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The third generation synchrotron facilities such as the 7-GeV
Advanced Photon Source (APS) generate x-ray beams with very high heat
load and heat flux levels. Certain front end and beamline components will
be required to sustain total heat loads of 3.8 to 15 kW and heat flux levels
exceeding 400 W/mm2 even during the first phase of this project. Grazing
geometry and enhanced heat transfer techniques used in the design of such
components reduce the heat flux levels below the 30 W/mm2 level, which is
sustainable by the special copper materials routinely used in the component
design. Although the resulting maximum surface temperatures are
sustainable, the structural stresses and the fatigue issues remain viable
concerns. Cyclic thermal loads have a propensity to cause spallation and
thermal striping concerns. As such, the steady-state part of the problem is
much easier to understand and handle than the time-dependent part. Ease of
bonding as well as ultrahigh vacuum and radiation compatibility are
additional constraints on material selection for these components.

The two copper materials are the traditional OFHC and the newer
sintered copper, Glidcop (a trademark product of the SCM Corporation of
North Carolina), which are very commonly used in synchrotron
components. New materials are also appearing in the form of heat sinks or
heat spreaders that are bonded to the base copper in some fashion. These are
either partially transpaient to x-rays and have engineered volumetric heating
and/or very conductive thermally to spread the thermal load in a preferred
way. These materials are reviewed critically for high-heat-load or high-heat-
flux applications in synchrotrons.
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Introduction

With the advent of the third generation synchrotrons such as the ESRF
(Europe), the Advanced Photon Source (APS) at Argonne National
Laboratory (USA), and SPring-8 (Japan), the beam emanating from
powerful insertion devices (ID) has created very significant material
challenges for beamline component designs and engineering. All these
facilities are currently in their first phase stage of operation (ESRF) or
construction (APS and SPring-8). Tables 1 and 2 present the design
parameters of the currently planned x-ray sources in APS and SPring-8,
respectively. A cursory examination of these tables indicates that the
planned undulator at the APS will impose a phenomenal beam heat flux of
470 W/mm2 on the first ID photon shutter of the front end at 90-degree
incidence (total power is 3.8 kW). Some of the planned IDs at SPring-8
(shown in Table 2) will impose even higher beam fluxes - as high as 4400
W/mm2. Such heat fluxes are very rare in engineered facilities as no known
material can endure such heat flux levels without immediate destruction. In
the more mature stages of development, these facilities project to work at
higher beam currents, and/or beam power, and/or with longer IDs. For
example, the APS is currently planned to operate, in phase one, at 7-GeV
particle beam power (E) and at 100 mA, beam current (I) and with 2.4-m-
long (L) undulator/wigglers. In the later phases, the beam power may go up
to 7.5 GeV with the beam current at 250 mA and with longer IDs (4.8 m
long). Elementary synchrotron relations show that the x-ray beam heat flux
coming off the IDs is proportional to E4 and the linear flux to E3. The total
x-ray beam power is directly proportional to both I and the L and increases
as the square of E2. Therefore, in the mature stages of facilities such as the
APS and SPring-8, there will be dramatic increases in the flux levels and in
total power. Because current levels are already difficult to handle, one then
wonders where we are and where we are heading with regards to materials
capable of handling such gigantic heat fluxes. It is fair to say that high-heat-
flux, high-heat-load engineering is being challenged by the requirements of
modern synchrotrons. In fact, at such heat flux levels, the whole theory of
heat transfer science is being questioned because our present formulation of
the energy equation may take the wave fonn from the conventional
parabolic Fourier form. In academic circles, there exists already much



discussion and controversy on the wave nature of heat and its formulation at
the high heat fluxes Nought to light by the advent of powerful lasers [1].
Third generation synchrotrons could become sources for phenomenal
thermal shock problems in materials.

To pursue the material problems at high-heat-flux levels, one can start by
posing the questions: what is high heat load? what is high heat flux? First
of all, it is axiomatic that material problems are aggravated more by severe
thermal gradients than by uniform high temperatures. As such, high heat
flux rather than high heat load is the center of focus in our discussions. To
answer the questions posed above, we can start by reviewing some flux
levels commonly experienced by most of us [2]. Under bright sunlight on a
sunny beach, the skin experiences a heat flux level of approximately 0.001
W/mm2, which can sear skin in a relatively short time or can raise metallic
surface temperature to levels burning to the touch. Electric kitchen stove
burners and, for that matter, all commercial resistance heaters are designed
to work at densities of 0.01 to 0.1 W/mm2 to provide surface temperatures
typically from 200 to 700° C, which, if uncooled, can cause the metal heater
surfaces to turn red hot. Clearly, these are high fluxes causing high
temperatures in metals. Sprinkling the red hot heating surface with water
causes blackening of the surface by lowering the surface temperature.
Hence, the question of high heat flux is a relative one and is inseparable
from the associated cooling. The poorly cooled low-Watt-density surfaces
cited above can easily be looked upon as high-heat-flux sources capable of
causing very high temperatures.

Even the power of nuclear reactors comes from heat flux levels of 1-10
W/mm2, which are one to three orders of magnitude lower than those that
are currently encountered at the APS or, particularly, at SPring-8 (Tables 1
and 2). Thus, heat flux levels of 500 W/mm2 are a recent development and
require very innovative engineering solutions. The highest known sustained
man-made flux emanating from gas plasma jets can sublimate carbon at
levels of 3700 W/mm2 [3]. This level of flux is close to the levels generated
by the IDs at the planned phase two operations of the APS, or possibly, even
in the first phase of SPring-8. So, where do we stand on materials to handle
the present and the future heat flux levels at these synchrotrons, which are



and will be the sources of the highest continuous sustained heat fluxes ever
created? This presentation tries to address this issue from today's
perspective looking towards the future and is based on our engineering and
design experiences at the APS. The strict cooling and material issues in
high-heat-load applications have been treated by excellent literature reviews
[2 and 4] reflecting the experiences in fusion development, which has a
different set of constraints than those present in synchrotrons.

As mentioned above, the question of high heat flux and the associated
cooling will be examined together for a meaningful discussion of the
different materials. However, synchrotron facilities impose additional
constraints. These are: cooling mode and coolant compatibility constraints;
ultrahigh vacuum constraints; resistance to (largely) x-ray and
gamma/neutron radiation; and environment, safety and health (ESH)
concerns.

The cooling mode in the beamline components (including the front end) is
currently confined to single-phase cooling by the larger synchrotron
community. One can speculate that this comes essentially from concern
over the unsteadiness of two-phase cooling systems and the associated
jitters, noise, and burnout fears. Two-phase cooling, as reviewed by Bergles
[3 ] in a recent paper, constitutes a very efficient cooling method, and,
recently, subcooled two-phase systems have been used for cryogenic cooling
of optical crystals [5 and 6]. In time, two-phase systems will likely be more
widely utilized.

Another issue is the coolant compatibility with the component materials.
For example, the use of liquid gallium as a coolant can be problematic
because, like most other liquid metals, it is very corrosive to most metals
and semi-metals and even attacks diamond at higher temperatures [7].

The vacuum compatibility and radiation resistance of materials are other
serious concerns and have been the subject of many special conferences.
For example, little is known of the vacuum compatibility for photonic and
thermal desorption of pyrolitic graphite, diamond-like carbons, and carbon
fiber composites (CFC), which have shown promise as high heat flux



material. Neither are there sufficient data in t'ue literature on their radiation
resistance. Even a less complex material such as man-made diamond (like
CVD or other synthetic diamonds) is lacking good data in this respect.

The ESH concerns are another constraint that limit the available high heat
flux materials for synchrotron applications. A case in point is the marvelous
engineering material beryllium (and also beryllium products). Today, one
will think twice before choosing beryllium components because of the
special handling required and the potential hazards attributed to it.

Thermo-Physical, Thermo-Mechanical Considerations

Thermal, physical, and mechanical considerations regarding materials
selection are extensive. Usually, figure-of-merit data are generated for
grouped parameters using intrinsic properties or extensive properties. From
the literature, one can collect figures of merit to suit the application. In
Table 3, a collection of figures of merit has been listed for thermal,
mechanical, and optical considerations. Some of these are commonly known
and very frequently discussed, such as E/p and a/K, while some others are
not as well known. For thermal considerations, the Biot number for steady-
state heat transfer, the Fourier number for the unsteady case, and the specific
flux, TmK/(l-r), fall into the latter category. Likewise in the mechanical
case, the stiffness for higher natural frequency for vibrations (i.e., UP-IITZ

^/E/p) is a case in point. With semi-transparent materials, such as those for
windows and filters, Z 2 /K is a useful figure of merit. As an example, the
case of Biot number for steady-state heat transfer will be discussed. For any
given material heated from one side and cooled convectively from the other,
the heat transfer is governed by two processes: conduction through the
material, K/t, and convective heat removal over the convective boundary. If
the material is not very conductive, the heat transfer becomes conduction
limited with Bi»1 .0 . If, on the other hand, the material is very conductive,
the heat transfer is convection limited with Bi< 1.0. A small Biot number
indicates that convective heat transfer enhancement techniques can be
beneficial until the Biot number reaches a value close to unity. This
principle has been amply applied in the high-heat-flux applications of the
APS front end and beamline component designs [8 and 9]. Table 4



highlights the Biot number considerations in material selection for high-
heat-flux applications for the specific case of a 3-mm wall heated from one
side and cooled from the other (at various values of the convective heat
transfer coefficient, h), A cursory examination of this table shows that while
a Cu wall is far from being conduction limited even at a reasonably high h=
3 to 4 W/cm2K, a stainless steel wall of the same thickness will be
conduction limited resulting in very high surface temperatures. Thus, one
has to consider a much thinner stainless steel wall to achieve a Bi ~ 1.0 for a
good design. The conventional high-heat-flux materials such as tantalum,
tungsten (W), and molybdenum provide favorable Biot considerations but
still not as good as copper. This is the reason that the traditional OFHC and
the newer Glidcop copper [10] are the favorite materials in high-heat-flux
applications in synchrotrons and elsewhere.

The specific flux, TmK/(l-r), is another instructive figure of merit in the
consideration of materials. It can be shown that this parameter indicates the
ultimate flux level needed to melt a given material (in kW/m). Calculations
show [11] the following results: tungsten (441 kW/m); copper (426 kW/m);
molybdenum (387 kW/m), tantalum (167kw/m), and regular steel (45
kW/m). Copper again emerges as a very meritorious material.

The literature, particularly that produced by the material manufacturers, is
full of tables composed to show the relative merit figures for diverse
materials for various applications. While these figures of merit are certainly
useful for guidance and relative choice of materials, they are not sufficient
by themselves to determine a design. More complete and sophisticated
specific engineering analyses are the norm to address the very complex
engineering problems of today's synchrotron designs.

Applications in the APS Front End Designs

The APS front end design has been addressed in a companion paper [12 ].
Omitting, for the time being, the white beam mechanical components on the
beamlines, the mechanical components on the ID front ends, all of which are
subject to high white-beam heat flux, are fixed masks, photon shutters, beam
position monitors, filters and windows (only for the Wiggler A case in Table



1, Undulator A front ends instead use differential pumps with no filters and
windows). For the fixed masks and the photon shutters, we use Glidcop on
all high-heat-flux surfaces with highly enhanced cooling using porous
copper mesh in the cooling channels [13]. While the design point Biot
number is still less than unity for the walls of the fixed masks and the photon
shutters, the pressure drop considerations limit the level of heat-transfer
enhancement achievable. In the first phase of operations, the maximum
surface heat flux in the designs is limited to less than 18 W/mm2 using
grazing angles of 1.5-2 degrees at surfaces subject to the 470 W/mm2

normal incidence from Undulator A. The maximum surface temperatures
are kept below 180° C, and the thermal stress levels are kept below 270
MPa, about half the yield strength of Glidcop at these operational
temperatures. Glidcop was chosen as the basic wall material instead of
OFHC because of Glidcop's high temperature characteristics and low
thermal-cycle fatigue. Although meager, the thermal-fatigue yield-strength
data for Glidcop at high temperatures show a gradual decrease compared to
the precipitous drop shown by OFHC. Existing literature shows excessive
annealing of OFHC at brazing temperatures of 800° C and above causing a
severe reduction in the yield strength by almost 10 fold. One however has to
be careful in using the atmospheric fatigue data for ultrahigh vacuum (UHV)
applications as was demonstrated by Liu and Loring [14 ]. In the oxygen-
free ambiance of UHV, the low-cycle fatigue-stress data are an order of
magnitude better than that obtained in atmospheric pressure. This is
expected to hold true for both OFHC and Glidcop; thus, our choice would
not change.

Still another issue in using Glidcop for high heat-flux applications is
interfacial crack propagation under cyclic stress where this material is brazed
to another material such as OFHC as is the case in our current ID photon
shutter designs. Wang et al. [15] examined this issue and conclude that
interfacial penny-cracks due to braze/bond faults are not structural risk
initiators if they are under 6 mm in diameter. Such initial penny-cracks (less
than a mm in diameter) are routinely identifiable in ultrasound-type
nondestructive-tests (NDT) for QA/QC screening. Attention is rather drawn
to surface stresses under low-cycle high-heat flux. This appears to be a
much more pressing issue than the interfacial crack problem. The cyclic



thermal loads may give rise to surface spallations and thermal stripping
concerns. To date, we have conducted some limited tests with Glidcop
using a CO2 laser facility at Argonne National Laboratory [16] as the high-
heat-load source. The first photon shutter prototype was subjected to heat
flux higher than 20 W/mm2 with a 4.5-s heat-up and 4.5-s cool-down cycle
to achieve the calculated surface temperatures under actual synchrotron
conditions. The tests were stopped at about 4000 cycles because it was
concluded that this constituted a very benign and uneconomical test pattern.
Instead, a second test was conducted in which the high heat flux on the
photon shutter surface was at least 100 W/mm2 or even as high as 200
W/mm2 locally. This uncertainty stems from the fact that although the laser
beam is shaped to be near Gaussian to simulate the synchrotron beam, in
fact, it is a stretched multinode ellipse with end cusps. The heat flux levels
are very high particularly at the cusp regions. By about 7000 cycles of a 4.5-
s-long heat/cool period, we were able to create a melted ridge on Glidcop at
substantially reduced coolant flow rates (to keep the surface temperature up
while the cycle time was reduced to a total 4.5-s). Although this particular
test was not at all prototypic, it, nevertheless, gave us an idea on the limits of
Glidcop as a high-heat-flux material. Comparing our data with some test
data presented at the last SPIE conference [17 ], one can estimate that
Glidcop could sustain up to 70 W/mm2 heat flux levels with advanced
cooling schemes such as those initiated at the APS. This number also is
comparable to the highest reported flux levels (80 W/mm2), which were
measured in connection with the cooling of SDI laser mirrors using
vaportran-type advanced cooling schemes in two phase [18]. While we have
met the requirements of the first operational phase of the APS front ends, the
second phase with even higher heat flux and total heat levels pose new
challenges for us.

The x-ray beam position monitors (XBPM) are also subject to very high heat
fluxes, and, at the APS, we have introduced the idea of using synthetic
diamond for the blades [19]. The XBPM is discussed further in an
accompanying paper [20] dealing with an Integral Detector/XBPM (IDM).

The filter and windows are used only in the case of wiggler front ends and
conventional materials are chosen. We have proposed a new theory



concerning window/filter failures subject to high heat flux that allows us to
better predict failures and improve the designs of the window/filter [21 ]. For
Undulator A front ends, we have chosen a windowless/filterless design with
a differential pump. This choice may herald the future of synchrotron
operations with very powerful undulators/wigglers, which are generating
beams with ever-escalating heat fluxes and heat loads. Windowless
operations require meticulous care as to vacuum breach detection and are
cause for additional safety measures for equipment protection.

Materials and Cooling Schemes for the Future

Table 5 is an updated version of a table presented at the SRI'91 International
Conference satellite meeting on high heat loads [4]. It lists, in chronological
order, the layers of safety measures and strategies used in designing for high
heat flux. Spreading the beam is the first line of defense, whether it is used
for the front end fixed mask, or the photon shutter, or the first crystal. This
is by far the most effective measure because one can increase the normally
impinging beam footprint up to 50 fold by using grazing surface angles.
Superior coolants, such as liquid metals or subcooled boiling (or two-phase
boiling heat transfer in the future) are the next line of defense whenever
practical. The liquid metals do have practical difficulties. Their aggressive
coirosiveness is a major problem with most metals except stainless steel and
other steel family products. There exist serious ESH issues with liquid
metals (such as Na, K, and NaK, lithium, etc.). Gallium is the most benign
liquid metal and is a current candidate for crystal cooling at the APS.
Advanced geometries in the form of finely engineered extended surfaces,
microchannels and porous material inserts are other forms of heat transfer
enhancement favored in high-heat-flux engineering practice. Use of
volumetric heating techniques via semi-transparent bonded surface plates is
a way to dissipate high surface heat flux in depth to mitigate high surface
temperatures. Low-Z materials, which are transparent to x-rays, are the
choices here, including graphite, beryllium, silicon, diamond, diamond-like
materials, carbon fiber composites, and cubic-boron-nitrate-like materials.
These can be engineered precisely to suit a specific need as long as
interfacial problems and issues such as radiation damage (etc.) are under
control. Different thermal expansion coefficients at the interface is a



problem. Advanced materials such as Glidcop for copper, copper/high-Z
composites, CFCs and synthetic diamond, and super carbons in the shape of
unisotropic pyrolitic graphite are the next level defense against high heat
fluxes. These materials, for the most part, have superior thermal
conductivities, high melting points, and are generally very tough structurally.
Lack of thermo-physical, thermo-mechanical data, consistent quality, and
readily available production quantities at reasonable cost, as well as a host
of other questions related to radiation damage, compatibility, etc., are the
some of the problem areas encountered. Many of these advanced materials
are in the developmental stage. At the last SPIE high-heat-load conference,
it was claimed that one-mm-thick synthetic diamond will be available at
$100 per square inch [22]. This will be welcome news when it becomes a
reality. Also some CFCs were presented that had excellent characteristics
[23]. Currently, many CFC materials are available from different
manufacturers and have been tested in fusion research [5]. These materials
have preferential thermal conductivities as high as that of diamond at room
temperatures. The CFCs can be used as a heat spreaders (spreading the
beam in the plane of the footprint) due to very high thermal conductivity.
The thermal conductivity into the plane of the footprint can be tailored to be
small. In today's market, special carbon materials exist that will exhibit as
high as a 200:1 ratio in unisotropic conductivities. Combined with the
geometric footprint stretching technique, these materials will afford very
high footprint expansion to lower the average beam heat flux.
Unfortunately, the shortcomings cited earlier also apply to these materials.
A concerted effort by the synchrotron community and manufacturers is
needed to advance the state of the art to make these materials usable in
challenging synchrotron applications. In the case of man-made diamond,
severe market competition provides the necessary impetus. Unfortunately,
this is not the case for CFCs.

If the advanced thermal-hydraulic features and the superior material
properties (at standard conditions) as outlined above are not adequate, the
next line of defense against high heat flux is to exploit the unusual thermo-
mechanical behavior of semiconductor-type materials at cryogenic
temperatures. It is commonly known and has already been exploited [4] that
diamond, Si, a host of SiC-like ceramics, and semiconductors become



extremely conductive with exceptionally low thermal expansion at cryogenic
temperatures. Hence cryo-cooling under sub-cooled conditions is a way to
meet the challenges of the high heat loads. Currently, the most visible
applications of this technique have been in the cooling of optical
components such as monochromator crystals and mirrors.

Finally, a combination of all the above techniques and methods could be
used to fend off the next phase of synchrotron-related high-heat-load
challenges. Cryogenically cooled, porous-media heat transfer is a case in
point [24].

Although we tried to confine the discussion to synchrotron needs, these
applications do not pertain to synchrotrons alone. Commercial lasers, free
electron lasers, and laser-based x-ray generation methods are also imposing
formidable heat flux problems on materials and can benefit from the
techniques discussed here.

Conclusions

For the APS, the high-heat-flux problems in the first phase of construction
have been addressed satisfactorily using Glidcop copper in surfaces in
contact with the x-ray beam. Although in this first phase, the design
parameters call for the maximum heat flux on Glidcop surfaces not to exceed
30 W/mm2 and a maximum temperatureof 230° C, the surface heat flux
value in designs may be increased to as much as 50 to 70 W/mm2 as we
learn more about the fatigue stress characteristics of Glidcop. The
allowable maximum temperature is limited by the thermo-physical
parameters of the coolant if single-phase cooling is emphasized and also by
the working wall thickness. Synthetic diamond is the material of choice for
XBPM blades.

For the next phase of the APS and the next generation synchrotrons, Glidcop
may not be able to stand the heat fluxes imposed on the beainline
components. Promising new materials appear to be synthetic diamond,
unistropic graphite, and CFC. Significant research and development is
needed concerning properties and characterization of these materials; the



brazing/bonding processes; outgassing behavior; and potential x-ray
radiation damage. Fusion machines, commercial and x-ray generating
lasers, free electron lasers, and synchrotrons have common material
problems, and a concerted effort in this area will benefit all.
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ADVANCED PHOTON SOURCE

Table 1

Design Parameters for Various APS Insertion Devices
(Er = 7 GeV; I = 100 mA, and l/y= 73 ^rad. Quantities at the indicated gap position.)

Parameters

Period length [cm]
Device length [m]
Number of periods
Max. magnetic field Bo [T]
Critical energy Ec [keV]

Max. deflection parameter, K
K/Y [urad]

Total power [kW]
Peak power [kW/mrad2]
ID*photon shutter distance (m)
Peak heat flux @ photon shutter (W/mm2)

Undulator A
(at closed gap of

11.5 mm)
3.3
2.40
72
0.72
23.6

2.23
163

3.8
134
16.9
469

Wiggler A
(at 21 mm gap)

8.5
2.40
28
1.0
32.6

7.9
577

7.4
73
18.1
223



Table 2 Total radiation Power from the Typical Devices and Power Densities at
Normal Incidence at M meters from the Source Point.

Device
Period
^[cm]

Length
[m]

Total Power
[kW]

Power Densities
Q[W/mrn2]

Undulator 1
Undulator 2
Wiggler 1
Wiggler 2
BM

10
3
30
18
2mrad

4
3
3
2.7

.(hor.)

0.78
1.6
12
25
0.29

1100(M=20)
4400(M=20)
64(M=20)
150(M=20)
2.7(M=15)

360(M=35)
1400(M=35)
21(M=35)
48(M=35)
1(M=25)

Source: SPring-8 Project Part 1 Facility Design Report,
1990 Draft
February 1991



TABLE 3. Various Figures of Merit found in the
Literature ((Not adequate by itself but good for

screening)

Thermal steady unsteady

• Biot number
• Fourier number
• TmK/(1-r) TnWpcic/(1-r)

• Mechanical
• E/p
• K/EOC

Optical

Tm
a
r
E
N

• M-
• Z 2 /K

• a/K

melting temperature
thermal expansion coefficient
reflectivity
modulus of elesticity

mass absorption coefficient

ah

c
K

V

P

specific heat
thermal conductivity
Poisson ratio
density
Z atomic number



Table 4

BIOT CONSIDERATIONS FOR SOME METALS (3mm or 1/8 In THICK) FOR
VARIOUS CONVECTIVE HEAT TRANSFER , Mh", VALUES

h
Btu/h ft2 W/cm2 K
F
1000 0.57
3000 1.7
6000 3.4

Biot No
Al

0.09
0.24
0.48

Cu

0,04
0.12
0.24

SS

0.96
2.88
18.0

Ta

0.23
0.69
1.37

Mo/W

0.12
0.36
0.72



Table 5. Evolution Of Cooling Under High Heat
Load And High Heat Flux In Single Phase

• Beam Expansion

• Superior Liquids

Advanced Geometries

Volumetric Heating

• Advanced Materials

Grazing Angle Designs

Liquid Metals (Gallium)

Macro Channels, Porous
Media, Micro Channels

Low-Z Materials: Be, Si,
CVD Diamond, CuBN and
Graphites

Glidcop, and CFC
Graphite/Cu Composites

Thermo-Physical Properties CVD Diamond, Super
Ceramics, Super Carbons
and Cryo Cooling

Combined Methods Some or all of the above


