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ABSTRACT

One of the most critical components on the Advanced Photon Source (APS) insertion device (ID) beamline
•4font-ends istneflrstphoron shtrtteT. It operates in two modes to fully intercept the high total power and high-heat-

flux ID photon beam in seconds (normal mode) or in less lhan 100 ms (emergency fast mode).

It is designed to operate in ultra high vacuum (UHV). The design incorporates a multi-channel rectangular
bar, bent in a "hockey stick" configuration, with two-point suspension. The flanged end is an articulated bellows
with rolling hinges. The actuation end is a spring-assisted, pneumatic fail-safe flexural pivot type. The coolant
(water) channels incorporate brazed copper foam to enhance the heat transfer, a tube technology particular to the
APS. The design development, and material aspects, as well as the extensive thermal and vibrational analyses in
support of the design, are presented in this paper.

2. INTRODUCTION

A prominent feature of the 7-GeV Advanced Photon Source (APS) Project is the large number of straight
sections for insertion devices (IDs) such as undulators and wigglers, which will provide significant increases in
brilliance and/or total photon flux over that available at existing synchrotron radiation sources. For instance, the
APS x-ray undulators will increase brilliance in the 3-40 keV range by several orders of magnitude.1 Thus, the
design of the first photon shutter is a challenging engineering task.^-3 it is located in the APS ID front end, 18.1
meters from the source. As such, the total intercepted beam power is 10.4 kW, and the heat flux is about 1100
W/mm2 in normal incidence when radiated by a 5-m Undulator A. For the 2.5-m Undulator A planned for the first
phase of the project (by 1996), the above heat load and flux values are halved but are still daunting for the
engineering design of the first photon shutter.

Apart from the high total power and high heat flux, there also exist other design requirements and
limitations on the APS photon shutter design: working compatibility with both undulators and wigglers or
combinations thereof, compact front-end length and space, requisite high reliability and low maintenance time for
the large APS storage ring (about 1060 meters in circumference and designed to accommodate 80 beamlines), and the
UHV compatibility and single-phase cooling (no vacuum-coolant joints, etc.).

Figure 1 shows the elevation and the top view of the APS ID front-end design.4 There are two photon
shutters in the ID front end. The first photon shutter, its aperture limited by the first fixed photon mask, provides a
fast (50 - 100 ms) control capability to completely intercept the high power photon beam upstream of the UHV
slow valve arid fast valve. Therefore, it protects these vacuum valves from direct beam impingement when they are
shut The second photon shutter is similar in design to the first photon shutter but includes a pair of movable masks
that are required by the safety redundancy in the design. The second photon shutter protects the safety shutters from
the high heat flux beam and is designed to be controlled by (he beamline users through the personal safely interlock
system. Hence, the second photon shutter operates more frequently than the first photon shutter.
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In the following, the technical design specifications, structural design approach, and the thermal and
vibrational analyses using ANSYS finite element analysis code are presented for the first photon shutter only on
the APS ID front ends.

3. DESIGN SPECIFICATIONS

The first phase design specifications for the APS ID front-end first photon shutter arc :

Location (distance from the ID source):
Total power from 2.5 m Undulator A:

Maximum vertical acceptance:

Maximum horizontal acceptance:

Shutter grazing incidence angle:

Fast closing time (Emergency closing):

Slow closing time (Normal closing):

Input flange O.D.:

Output flange O.D.:

Photon absorber surface material:

Photon absorber base material:

Photon absorber effective length:

Total length (Flange to flange):

Cooling:

Motion:

Actuator:

Damping:

Vacuum:

18.1 m
5.0 kW

0.88 mrad

3.86 mrad

1.5°

50 - 100 ms

1 s

150 mm (6 inch)

150 mm (6 inch)

Glid-Cop

OFHC

600 mm

897 mm

single phase water through copper foam

two-point suspension (one is articulated fixed end and
the second is pneumatically actuated)

combination spring-pneumatic

combination pneumatic-friction or non-oil hydraulic

UHV compatible

The optical path configuration of the APS ID front-end first photon shutter is shown in Fig. 2 for both
aperture positions.

4. STRUCTURAL DESIGN

As shown in Fig. 3, the APS first photon shutter assembly consists of seven basic components. The
principal heat transfer component is the water-cooled photon absorber (4), which has a "hockey stick" configuration.
The recently modified design of the absorber uses a single rectangular OFHC bar, which is machined by the electric
discharging machining method (EDM) into a multichannel configuration as shown in Fig. 4. The two 10 mm
diameter side holes are gun-drilled in their full length and used for the coolant (water) inlet. Coolant flows into the



central return channels via the four cross-connecting openings in the bar. The central channels arc rectangular in
cross section and approximately 6 x 1 8 mm in size. Both the central channels and the cross channels arc machined
using EDM. It is believed this is the first time that this method has been utilized in this particular absorber. The
rectangular channels are first gun drilled with several small diameter holes in their full length to remove as much
copper as possible to reduce the lime needed for EDM, which is usually slow and expensive for copper. The coolant
channels are subsequently filled with copper sponge and vacuum brazed to extensively enhance the heal transfer
efficiency in the lube.-*-6

The "hockey stick" photon absorber is suspended on two axes. One suspension axis is a fixed rolling hinge
joint (2) on the flanged end outside of the ultra-high vacuum chamber (7) isolated by the welded bellows (3). The
other end, the actuation end, is a spring-assisted, pneumatic fail-safe fiexural pivot type (6). A rectangular shaped
explosive bonded coupling piece (1) has been introduced into this structure to provide reliable UHV bonding for the
joint between the OFHC absorber bar and the stainless steel flange. Extensive structural analyses on the absorber
indicate that OFHC is not strong enough to meet the thermal stress requirements for the absorber surface material
even for the 2.5-m Undulator A p. 5.0 kW total power. Therefore, for the 2.5-m ID case, a 3-mm Glidcop plate is
brazed on the OFHC absorber bar surface to intercept the high heat flux photon beam. An additional stainless steel
welded structure helps the absorber attain the necessary stiffness against the dynamic forces when the shutter is in the
fast closing mode (< 100 ms). In the slow closing mode (approximately 1 s), such dynamic forces are completely
benign and do not necessitate the additional stiffening. However, the welded stiffening frame helps maintain the
precise straightness required during the life of the absorber bar.

The UHV vacuum chamber is a stainless steel vessel that also acts as the support structure for the various
parts of the photon shutter. There are seven UHV flange ports on the vacuum chamber, all 200 mm O.D. in size.
These ports are used to support the photon absorber rolling hinge flange, the actuator, and the 400 1/s ion pump.
They also allow maintenance access, video/IR camera vision, and remote beam diagnostics. Ease of maintenance
and the ability to replace the "hockey stick" bar is provided by first disassembling the actuator flexural joint through
the access ports and then by pulling out the complete "hockey stick" photon absorber bar from the vacuum
chamber. It is important for a large storage ring like the APS, which will have 69 usable beamlines, that the shut
down time of the ring is reduced to a minimum by careful design and attention to the maintenance considerations.
This is particularly true for a component like the photon shutter that is certain to be subjected to direct and steady
high-heat-load and high-heat-flux beam impingement many thousand times during its lifetime.

The absorber vacuum chamber for the photon shutter is also externally water cooled. As the ID beam is
stopped by the absorber, the scattered radiation from the absorber tends to heat the chamber walls internally. This
heat needs to be removed.

5. THERMO-MECHANICAL ANALYSIS

Thermal problems and the associated effective stresses on the first photon shutter in the APS front end have
been studied extensively using a 3D ANSVS code.7 The convective heat transfer coefficient is assumed to be 3
W/cm2K , a number that we have verified in our laboratory tests using prototypic tubes and brazed porous copper
foams.3 As indicated in the partial results shown in Fig. S, during the full strength steady slate operation of APS
Undulator A (2.5-m device at 7 GeV and 100 raA), the maximum surface temperature under the beam is 186.4° C;
the maximum effective stress is 240 MPa, which is about 50 % of the yield strength of Glidcop. In these
calculations, the first photon shutter is located 18.1 meters from the undulator source and is placed at a 1.5° grazing
incidence angle to the beam. The peak power density on the shutter surface is 13.2 W/mm2 under 5.0 kW total
incident power.

For the 5-meter APS Undulator A, the total power will be 10 KW and the peak power density on the
shutter surface will be 26.4 W/mm2, again set at a 1.5* grazing angle. Even with heal transfer enhancement similar
to that described above, the resulting temperatures, gradients, and, hence, thermal stresses arc much worse. It is
expected that one will have to resort to beam spreading and volumetric heat absorbing techniques to reduce the
temperatures at the copper surface and the copper/water interface. Pyrolilic graphites, beryllium, cubic boron nitrates,



and CVD diamonds are candidate semi-transparent materials under consideration. For the 5-m long ID, the design of
the absorber plate is in the research and development stage.

6. VIBRATION CONSIDERATIONS

During fast-mode operation (under 100 ms), there are vibration concerns for the photon absorber. To address
these issues, the natural frequency and transient dynamic analyses for the APS front-end first photon shutter have
been undertaken using the 3D ANSYS code. The results show that the new stainless steel enhanced "hockey stick"
absorber structure affords much better stiffness than the previous aluminum structure." The lowest natural frequency
of the new photon absorber is 195 Hz as shown in Fig. 6. The maximum Mises stress (Fig. 7) is far from the yield
strength of either copper or stainless steel. In this analysis, the suspension point velocity profile of the photon
shutter is assumed to be a triangle, and the resulting maximum calculated acceleration at this point is 1.5 g during
the 100-ms fast-closing mode. Research is underway to experimentally verify the calculated results on a full-scale
laboratory model. Also, additional vibralional analysis needs to be done on the fully assembled and mounted photon
shutter for more realistic results.

7. CONCLUSIONS

Thermal, structural, and vibralional analyses have been completed on a revised design of the photon shutter
for the APS ID front ends. The analyses are carried out using ANSYS. For the 2.5-m Undulator A, the new design
of the photon shutter using a Glidcop face plate seems to provide enough safety margin in all aspects considered. A
full-scale prototype is being prepared for simulated tests under high power laser with full instrumentation for
vibration and accelerometer tests. With the 5-m second-phase Undulator A, the total power and the heat flux is
doubled. The photon shutter design for this ID is in the research and development stage. Although several design
options and alternatives are under consideration with respect to materials, more analyses and actual laboratory tests
are needed to determine adequate design safety margins for reliable and trouble-free performance during operations.
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Fig. 1. APS ID front-end elevation view and top view.
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Fig. 2. Optical path aperture of the APS ID front-end first photon shuuer.
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Fig. 3. APS ID front-end first photon shutter assembly:
(1) explosion bonded UHV joint unit, (2) fixed rolling hinged joint, (3) welded bellows, (4) "hockey stick"-
type water-cook 1 photon absorber, (5) dual speed spring pneumatic actuator with bumpers, (6) flexural
pivot, (7) water-cooled UHV chamber.



Fig. 4. Water-cooled photon absorber, both the central channels and the cross channels are machined using EDM.
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Fig. 5. Thenno-mechanical analysis using ANSYS.



Fig. 6. Modal frequency analysis using ANSYS.
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Fig. 7. Mises stress analysis using ANSYS.


