wakefield
effects could be involved. Other effects may explain the
difference such as trace material composition or improved
control of transverse beam dimensions. At 16 mA and
below, no damage is detectable on the aluminum collima-
tors. Beginning near 32 mA, plastic deformation and partial
melting take place. Above 65 mA, material expulsion is
observed; the transverse extent of the damage remains
relatively small. At 100 mA and above, the region of
damage grows significantly. With 200 mA, the beam strike
area is strongly evacuated leaving a clear trench even after a
single dump; this is most likely a region of strong hydro-
dynamic activity as indicated by the dose.
Regarding collimator composition, advanced carbon-

based materials such as copper diamond [55,56], carbon
fiber [57], and carbon composites [58] may offer better
performance than other low-Z, low-density materials such
as aluminum. We were given a sample of molybdenum
carbide graphite (MoGr) [58] by colleagues at the CERN
LHC in September 2019. This was not installed for the
January 2020 experiment due to concern of possible
graphite dust contamination of the nearby fourth rf cavity
in S37. This sample has since been machined into the
collimator test piece geometry shown in Fig. 12 in the hope
that it may yet be used in future irradiation experiments.
Loss intensities derived from PELEGANT modeling as

well as TBT BPMs are global; whereas, observations from
loss monitors are local. We might therefore expect temporal
loss results to differ somewhat from the disparate methods.
In spite of this, we find some agreement between the
measurements and simulations with respect to the time
required for beam loss to occur and the interval over which
a significant fraction of the beam is lost.
Damage is biased toward the upstream side of the

collimators; the electron beam will strike the apex first,
then necessarily move upstream as the trench begins to
form. Alternatively, the upstream bias could be due to a
yaw angle in the collimator scraper assembly, meaning a
rotation about the y axis.
Improved optical diagnostics would include higher-

resolution, higher-speed cameras as well as a system with
spectroscopic capabilities to potentially provide temper-
ature information. A digital camera would allow sensor
integration down to 10 μs with a triggered start. Depending
on BBR optical signal intensity and duration, a gated,
intensified charged-coupled device camera could provide
50-ns width images and TBT data.
We have considered just the thermal effects from

absorbed energy in the collimator and for now neglected
electromagnetic processes that may play a role. The latter
effects will be addressed in future work. The large light
output at high currents is thought to be predominately BBR.
The melting temperature of the T6061 aluminum alloy is

TABLE IX. Absorbed power density comparing the Spc-
derived value for the average of the experimental cases at
200 mA with that from the MARS result and the reference MARS

timing-mode bunch for APS-U.

Case Nb Qb (nC) Ib (mA) τb (ps) Pdap (W cm−3)

Spc 972 0.76 201.6 19.0 1.68 × 1011

MARS 972 0.76 201.6 19.0 1.83 × 1011

MARS (Ref.) 48 15.3 200.0 44.2 8.39 × 1012
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858 and 2345 K for the thin aluminum oxide layer on the
surface. In the May 2019 experiment, the oxide layer
remained largely intact up to 65 mA; this was not the case
in the January 2020 study.
The fact that the struck region forms a trench in a single

strike indicates the beam can propagate further downstream
as it is lost, i.e., that the beam is not stopped in the collimator.
Coupled modeling between particle-matter interaction,
hydrodynamic, and beam dynamics codes (multiphysics)
is required to adequately address this behavior. Coupling the
scattered beam component back to PELEGANTwill help us to
understand where the remaining energy of the dumped beam
will be deposited in the storage ring.
The installation of a vertical fan-out kicker is now being

proposed as a method to mitigate the effects of HEDs
generated in the collimators during whole-beam loss. The
kicker would spread the beam vertically reducing the
energy density on the collimator. Simulations have shown
that a modest 250-μrad kick can eliminate melting in the
aluminum collimator. An experiment has been proposed to
test the effectiveness of the vertical fan-out kicker concept.
The work described here has informed the design of the

APS-U horizontal collimators in three areas. First, the
experiments provide confidence in the simulations carried
out thus far in that they predict the conditions are present
for damage to take place to the collimators. Second, the
effort shows the use of aluminum is favored over other
heavier, denser materials; however, additional steps must be
taken to protect the collimators. As mentioned above, a
vertical fan-out kicker is now under consideration for the
APS-U SR. Finally, the work validates the use of a gentle
radius (∼0.8–1.0 m) on the collimator beam-facing surface
to localize the loss.

VIII. CONCLUSION

Two collimator irradiation experiments have been con-
ducted in the APS SR attempting to reproduce expected
whole-beam dump conditions in the APS-U by reducing
both horizontal and vertical beam sizes. In the first experi-
ment, transitions from solid to plastic/partial-melt states in
Al and Ti-alloy target collimators were observed. In the
second experiment, 200 mA was attained on aluminum
targets, dose exceeded 30 MGy, and transitions to a fully
hydrodynamic behavior were observed. Static simulations
indicate the APS-U collimator may experience dose levels
approaching 150 MGy. An effective reduction in the
horizontal extent of deposition as the beam moves inboard
with a concomitant increase in dose is a concern with these
high-energy-density beams. Beam dynamics predictions by
PELEGANT show good agreement with measurements of
beam arrival time and temporal pulse compression with
current. Because of the superior performance of Al over the
Ti alloy as well as its common use, this is the choice now
for collimator material. A fan-out kicker system will be
employed to deflect beam during whole-beam dumps.

Finally, our experiments have provided important data
to motivate the benchmarking of ongoing coupled-code
multiphysics investigations.
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