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ABSTRACT

The powerful beams of x-ray radiation generated by insertion devices at high power synchrotron
facilities deposit substantial amounts of localized heat in the front end and optical components that they
intercept. X-ray beams from undulator sources, in particular, are confined to very narrow solid angles
and therefore impose very high absorbed heat fluxes.

This paper is devoted to a detailed study of the design of windows for the Advanced Photon
Source undulators and wigglers, emphasizing alternative design concepts, material considerations, and
cooling techniques necessary for handling the high heat load of the insertion devices. Various designs are
thermally and structurally analyzed by numerically simulating full-power operating conditions. This
analysis also has relevance to the design and development of other beam line components which are
subjected to the high heat loads of insertion devices.

Key indices: synchrotron radiation; high heat load; insertion devices; undulators; wigglers; beryllium
window.

2. INTRODUCTION

The insertion devices (undulators and wigglers) at high-energy synchrotron radiation facilities
such as the 7 GeV Advanced Photon Source (APS) are designed to provide powerful beams of dedicated
and concentrated x-ray radiation. * The high heat load associated with such beams necessitates properly
designed beam line components. Components that are exposed to any appreciable amount of radiation
directly by interception or indirectly by scattering of the beam must be cooled. The front end section
which interfaces the synchrotron storage ring and the experimental floor includes a number of
components that provide for the safe and proper delivery of the beam to the experimental floor. A
conceptual layout of the APS front-end beam line^ is shown in Figure 1. The last of the front-end
components is the window assembly whose main purpose is to isolate the ultra-high vacuum of the
storage ring from the downstream vacuum.

X-ray windows are made of low atomic number materials, such as beryllium, which allow the
passage of most high energy photons and absorb a substantial amount of low energy photons. At low
heat-load synchrotron beam lines, the smal! amounts of heat absorbed in the windows are often dissipated
by conduction through the attachments, and by radiation.

High power beams, however, deposit substantial heat in the windows and adequate convective
cooling must be provided. In some instances the absorbed heat flux is so large that such cooling is not
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Figure 1: Typical layout of an undulator front end. The beryllium window is
located to the right of the shield wall at approximately 24 m from the source.

adequate, and the exposed window will have an unacceptably high temperature leading to failure and even
melting. In these cases, one or more power filters are normally used to reduce the absorbed heat to
acceptable levels in order to maintain the integrity of the windows. Filter material can be the same as the
window itself with different configuration and cooling mechanism. Filters can also be made of other low
atomic number materials, carbon in particular. A carbon filter can be cooled radiatively owing to its high
melting temperature. It is important to-note that filters nee"d not satisfy the stringent thermal and
mechanical requirements of windows so long as they remain functional.

Filters substantially lower the number of photons (especially low energy photons) that will get
through the filter/window assembly to the experimental floor, and the importance of optimal
filter/window design can be understood in this context.

A typical window at synchrotron facilities is made of Be, about 250u,m (10 mils) thick, brazed or
otherwise mounted on a conductive flange (usually copper or stainless steel) in which cooling channels
are configured. It is desirable to use a standard window design on all the beam lines regardless of
radiation source. Since the opening size of such a window is dictated by the source with the largest
aperture (i.e., for the wiggler with largest deflection parameter) this standard window will be larger than
necessary for other radiation sources. However, this standardization, when possible, has clear
advantages, the most obvious being in design and production costs. The disadvantage, as will be
intimated later, is that such a window will not be optimally suited for use on beam lines with narrow and
often more intense radiation beams (e.g., undulators).

The high heat load window assemblies designed at various high energy synchrotron facilities
share the basic idea of filtering to reduce the heat absorbed by beryllium windows. The Cornell High
Energy Synchrotron Source (CHESS) window design-* for the 24-pole wiggler consists of a 500 u,m
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water-cooled Be filter followed by two 250 nm Be windows. The total power of this source operated at 6
GeV and 100 mA with a critical energy Ec , of 29.6 keV is 8.8 kW. Of this, 620 W is absorbed in the Be

filter and about 120 W in each of the two Be windows. Calculated maximum temperatures of 216 and
130 *C for the filter and the first Be window, respectively, are reported.^

For the APS/CHESS 123-pole undulator with a total power of 1150 W at 6 GeV and 100 mA, the
preliminary design calls for a 500^m Be filter and a 250 |im first Be window. The calculated maximum
temperatures3 of 396 and 190 *C in the filter and window, respectively, are higher than in the CHESS
wiggler case (even though the source power is eight times smaller), due to concentration of undulator
power in a much smaller opening angle.

The 53-pole wiggler beam line at the Photon Factory in Japan"* uses a "diaphragm," six 140|im
graphite filters, and a window assembly of two 200 ^im Be windows, all of which are water-cooled.
Operated at 2.5 GeV and 300 mA (Ec=6.23 keV), the total beam power is 8.35 kW. Of the 7.75 kW
power that leaves the diaphragm, 34% is absorbed by the first 140 jam graphite filter and 57% or 4.4 kW
by the entire graphite set. The total power absorbed by each of the two rectangular Be windows (of
1.0x11.4 crrr dimension) is 180 and 160 W, respectively. The measured maximum temperatures4 in the
graphite and window assemblies are reported to be 150 and 180*C, respectively (which are unexpectedly
low).

The superconducting 6-pole wiggler at the National Synchrotron Light Source (NSLS) operates at
2.5 GeV ring energy and 500 mA (Ec=25 keV) and generates a total of 5.97 kW power.5 The
preliminary filter/window assembly design called for 18 graphite filters of various thicknesses for a total
thickness of 319 Jim, and two 254 |im Be windows separated by a column of Xe gas. Xenon gas was to
act as a band-pass filter between 25 keV and 34.5 keV reducing the radiation power by a factor of five
while providing 50% transmission at 33 keV where the iodine contrast angiography would operate. The
graphite filters are radiatively cooled, while the Be windows are water-cooled. During operation in the
past year, Xe gas has not been used due to various complications, and the column is in vacuum. The
graphite filters absorb a total of 1025 W of radiation while each Be windows absorbs about 70 W. In the
presence of Xe gas only 9 W of radiation would be absorbed by the second Be window.

3. APS SYNCHROTRON SOURCES

The synchrotron radiation facility at APS will provide both bending magnet and insertion device
beam lines for various user needs. The insertion devices include dedicated wigglers and undulators. Table
I lists the pertinent parameters for four typical APS devices, two wigglers and two undulators.
Parameters of interest in the design and thermal analysis of the windows are the total sources power, peak
power at the window, the vertical and horizontal extents of the beam, and the characteristic energy of the
beam represented by the critical energy.

The x-ray beam generated by undulator A has both the highest total power and the highest peak
flux amongst the four devices, and may be considered as the worst case for the design of the window
assembly. This source is used in all the analysis reported here. Parallel analysis will be carried out for the
filter/window assemblies of other beam lines.
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TABLE I: POWER DISTRIBUTION FOR VARIOUS APS DEVICES

Parameter

Ring Energy, Er (GeV)
Current, I (mA)
Periods, N
Period length, l(cm)
Length, L(m)
Magnetic field, B0(T)
Deflection parameter, K
Critical energy, Ec(keV)
Total power (kW)
Peak power (kW/mrad'2)
Peak power (W/mm2)t
Vertical FWHM, l/y(mrad)
Horiz. spread, ±K/y (mrad)

'At the window located 24 m form

APS
Undulator A

7.0
100
151
3.1
5.0
0.81
2.5
26.4
10.18
315
546
73
±183

the source

4. APS

APS
Undulator B

7.0
100
226
2.3
5.2
0.47
1.1
15.3
3.57
264
485
73
±80

APS
Wiggler A

7.0
100
10
15
1.5
1.0
14
32.59
4.65
26
45
73
±1022

WINDOW ASSEMBLY

APS
Wiggler B

7.0
100
20
25
5.0
0.3
7
9.78
1.40
16
27
73
±511

The preliminary design of the APS window calls for a two-Be-window assembly with either
vacuum or low pressure helium gas filling the space between them to provide for leak checking by
monitoring the gas pressure. A sketch of the proposed beryllium window assembly is shown in Figure 2.
The heat deposited by the synchrotron beam in the window is transferred by forced convection. Water
flows through the cooling channels configured in the flanges on which the windows are mounted.

Flange cooling
channel.

Be windows

He gas

Figure 2: A sketch of the APS preliminary window design. The windows are cooled by water
flowing through the channels in the copper platforms on which the windows are mounted.
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In the design of the window assembly a number of requirements must generally be met. These
include safe and effective removal of absorbed heat, maintenance of thermal and structural integrity of the
windows under normal (and other unusual but possible modes of) operation, and maintenance of the ultra
high vacuum quality of the windows at all times. In addition, it is necessary to maximize the transmission
of photons of desired energy through the window/filter assembly.

The temperature distribution in the windows is the single most important factor in high heat load
window design since the maximum temperature must not exceed some acceptable level. The temperature
field also determines the thermal stress in the windows. For a given window with given absorbed power
and cooling scheme, the height of the window is a critical design variable affecting the temperature: the
narrower the window, the more effective the cooling due to the proximity of the center of the incident
beam and the cooling channels.

The vertical spread of the radiation from a synchrotron source depends primarily on the storage
ring energy. The horizontal size is a multiple of the vertical size, the multiplication factor being the
deflection parameter K. Values of K for typical APS beams are shown in Table I. Wiggler A with K=14
has the widest horizontal excursion (opening angle). Standardization of conventional windows for the
APS, therefore, must be based on the beam size from this source. Such a standard window is not optimal
for beams from other sources with smaller K values, particularly for undulator beams where very high
heat flux radiation is absorbed in a much smaller area of the window. Nevertheless, a careful study of this
problem shows that the height of the window (corresponding to the vertical spread of the beam) affects
the temperature of the window to a much larger extent than the width of the window (corresponding to
the horizontal spread of the beam). That this is so can be best understood by recalling that the synchrotron
power envelope is almost Gaussian vertically and parabolic horizontally, and may thus be viewed as a
horizontally extended line source.

5. X-RAY ABSORPTION IN FILTERS AND WINDOWS

The first step in determining the radiation absorbed in a filter or in a window is to obtain the
spectral and angular distributions of the source. For the purpose of this preliminary analysis, the spectral
distribution of the undulator source in the vertical direction is approximated by a bending magnet of
critical energy Ec given by°

Ec = 0.6651 Bo (T) Er2(GeV) (1)

and the PHOTON program' is used for the computations. In the equation above, Bo is the magnetic field
in units of Tesla, and E, is the storage ring energy in units of GeV. The "critical energies" for two APS
undulators are listed in Table 1. In the horizontal direction, the undulator spectrum is assumed to be
uniform.

Computation of the spectral distribution of an undulator source is rather involved, but evaluation
of the spatial distribution of the power is is fairly simple.° Figure 3 shows the exact power distribution
for the APS undulator A; the vertical and horizontal angles are written in multiples of y, where l/y = 73
Urad is the nominal vertical opening angle of the x-ray beam. As seen, the distribution is approximately
parabolic in the horizontal direction and Gaussian in the vertical direction. Figure 4 shows the on-axis
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vertical and horizontal profiles of undulator A power envelope. It also shows the vertical power
distribution obtained from PHOTON program' which is based on bending magnet calculation for a
critical energy of 26.4 keV.

Figure 3: The angular power distribution of the APS
undulator A. The abscissae are the vertical and
horizontal angles measured in units of 1/y
which is the nominal opening angle of the device
and is about 73 micro radians.

The total absorbed power of the undulator in a foil is approximated by computing the attenuation
of the henceforth defined bending magnet source. It is assumed that all non-transmitted photons through a
foil are absorbed, i.e., Compton scattered photons are absorbed in the foil. This can result in over
estimating the total absorption in a beryllium window by as much as a third. The vertical profile of the
absorbed radiation (which is different from that of the source itself) is also obtained from bending magnet
calculations. In the present study this profile is approximated by a Gaussian curve fit. In the horizontal
direction, the absorbed power follows the almost parabolic horizontal distribution of the undulator source
(since the source is assumed to be spectrally uniform). For analytical representation a parabolic curve fit
to the on-axis horizontal undulator power profile is used (Figure 4). The heat flux attenuated by a foil at a
distance D form the source can be written as

F(v,h) =
3P

(2)

where v and h are, respectively, the vertical and horizontal distances measured form the center of the foil,
P is the total absorbed power in the foil, 2H is the horizontal extent of the beam, and a is the standard
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division of the vertical Gaussian profile. The vertical full width at half maximum (FWHM) of a Gaussian
profile is related to its standard deviation, o, by

FWHM = 2.335 a (3)

H and a depend on the distance D of the foil from the source. Since the source and, thus, the
absorbed radiation in a foil are spectrally uniform in the horizontal direction, H has approximately the
same value in all the closely placed windows and filters. At approximately 24 m away for the undulator
source, H is about 5 mm (Figure 3). However, the vertical profile of the absorbed power, represented by
a, varies from foil to foil because the source in vertical direction is energy dependent. Since radiation
from a synchrotron source has a larger opening angle for its low energy photons component, the
absorbed radiation in a thin foil (which consists of a larger proportion of low energy photons) has a much
wider vertical profile than the power envelope as shown in Figure 5. Also shown are the vertical profiles
of the undulator A absorbed power in a 254 jam beryllium window as the thickness of a preceding carbon
filter is increased.

- 8 - 6 - 4 - 2 0 2 «

l.M vtriical

- 1 0 -2 2
Distance (mm) at 24 m

10

Figure 4: On-axis vertical and horizontal profiles of the APS

undulator A power distribution (solid lines) at the window 24 m

from the source. Also shown is the vertical profile obtained from

the bending magnet simulation used in this study (dashed line).

Figure 5: Vertical profile of the absorption in the first

10 mil (245 Jim) Be window (at 24 m from the source)as

the thickness of the carbon filter is increased. A scaled

vertical profile of the source power is also shown.

The bending magnet approximation is also used to estimate the transmitted photon density through
the filter/window assemblies. This approximation provides an acceptable level of accuracy for the present
preliminary computations; accurate spectral and spatial undulator profiles will be used in the final design
analyses.

Calculations show that a 250 jam beryllium foil placed on the undulator A beam line will absorb
about 800 W of radiation. However, thermal analyses (see Section 6) indicate that the standard window
with conventional forced convection cooling can accept only about 100 W of radiation from undulator A
to remain below 400'C temperature. In order to reduce the power deposited in the Be window, pyrolytic
graphite filters can be used. Figure 6 shows the absorbed power in the two beryllium windows as the
thickness of the carbon filter is increased. Note that about 30 mils (0.75 mm) of carbon filter is required
to reduce the absorbed power in a beryllium window to about 100 W. The carbon filter absorbs 2140 W
or about 21 % of the beam energy. Figure 7 shows the vertical distribution of the absorbed power in the
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carbon foil and the beryllium windows. Figures 6 and 7 are used to estimate the amount of graphite filter
necessary to keep the Be window temperatures within an acceptable limit.

0.01 100 o.oi O.I 1 10

Carbon filter thickness (mils) Carbon niter thickness (mils)
too

Figure 6: The undulator A power absorbed in the carbon Figure 7: The FWHM of the vertical profile of undulator A
filter and in the two beryllium window as the thickness of absorbed power in the carbon filter and the two beryllium
the filter is increased/The total source power is 10.2 kW. windows as the thickness of the filter is increased.

6. THERMAL ANALYSIS OF THE BERYLLIUM WINDOWS

Finite element technique is used to compute the temperature distribution in the Be windows. Due
to symmetry, only a quarter of the window is modeled (Figure 8).

The window is mounted on a water cooled copper platform. The window and part of the platform
between the window and the cooling water are included in the model (Figure 8). 10* C water flowing at
the rate of 7.7 liters (2 gallons) per minute in a 1x2 cm2 cross-section channel is assumed. The flow ve-
locity is 2.55 m/s, the Reynolds number is about 14000, and the heat transfer coefficient is 1.0 W/cntf-K.

Figure 9a shows the maximum temperature in a beryllium window as a function of the absorbed
power and its vertical FWHM. The height of the window is 0.7 cm which corresponds to an arc
subtended by an angle of 4/y from the radiation source (1/y is the vertical nominal opening angle of the
beam).

Determination of the allowable power deposition in the window and the amount of filter necessary
based on a prescribed maximum temperature in the window is an iterative procedure. This can be
accomplished, however, by using the plots in Figures 6, 7, and 9. Assuming a maximum acceptable
temperature of 400*C in the window, Figure 9a shows that, depending on the vertical FWHM of the
absorbed power profile, between 95 and 180 W of power can be accepted. Figure 6 shows that for such
power levels, between 6 to 30 mils of carbon filter is required. The vertical FWHM of the absorbed
power by the first Be window aftersuch amounts of carbon filter is about 0.4 cm. This in turn restricts
the allowable absorbed power to about 100 W deduced from in Figure 9a.
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Figure 8: One quarter of the Be window/copper
platform is used in the finite element analysis.
The window opening is outlined in the heavy
line. Also shown are typical temperature contours
which are clustered near the center of the window.

MOO -

1200 •

1000 -

800 •

600 -

400 •

200 -

0 '

h * 1.0 W/cm'-K
T * 10 'C

(b)

: Sc>

^ \

A

1

\y/>%

's..:—:. jf . ll'WilM (cm) .

• ' y ' 1 ;
•. f_ !_ __ ;

t
:
i ; ' "
I :

100 ISO
Absorbed power (W)

200 250 50 100 150
Absorbed power (W)

200 250

Figure 9: Maximum temperature in a beryllium window as a function of the deposited power and the
vertical FWHM of the absorbed power. The width of the window opening is 5 cm and the height is (a)
0.7 cm and (b) 1.05 cm.

As indicated earlier, the window height is a major parameter affecting the thermal design of the
window/filter assembly. The thin window provides but a tenuous medium for the transfer of heat, a
situation which is further exasperated by significant reduction of the thermal conductivity of beryllium at
elevated temperatures. This can clearly be seen by comparing Figure 9a and 9b. With an absorbed power
of 100 W and a vertical FWHM of 0.4 cm, the maximum temperature in a 0.7 cm height window is
360*C. This is increased to 563'C if the window height is 1.05 cm (corresponding to an angle of 6>y
from the source). The maximum temperature at the copper-beryllium interface is reduced from 45 to
41"C, while the maximum temperature at copper-water interface is reduced from 29 to 28*C.
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On the basis of the foregoing analysis, a possible standard filter/window configuration for all
APS beam lines is detailed in Table II. A total of 0.76 mm (30 mils) of pyrolytic graphite filter is used.
This amount of filtering can be broken into any combination of filters. Assuming a 200 W limit on the
absorbed power in a carbon filter (which is an appropriate level for radiative cooling), the 0.76 mm filter
can be divided into 13 filters whose thicknesses range from 5 to 150 \im. These filters are simply
clamped in place and may be radiatively cooled.

TABLE II: PARAMETERS OF AN APS STANDARD WINDOW DESIGN

Radiation source APS undulator A
Maximum total power 10175 W
Location of the window from source 24 m
Size of the window opening (height x width) 7 x 50 mm2

Source vertical FWHM angle (1/y) 73^rad
Source vertical FWHM size @ window 1.75 mm

Source horizontal angle (~2K/y) 365 p-ad
Source horizontal size @ window 10 mm
Window assembly two 250 lim water-cooled Be foils
Filters pyrolytic graphite foils, 760 îm total thickness
Power absorbed by the filters 2140 W (21 % of the source power)
Power absorbed by each Be window 100 W
Vertical FWHM of absorbed power @ window 4 mm
T m a x in the windows -400 *C

7. STRUCTURAL ANALYSIS OF THE BERYLLIUM WINDOWS

Determination of the temperature distribution in the beryllium window is necessary not only from
a purely thermal stand point, but also from structural considerations. A structural analysis of the window
must be carried out to obtain the thermal stress and strain in the window for a given thermal load
(temperature distribution), geometric configuration, and material grade.

Beryllium is a ductile material without a marked yield point and can undergo both elastic and
plastic deformation. The mechanical properties of thin beryllium foils vary from bulk properties, and
depend significantly on the material grade (chemical composition and manufacturing technique) and heat
treatment. In addition, they are directional and temperature dependent.

For relatively small thermal loads, the deformation in the beryllium window is entirely elastic:
upon removal of the load, the window returns to its pre-stressed shape. A gradual increase in the thermal
load leads to a proportional increase in the stress in the window until the maximum stress in the window
(which is compressive here) approaches the yield strength often defined as the stress at which a material
exhibits a 0.2% plastic offset. The yield strength for various grades of beryllium vary from about 30

SPIE Vol. 1345 Advanced X Ray/EUV Radiation Sources and Applications fi 990) / 51



(200) to 80 (550) ksi (MPa). Assuming a value of 50 ksi (345 MPa) for a window grade material,
computations show that the maximum stress in the standard APS window will reach this value with about
50 W of heat from undulator A (the maximum temperature in the window will be about 160°C). This
result is based on a thermoelastic analysis only, and the analysis will have to be extended to include
buckling phenomena.

If the thermal load in the window is further increased, the maximum stress in the window exceeds
the yield strength leading to plastic (permanent) deformation. A plastic analysis of the window (now
underway at the APS) must be performed. Beryllium is a ductile material (ductility increases with
temperature) and for static loads.a considerable amount of plastic deformation may be tolerated.However,
in the case of a window that undergoes thermal cycles, reliable fatigue data (and particularly low cycle
fatigue data) are necessary to estimate the life cycle (number of cycles to failure) of the window. In the
absence of such information (or alternatively,) the heat load may be limited to levels that produce purely
elastic deformation in the window. This means, for example, that the proposed standard APS beryllium
window can only accept about 50 W of power from undulator A instead of the assigned 100 W.

Partial fatigue data for a few grades of beryllium metal are available. For the structural beryllium
grade S-200F, for example, a fatigue strength (endurance limit of 107 cycles) of 35 ksi (240 MPA) is
reported.9 However, since x-ray windows will undergo a much smaller number of thermal cycles during
their lifetime, the maximum stress in the window need not be limited to the fatigue strength of the
material.

No extensive testing of high heat load beryllium windows essential in the design of windows for
high energy synchrotron facilities has been reported. In a series of tests at Cornell,3 the absorbed
synchrotron radiation in a beryllium window was simulated by the heat from an electron beam welding
machine. The beam power was ramped in steps of 20 W starting at 100 W. The water-cooled beryllium
window cracked at 660 W. Elastic analysis indicated3 a maximum equivalent stress about four times
larger than the 0.2% offset yield strength. The window must have been plastically deformed, and the
cracking can be due to low cycle fatigue or a number of other causes. In general, however, a complete
elastic/buckling/plastic analysis is necessary in the design of high heat load beryllium windows.
Experiments must be carried out to validate analytical results especially in view of the poor quality and
quantity of the mechanical properties of beryllium foils.

8. TRANSMITTED PHOTON DENSITY THROUGH FILTER/WINDOW ASSEMBLIES

The main objective in the design of dedicated high energy synchrotron facilities is to provide
synchrotron radiation beams of specific characteristic with a large photon flux. In order to maximize the
photon count on the experimental floor, it is necessary to reduce the absorbed radiation in the filter and
window assemblies. The complication is that there has to be enough filtering to reduce the radiation
absorbed in the beryllium window to an acceptable level. Figure 10 shows the simulated undulator A
photon density transmitted through various thicknesses of carbon filter. Also shown are undulator A
source photon flux and the flux through two beryllium windows, 250 |im each, which are preceded by
1250 |im (~50 mils) of carbon (p=2.1 g/cc). It is seen that a large fraction of low energy photons are
absorbed in the filter; for example, only about 12% of 5 keV photons are transmitted through 500 urn
(~20 mils) of carbon filter.
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Figure 10: Photons transmitted through various thicknesses of carbon for the APS undulator A. Also
shown is the photon transmission through a set of two beryllium windows following a 50 mil carbon
filter.

In order to increase the photon transmission rate through the filter and window assembly,
especially for low energy photons, it is necessary to explore alternative options. Utilization of thin
chemical vapor deposited diamond windows instead of beryllium is an attractive option. Some diamond
windows are now commercially available, and although a carbon window absorbs a substantially larger
fraction of photons than a beryllium window of the same thickness, a diamond window can be very thin
and yet vacuum tight. In addition, owing to its high thermal conductivity (about four times that of copper
at room temperature), the absorbed heat in a diamond window can be removed more efficiently. Another
possible option may be coating beryllium windows with a thin layer of diamond, which if successful may
allow a more efficient heat transfer from the window, and in addition provides for an effective barrier
against the chemical degradation of the beryllium window exposed to contaminants.

9. CONCLUSION

A preliminary design analysis for a standard beryllium window assembly for the APS facility is
carried out. The window opening size is dictated by the size of the largest insertion device x-ray beam,
namely the wiggler with the largest deflection parameter.

The APS undulator A is chosen as the radiation source, since it constitutes the worst heating
condition. The absorbed heat in 250 |im beryllium window is unacceptably large, and carbon filters are
used to reduce this heat load (to about 100 W) so that the maximum temperature of the window remains
below 400°C. Structural analysis indicated that at such a power level the window is plastically deformed
and will have a small number of cycles to failure. For the standard window to remain within the elastic
limit, the maximum absorbed power should remain below 50 W.
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The results reported here are rather conservative: all Compton scattered photons from the
beryllium window are assumed to be absorbed in the window. This can overestimate the absorbed heat
in the window by as much as one third. In addition, zero emittance beam opening is assumed in all the
analysis. In a more detailed study to follow, a number of simplifying assumptions made in this study
will be refined. This will include utilization of accurate spectral and angular distribution of undulator
radiation (instead of the present bending magnet approximation) which would provide accurate
information on the absorption power and its profile in the filters and windows. The standardization
concept of the APS beryllium window assembly will also be further examined since a case for optimally
sized windows for undulator beam lines can be made.

More detailed and accurate mechanical properties (particularly fatigue data) for beryllium foils are
necessary in the design of the windows. Structural computations must include elastic, buckling, plastic,
and possibly large deformation analyses.

Alternative window designs including cryogenically cooled assemblies, diamond or diamond
. coated windows, spherically shaped windows, etc. are being examined. Such options may be especially
attractive for beam lines used in low energy photon experiments where a large fraction of low energy
photons (<5 keV) are absorbed in the filters of the present filter/window assemblies.
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