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Abstract

SPring-8-1I, the forthcoming fourth-generation light
source upgrade of SPring-8, aims to achieve X-ray bril-
liance approximately two orders of magnitude higher than
that of the current facility by reducing the electron beam
emittance to 100 pm-rad or less. To fit with the narrow-
bore five-bend lattice, the vacuum system features discrete
photon absorbers with dedicated pumps along with com-
pact thin-walled stainless steel chambers. Two types of ab-
sorbers were developed: a horizontal-insertion type capa-
ble of handling a maximum total power of 2.25 kW, and a
vertical-insertion type designed for a maximum peak
power density of 224 W/mm?. The absorber design incor-
porates a grazing incidence angle on the incident surface to
reduce power density, a shielding structure designed to
confine scattered radiation, and a flange integrated without
brazing or welding to eliminate the risk of vacuum leaks.
Copper-chromium-zirconium (CuCrZr) was chosen as the
material for its superior thermal conductivity and high
yield strength. Finite-element analysis using ANSYS was
employed to optimize the cooling-channel layout and to
ensure compliance with maximum allowable temperature
and stress limits.

INTRODUCTION

SPring-8 is Japan's flagship third-generation synchro-
tron radiation source that commenced user operation in Oc-
tober 1997. Its upgrade, SPring-8-11, has three primary ob-
jectives: enhancing light source performance, refurbishing
aging systems, and reducing overall power consump-
tion [1]. To achieve an increase of approximately two or-
ders of magnitude in X-ray brilliance compared to the cur-
rent facility, SPring-8-1I targets an ultra-low emittance of
100 pm-rad or less by employing a five-bend lattice com-
prising densely packed high-gradient magnets, which ne-
cessitates reduced vacuum chamber apertures.

To protect these narrow chambers from bending magnet
radiation, discrete photon absorbers with grazing-inci-
dence surfaces are deployed to manage the high incident
power density. These absorbers utilize materials with high
thermal conductivity and resilience to thermal stress, sup-
plemented by water cooling to maintain temperatures
within operational limits. This paper presents the design of
SPring-8-11 photon absorbers validated through thermal-
structural analysis.
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DESIGN OF PHOTON ABSORBERS

The five-bend lattice was designed to reuse the existing
tunnel and beamline layout, maintaining the same 48-cell
configuration as SPring-8. Within these spatial con-
straints [2], a total of 14 absorbers are installed per cell [3]
to protect the compact vacuum chambers from synchrotron
radiation. Table 1 summarizes the total radiation power and
peak power density for each absorber. Embedded (Emb)
types are integrated into the bending section chambers,
whereas discrete horizontal (Hor) and vertical (Ver) inser-
tion absorbers are installed between vacuum chambers. Be-
cause the Emb types are subjected to sufficiently low radi-
ation power and power density, they present no significant
thermal design issues. The two discrete types are selected
based on radiation power and installation constraints.
High-power absorbers, as significant sources of photo-
stimulated desorption (PSD) gas, are evacuated using an
integrated pumping system consisting of a non-evaporable
getter pump and a sputter ion pump [3].

Table 1: Total Power and Peak Power Density of the Radi-
ation at the Absorbers for SPring-8-1II

Absorber IDD  AB1 AB2 CR1 ?CA AB3
Power [kW] 0.67 0.029 1.30 0.22 0.22 0.88
Power density

[W/mm2] 17.5 13.5 99.2 27.8 11.6 224
Type Hor Hor Hor Hor Emb  Ver
AB4 ABS AB6  AB7 CR2 ABS gCA AB9
0.99 0.85 1.98 1.18 2.25 0.31 0.28 0.68
185 28.4 182 40.4 164 38.7 13.0 129
Ver Hor Hor Hor Hor Ver Emb  Hor
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Figure 1: Schematic views of the horizontal-insertion ab-
sorber. The cross section (left) is cut along A-A’ in the right
view.

Among the horizontal-insertion absorbers, AB6 exhibits
the highest power density at 182 W/mm?, while CR2 re-
ceives the highest total power of 2.25 kW. As shown in
Fig. 1 (right), the shape is cylindrical, and the incident



surface is inclined at a grazing angle of 4.76° to reduce the
surface power density. Furthermore, the lower part of the
radiation entrance is tapered into a jaw-like shape to pre-
vent scattered X-rays from escaping back through the
opening.

Figure 2 shows the absorbed power distribution calcu-
lated using the particle transport code PHITS [4]. The sim-
ulation assumed a uniform incident X-ray beam, approxi-
mating the irradiation of AB6. The plotted values represent
the total power integrated horizontally (x) with a 'y x z
mesh resolution of 1 mm * 1 mm. The results indicate that
approximately 1/20 of the incident radiation power is de-
posited on the lower surface, while the power escaping the
absorber is suppressed to 1/80 of the initial value. This de-
sign confines the majority of scattered radiation within the
shield while simultaneously localizing PSD outgassing.
This shielding structure mitigates radiation damage to pe-
ripheral components, enhancing the vacuum system’s
long-term robustness and reliability.
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Figure 2: Absorbed power distribution calculated using the
PHITS code (see text).

CuCrZr alloy was selected for the absorbers due to its
high thermal conductivity and excellent heat resistance.
GlidCop was excluded from this application due to cost
and availability considerations. To avoid vacuum leaks at
dissimilar metal joints and strength degradation from join-
ing heat, the flange and absorber body were monolithically
machined from a single block of CuCrZr alloy. This struc-
ture is sealed to the vacuum chamber using a metal O-ring.

To suppress the temperature rise caused by the high heat
load of synchrotron radiation, the interior of the absorber
is water-cooled via two sets of coaxial cooling channels.
Inducing turbulent flow at their tips significantly enhances
heat transfer efficiency. Each assembly consists of an outer
channel (12mm inner diameter) and an inner tube (10mm
outer diameter and 8 mm inner diameter).

In contrast, vertical-insertion absorbers are utilized in lo-
cations where the horizontal-insertion type cannot be used
due to interference with the photon extraction ducts. The
power density on AB3 is the highest among all absorbers,
but the heat load remains moderate. Figure 3 shows sche-
matic views of the vertical-insertion absorber. Similar to
the horizontal type, the absorber features a monolithic
structure made of CuCrZr. Although the overall body of the

vertical absorber is rectangular, the geometry of the inci-
dent surface—including the inclination angle—is identical
to that of the horizontal-insertion type.

Unlike the horizontal-insertion type, where the cooling
channels run parallel to the incident surface, the channels
in the vertical type are oriented vertically. Although this
orientation is less efficient for heat transfer, the cooling
performance is maintained by doubling the number of
channels to four. This configuration enables intensive cool-
ing near the surface, making it effective for high-power-
density applications such as AB3. In the special cells up-
stream and downstream of the beam injection section, the
vertical-insertion type is also adopted for absorbers in
high-power-density areas, even in locations free from in-
terference with photon extraction ducts. On the other hand,
the requirement for four cooling circuits precludes the
threaded internal pipe mounting used in the horizontal-in-
sertion type, necessitating electron beam welding (EBW).
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Figure 3: Schematic views of the vertical-insertion ab-
sorber. The cross section (left) is cut along B-B’ in the right
view.

NUMERICAL SIMULATION

The absorber design must prevent surface cracking and
cooling water boiling. To ensure this, thermal-stress simu-
lations were conducted using ANSYS [5], a finite element
method code. First, the synchrotron radiation heat loads
were calculated using a radiation calculation code SPEC-
TRA [6]. These loads were then applied to 3D models of
three key absorber types—AB3, AB6, and CR2—to evalu-
ate their temperature and stress distributions. Furthermore,
cooling channel positions were optimized through these
calculations. Table 2 summarizes the physical properties of
CuCrZr used in the simulations, which were determined
primarily based on the values reported in previous stud-
ies [7, 8].

Table 2: Used Properties of CuCrZr

Thermal conductivity [W/m/K] 318.2
Young's modulus [GPa] 128

Coefficient of Thermal Expansion [10°%/K] 17.5
Density [g/cm?] 8.89
Specific heat [J/kg/K] 385
Poisson's ratio 0.3

The synchrotron radiation beam position is subject to de-
viations caused by hardware malfunctions or other opera-
tional issues. To ensure safety, we calculated the spatial
shifts of the radiation at the absorber positions correspond-
ing to the electron beam's interlock thresholds. Unlike hor-
izontal deviations, vertical shifts can cause a substantial



temperature rise. Therefore, simulations were performed
for three scenarios—the nominal position, upper limit, and
lower limit—to assess the resulting temperature rise.

Although higher flow rates enhance cooling perfor-
mance, they also increase the risk of erosion. Thermal-
stress analyses were performed to identify the minimum
flow rate required for effective cooling. The heat transfer
coefficients for flow rates of 3, 4, and 5 L/min were set at
6982, 8536, and 10000 W/m?K, respectively, with locally
increased values of 8471, 9571, and 10000 W/m2K at the
channel tips to account for impingement and turbulence.
The cooling water temperature was assumed to be 30 °C.
Based on CuCrZr properties at 300 °C [7, 8], the design
criteria were defined as follows: a peak surface tempera-
ture below 300 °C and an equivalent stress within 250
MPa. Furthermore, the cooling wall temperature was lim-
ited to 133 °C, corresponding to the boiling point of water
at a gauge pressure of 0.2 MPa.

Worst-case simulation results for AB3, AB6, and CR2
are summarized in Table 3, with (U) representing the upper
limit case and (L) the lower limit case. For the AB3 verti-
cal-insertion model, despite having the highest power den-
sity among all absorber models, a flow rate of 3.0 L/min
maintains the peak surface temperature at 188 °C and the
peak cooling wall temperature at 81.1 °C. The equivalent
stress at the incident point is approximately 100 MPa. Due
to the low heat load, these values remain well within the
design criteria even at this flow rate.

In contrast, the horizontal-insertion model for AB6 ex-
hibits a significant temperature rise due to its high radiation
power density, reaching 300 °C at a flow rate of 3.0 L/min.
While the equivalent stress of 227 MPa provides an ade-
quate safety margin, the cooling channel wall temperature
exceeds the 133 °C limit at flow rates of 3 and 4 L/min.
Consequently, a flow rate of 5.0 L/min is required to keep
the wall temperature below 133 °C.

For the CR2 horizontal-insertion model, the total power
is the highest among all types, but the power density is
lower than that of AB6. Even at 3.0 L/min, the temperature
remains low with a moderate equivalent stress of 192 MPa,
which allows for stable operation at this flow rate. Overall,
thermal-stress analyses confirmed that AB3 and CR2 oper-
ate safely at 3.0 L/min, whereas AB6 requires 5.0 L/min
for safe operation.

Table 3: Worst-Case Simulation Results

Absorber  Water Incident Sur-  Cooling Chan-  Equiva-

(Type) Flow Rate  face Temper- nel Tempera- lent Stress
[L/min] ature [°C] ture [°C] [MPa]

AB3 3 188 (U) 81.1 (U) 100 (L)

(Ver) 4 184 (U) 77.0 (U) 100 (L)

5 182 (U) 74.3 (U) 100 (L)

AB6 3 300 (U) 146 (U) 227 (L)

(Hor) 4 290 (U) 135 (U) 227 (L)

5 284 (U) 128 (U) 227 (L)

CR2 3 214 (U) 110 (U) 192 (L)

(Hor) 4 206 (U) 101 (U) 193 (L)

5 202 (U) 96 (U) 192 (L)

To verify the material parameters used in these calcula-
tions, we measured the physical properties of CuCrZr al-
loys sourced from two domestic suppliers (Samples A and

B). The results are summarized in Table 4. Both samples
demonstrated excellent thermal and mechanical properties.
Specifically, Sample B showed superior yield strength, fur-
ther enhancing the design reliability. Based on these com-
prehensive results, both materials satisfy the safety require-
ments; consequently, Sample B was selected for fabrica-
tion, primarily due to economic considerations.

Table 4: Measured Properties of CuCrZr

Sample A Sample B
Thermal conductivity [W/m/K] @325°C  362-364 365-368
Young's modulus [GPa] @325 °C 120-121 118-122

Coeff. of Thermal Expansion [10°/K] 17.9 17.9

Density[g/cm’] @Room Temp 8.89~8.90 8.90~8.91
Specific heat[J/kg/K] @325 °C 437~440 417-425
Poisson's ratio @Room Temp 0.33-0.34 0.29-0.30
Yield Strength [MPa] @300 °C 258-296 294-324
Tensile Strength [MPa] @300 °C 323-340 325-352

FABRICATION OF THE ABSORBERS

Each CuCrZr absorber body, with an integrated flange,
is machined from a monolithic solid block as shown in
Fig. 4. The coaxial cooling channels are subsequently as-
sembled by inserting 10-mm-diameter tubes into the body.
To prevent vibration and ensure concentric alignment,
three 1-mm-diameter rods are TIG-welded onto the outer
surface of the inner tube as spacers. For horizontal-inser-
tion absorbers, four notches are machined at the tip of the
inner tube to facilitate water circulation. For vertical-inser-
tion absorbers, four cooling channels are precisely aligned
with 1-mm spacing and then secured via EBW.

Fabrication of the absorbers is currently underway, and
the initial sets have already been completed. No issues
have been encountered during machining, and vacuum in-
tegrity has been confirmed for all units produced to date.

Figure 4: Photographs of the horizontal-insertion absorber
(left) and the vertical-insertion absorber (right).

SUMMARY

We have developed photon absorbers specifically de-
signed for the SPring-8-11 upgrade. To withstand the high
total power and peak power density of bending magnet ra-
diation, a grazing-incidence geometry and CuCrZr alloy
were adopted. By incorporating a monolithic design with
an integrated flange structure, we climinated joints be-
tween dissimilar metals, thereby enhancing the overall
structural reliability. Thermal-stress analyses confirmed
that temperature and stress levels remain within the estab-
lished design criteria. Fabrication of the initial sets of ab-
sorbers has been successfully completed.
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