
ENERGY DEPOSITION IN THE SECTOR 37 SCRAPER OF THE
ADVANCED PHOTON SOURCE STORAGE RING∗

J. C. Dooling† , M. Borland, Y. C. Chae, and R. Lindberg, ANL, Argonne, IL 60439, USA

Abstract
The horizontal scraper in the sector 37 straight section

of the Advanced Photon Source storage ring serves as a
diagnostic to probe both the edge of the beam as well as
the physical aperture when the store is lost. Initially, the
scraper was meant only to be a diagnostic; high-density,
short-radiation-length material used in the device was in-
tended to stop halo, not the full beam. Damage to this de-
vice was recently discovered, and as a result, we began an
effort to model and improve the scraper. Modeling with
elegant provides loss distributions for several scenarios
such as muting one or both rf systems in combination with
firing injection kickers. The loss distributions are used as
input to a MARS model of the scraper. Beam dumps from
100 mA dissipate a total of 2600 J. Most of this energy is
not deposited locally; however, depending on the geome-
try and physical make-up, sufficient power density exists to
damage the device on beam-facing surfaces. Testing is cur-
rently planned to examine the suitability of different beam-
facing materials. Because of non-local energy deposition,
we are evaluating the secondary role for this scraper as a
spoiler rather than a beam dump.

INITIAL DAMAGE AND TESTING
During the Spring 2011 APS shutdown, damage to the

sector 37 (S37) scraper was observed, and the device was
removed from the storage ring (SR). A photograph of the
damaged region is presented in Figure 1; the view is look-
ing downstream. The thickness of the W is 2.54 cm. The

Figure 1: S37 scraper after removal from the SR in April
2011. View is looking downstream.

S37 scraper shown in Fig. 1 had been in use for seven years.
The scraper was rebuilt using the same geometery and ma-
terials with the intention of employing the device only for
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diagnostics and collimation while a new design was consid-
ered. The rebuilt scaper was reinstalled in the SR in Jan-
uary 2012. Because of installation issues, the device was
not used until the final day of the Spring 2012 run when
beam dump studies were carried out. After shutdown the
device was removed from the SR. During the study, beam
was purposely dumped on the scraper using both 24-bunch
and hybrid fill patterns. An image of the tungsten region
damaged by 24-bunch beam dumps is presented in Fig-
ure 2.

Figure 2: Tungsten region of the rebuilt S37 scraper after
removal from the SR in May 2012. Beam motion: left to
right.

SIMULATIONS
The particle-matter interaction program MARS [1] is

used to estimate energy deposition within the scraper em-
ploying loss distributions generated with elegant [2]. The
scraper components included in the MARS model that di-
rectly interact with the beam are shown in Figure 3; the
beam travels from left to right. The tapered upstream por-
tion is water-cooled copper. The downstream part is com-
posed of scintered tungsten and is not directly water cooled.

(a) y-z view, x=-1.1 cm (b) x-z view, y=0 cm

Figure 3: Sector 37 baseline scraper geometry modeled in
MARS; a) an elevation view at the edge of the scraper (x=-
1.1 cm) and b) a plan view at beam elevation (y=0).

The loss distribution is generated by elegant for a hy-
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brid fill pattern; the distribution includes beam loading ef-
fects and quantum fluctuations [3]. These simulations al-
low us to test different beam loss scenarios, such as muting
one or both rf systems or firing injection kickers after beam
dump conditions have been detected. Phase-space loss dis-
tribution histograms are presented in Figure 4. The distri-
bution represents the complete loss of 368 nC of circulating
SR charge (100 mA) and is simulated with 105-106 trajec-
tories.

(a) horizontal phase-space, x-x’ (b) vertical phase-space, y-y’

Figure 4: Phase-space loss distributions on the S37 scraper gen-
erated by elegant. The pixel sizes are 10 µm and 1 µrad.

Electron/positron fluence distributions are shown in Fig-
ure 5 for the geometry presented in Fig. 3. To determine the

(a) y-z view, x=-1.1 cm (b) x-z view, y=0 cm

Figure 5: Electron/positron fluence in the Sector 37 base-
line scraper geometry modeled in MARS. The two distri-
butions overlay the geometry presented in Fig. 3.

stress on scraper material struck by the lost beam, we need
to know the local energy deposition. For MARS simula-
tions, the upstream copper portion of the scraper is divided
into five equal-depth regions (Δz=0.357 cm). The tungsten
is divided into seven regions, the first six with the same Δz
and seventh with 1.1 mm added to make the total W-depth
2.54 cm. Peak dose and resultant temperature rise calcula-
tions are presented in Figure 6 assuming 100 mA (368 nC)
are circulating in the SR in a hybrid-mode fill pattern. In
Fig. 6, the change in temperature is calculated using Eq.( 1)
assuming all deposited energy appears instantaneously; this
assumption ignores diffusion, which will be discussed be-
low. Also, Fig. 6 shows the effect of firing one of the SR
injection kickers after a dump has been detected. While fir-
ing kickers reduces the temperature increase significantly,
it would not be sufficient to prevent melting.

(a) total deposited dose (PDT) (b) instantaneous temperature rise

Figure 6: Absorbed dose and instantaneous temperature ex-
cursions.

ANALYSIS
Energy deposition is provided by MARS dose distribu-

tions. The instantaneous temperature rise in a given volume
element can be calculated from MARS dose distributions,
assuming that no heat transfer occurs over the period of en-
ergy deposition. Temperature rise due to an absorbed dose
Dab is

ΔT =
DabAw

Cv
, (1)

where Aw is the atomic weight, and Cv is the molar heat
capacity. According to the Law of Dulong and Petit,
Cv = ∂

∂T (3kBTNA) = 3kBNA = 24.94 J K−1mole−1,
where kB is Boltzmann’s constant; most metals differ only
slightly from this value. The actual values of Cv for Cu and
W are 24.44 J K−1 mole−1 and 24.27 J K−1 mole−1.

The temperature rise given by Eq.( 1) assumes that the
energy deposition given by MARS occurs at a single instant
in time. In a real loss event, however, electrons are lost
over several turns, and diffusive/dissipative mechanisms
may play a role in reducing the temperature change ΔT .
We have analytically estimated the effect of heat diffusion
using the axially symmetric Green function solution to the
diffusion equation. While this simplified model neglects
other factors affecting heat transport, our primary goal was
to determine if diffusion might dramatically change the
temperature rise predicted in Fig. 6(b). According to our
calculations, simple diffusion can reduce the temperature
by 40%-60% in 24-bunch mode and between 60% and 80%
in hybrid mode. Hence, while diffusion is not neglible,
it does not appear to provide significant temperature re-
ductions. Interestingly, scraper damage was more promi-
nant for the 24-bunch-mode beam loss, which qualititively
agrees with the diffusion mode predictions.

MATERIAL ASSESSMENT
Our purpose is to safely dump the circulating charge in

the SR in case of a machine protection system (MPS) trip
or some other sudden beam loss event. Presently, the pre-
ferred method is to passively absorb the beam in a scraper
that also acts as a beam dump.

We address the choice of appropriate scraper material by
considering the ratio of thermal stress to yield stress for a
given heat load [4]. At the same time, we recognize that the
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heat load for a given irradiation also depends on the mate-
rial chosen. Material properties affect heat loading because
bremsstrahlung is the primary energy loss mechanism for
high-energy electrons. The generation of bremsstrahlung
radiation is roughly proportional to ρZ2, where ρ and Z
are the density and atomic number of the exposed material,
respectively. In addition, our design must live within an
allowable footprint in the existing SR.

Thermal stress may be expressed as

σT = EY αΔT, (2)

where EY is Young’s Modulus of Elasticity, α is the ther-
mal coefficient of expansion, and ΔT is the temperature
rise defined in Eq.( 1). We define the thermal stress param-
eter g as

g =
EY αΔT

σy
, (3)

where σy is the yield stress. The stress parameter can be
written as

g =
EY αETAw

σyCmolρV

=
EY αAw

σyCmol
kBSpc

Ne

πr2b
, (4)

where ET is the total deposited energy, ρ is the density,
V is the volume, kB is Boltzmann’s constant, Spc is the
collisional stopping power [5], and rb is the radius of the
beam. We assume the lost charge is uniformly distributed
within rb. In Eq.( 4) we used the thin target approxima-
tion [6] ET ≈ Spc

Spr
NeWo

ρ
Xo

Δz; also, Spr = Wo

Xo
, and

V = πr2bΔz. Spr is the radiative stopping power, Wo is
the electron energy, and Xo is the radiation length.

In Eq. ( 4), we have separated the material-related terms
from the beam terms. Spc is a function of both but varies
slowly with atomic weight at 7 GeV. In Table 1, the g-ratio
is calculated for several materials assuming Ne = 2.3 ×
1012 and rb = 0.1 mm.

Table 1: Material Properties and Thermal-to-Yield Stress
Ratio. PG and PB represent pyrolytic graphite and poly-
butene 1300; both are assumed to be composed entirely of
carbon.

Mat. EY α× 106 Cmol σy g
(GPa) (K−1)

(
J

mole-K

)
(MPa)

Be 248 12.4 16.44 345 11.6
PG 20.7 0.5 8.28 82.7 0.48
PB 6.9 4 10.08 37.9 2.30
Al 69 25 24.20 310 15.8
Ti 116 8.5 25.06 951 4.72
Cu 110 16.5 24.44 220 49.6
W 345 14.4 24.27 1510 49.6

Table 1 indicates only pyrolytic graphite exhibits a g-
ratio less than 1; whereas, copper and tungsten show the

largest g. The g-ratio for titanium, though relatively high, is
still an order of magnitude lower than for copper. We note
that based on the results in Table 1, one might conclude that
copper and tungsten should suffer roughly equal damage;
however, from direct observations, we know this not the
case. In the actual scraper, the damage to the W block was
much more severe than to the Cu one due in large part to the
shorter radiation length and higher density in the W. Part of
this difference may also be due to a horizontal offset in the
tungsten that had its outboard surface 0.8 mm closer to the
beam than that of the copper surface.

DISCUSSION
In the case of a 24-bunch beam dump, peak power den-

sities are on the order of 1015Wcm−2. Fast beam loss
diagnostics [7] indicate that shorter dumps usually found
with 24-bunch fill patterns are more destructive. Using
higher-melting-temperature, lower-Z materials while mov-
ing the beam with a kicker should increase the scraper
damage threshold. Work is now underway to build a new
scraper that will reduce both impedance and the generation
of higher-order cavity modes. Of the 2600 J stored in the
beam, only 760 J are deposited in the scraper after 1.24
Xo and 7.26 Xo of Cu and W, respectively. Reducing the
scraper length in terms of Xo means the device will absorb
even less energy and act more as a spoiler. Simulations of
this approach show promise both in terms of survival of the
spoiler and protection of downstream insertion devices.
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