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HEAT TRANSFER ISSUES IN HIGH-HEAT-LOAD SYNCHROTRON
X-RAY BEAMS

Ali M. Khounsary and Dennis M. Mills
Advanced Photon Source
Argonne National Laboratory
Argonne, Illinois
ABSTRACT
In recent years, a new generation of x-ray producing
devices has been developed that, when placed on a ring
circulating charged particles at relativistic speeds, produce very
intense x-ray beams. These beams are used in a host of
scientific applications. Generated x-ray beams are confined to
very small solid angles, typically on the order of a
nanosteradian. A typical x-ray beam, having several kW of
power, may have a cross-sectional area on the order of 10 tnra^
at 30 m from where it is generated. Normal incident heat flux at
this location can be as high as a few hundred W/mra .
In this paper, a short description of the synchrotron
radiation x-ray sources and the associated power loads is given,
followed by a brief description of typical synchrotron components and their heat load. It is emphasized that die design
goals for most of these components is to limit (a) temperature,
(b) stresses, or (c) strains in the systems. Each design calls for a
different geometry, material selection, and cooling scheme.
Cooling schemes that have been utilized so far are primarily
single phase and include simple macrochannel cooling,
microchannel cooling, contact cooling, pin-post cooling, porousflow cooling, jet cooling, etc. Water, liquid metals, and various
cryogenic coolants have been used.
Because the trend in x-ray beam development is towards
brighter (i.e., more powerful) beams and assuming that no
radical changes in the design of x-ray generating machines
occurs in the next few years, it is fair to state that the utilization
of various effective cooling schemes and, in particular, twophase flow (e.g., subcooled boiling) warrants further
investigation. This, however, requires a thorough examination
of stability and reliability of two-phase flows for high-heat-flux
components operating in ultrahigh vacuum with stringent
reliability requirements.
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peak magnetic field
storage ring energy
energy of the first harmonic of an undulator beam
angular distribution function of an ID beam
heat transfer coefficient
charged particle current
thermal conductivity
deflection parameter
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insertion device length
number of magnetic periods in an insertion device
thermal power of an insertion device
heat flux
plate thickness
temperature
thermal expansion coefficient
horizontal angle
period length of an insertion device
vertical angle

INTRODUCTION
High heat load is a common feature of, and a major issue in,
the design of systems and components in a number of engineering disciplines. Examples, include nuclear fusion, high density
electronic packaging, solar energy, high power radio frequency
cavities, high power lasers-and allied applications, supersonic
projectiles, and high power x-ray beams. Many of these issues
have been covered in two recent conferences'(Khounsary, 1992a,
1993) and in an earlier workshop devoted to high-heat-load synchrotron optics (Mills, 1990).
The term high heat load, used to highlight the common
feature of these applications, does not lend itself easily to a
universal, quantitative definition. One reason is that high heat
load in one application may be moderate or low when compared
to the levels in another. However, as we approach clear
limitations imposed by the.thermophysical properties of the
materials involved and achievable heat transfer rates, a more clear
definition can emerge. For the present purpose, and not quite
arbitrarily, we define high heat load to mean heat loads having
total power greater than 0.1 kW with heat fluxes in the 1 to 500
W/mm range. Thus, situations with high total power but low
heat flux and visa-versa are excluded. It is clearly the
combination of moderate to high total power and. heat flux that
generally results in difficult thermal engineering problems.
In this paper, our concentration is on high-heat-load x-ray
beams. Beginning with a brief description of x-ray sources, basic
relationships to determine the thermal load of the beams
generated by powerful magnetic structures known as insertion
devices are given. Then a number of key components that are
designed to confine, define, intercept, reflect, or. "condition" these
beams are described, emphasizing their unique features and
requirements. This is followed by a discussion of heat transfer

issues, including materials and cooling techniques relevant to the
design of such components, pointing out areas in which
techniques to achieve higher heat transfer coefficient rates can
lead to designs of high-heat-load components that can be more
compact, reliable, economical, simpler to fabricate, and with
improved performance.
It will be pointed out throughout that cooling (technique and
efficiency), although of paramount importance, is but one aspect
in the thermal management of high-heat-load x-ray beam
components and should be considered in the context of the overall
design process.
SYNCHROTRON RADIATION SOURCES
During the past twenty years, the use of x-rays from
synchrotron radiation sources has both rejuvenated and
revolutionized x-ray science and technology (Koch, 1983; Brown
and Moncton, 1991). Synchrotron radiation is produced
whenever charged particles (in particular electrons and positrons)
traveling at relativistic speeds are accelerated. This happens in
recirculating accelerators in which the bending magnets around a
ring force the particle beams into a closed, nearly circular ring
orbit It is the synchrotron radiation from these bending magnets
that was first utilized by experimenters. These are the so-called
first-generation sources, which were designed for high energy
physics experiments but used parasitically for x-ray studies.
As the potential importance of synchrotron radiation as a
tool for the scientific community was realized, designs for storage
rings dedicated solely for the production of synchrotron radiation
were put forth and several of these second-generation sources
were constructed and continue fruitful operation today. The radiation emitted from bending magnet sources has a
continuous energy spectrum from the infrared reaching well into
the x-ray regime, depending on the energy of the radiating
particles and the magnetic fields of the beading magnets. The
generated bending magnet radiation has a characteristic opening
(divergence) angle in the vertical direction, which is given by the
ratio of the rest mass of the particle (0-511 Me V for electrons or
positrons) to that of the particles' kinetic energy (typically several
GeV for these accelerators). Given these values, one sees that the
vertical opening angles are typically less than one milliradian.
The horizontal divergence of bending magnet radiation is rather
large, and it is equivalent to the angle the particle beam is bent by
a bending magnet (typically a few degrees).
During the last ten years, plans have been formulated for the
design and constructions of the latest generation of synchrotron
radiation sources. These third-generatbn sources are optimized
for the production of x-ray beams of very high brilliance
(brilliance is defined as the number of photons generated per unit
time, energy bandwidth, source size, and source divergence).
Beams of the highest brilliance are generated not from bending
magnets but from wigglers and undulators, collectively referred
to as insertion devices (IDs). Art ID has an array of powerful
periodic magnetic structures made by stacking a long series of
magnets with their fields alternating in direction (typically up and
down). These devices are inserted in the straight sections of large
(over several hundred meters in diameter) storage rings having
very low emittance particle beams; emittance of a beam being

proportional to the product of the source size and its angular
divergence- The straight section is a section of the storage ring
between two adjacent bending magnets where the particle beam
travels in a straight line. An ID causes the passing charged
particles to accelerate (oscillate) in the plane of the storage ring
and thus emit x-rays. Because particles undergo many
oscillations with rather small amplitudes, very powerful and
concentrated x-ray beams are produced with brilliances over six
orders of magnitude greater than that from a second-generation
bending magnet source. It is the thermal management aspects of
these beams that are discussed in this paper; the total power of
such beams is typically several .kilowatts with peak power
densities in excess of 100 kW/mrad . At 20 m from the source, a
lOOkW/mrad peak power density translates to 250 W/mm .
Insertion devices are subdivided into two classes, wigglers
and undulators, depending on the length of the magnetic period
and the magnitude of the peak magnetic field. In general,
wigglers have longer magnetic periods and higher magnetic fields
than undulators. However, the main difference between the two
types of insertion devices is in their spectral output The radiation
generated from one magnetic pole of an undulator can add
coherently with radiation from all the other poles of the undulator
producing constructive and destructive interferences at specific xray wavelengths. The resultant x-ray intensity has sharp peaks,
called harmonics, at these x-ray wavelengths. In the case of
wigglers, the radiation emitted by each magnetic pole is not
coherently related to the radiation from the other poles, and thus
an x-ray beam with a smooth, continuous spectral distribution is
produced.
An important feature of the undulator radiation is its energy
tunability: by varying the peak magnetic field, the .photon
energies at which the sharp intensity peaks occur can be selected.
Since nearly all modern insertion devices are constructed from
permanent magnets (and not electromagnets) this is most easily
accomplished by changing the spacing or gap between the tipper
and lower set of poles. Reducing the gap has the effect of
lowering the energy of the harmonics in undulators, but moving
the envelope of the spectral distribution to higher energies and
increasing the thermal load of the device in both wigglers and
undulators. Hence thermal engineering of most components
subjected to such beams is based on the thermal load of the
insertion device at the smallest gap.
The production of the tunable spectral peaks by an undulator
represents a major advance in the generation of x-ray beams;
while the power density of an undulator or a wiggler beam is
many times more than that of a bending magnet (with
correspondingly more photons), the brilliance in the spectral
peaks of an undulator is orders of magnitude higher than that
from a wiggler or a bending magnet beam. This is important
because in many experiments only photons in a very narrow
energy bandwidth are utilized; spectral peaks of an undulator
provide this. It is also noteworthy that the photons in these
spectral peaks are spatially confined to a very small central cone
of the x-ray beam. The significant of his, from a thermal
management point of view, lies in ones ability to reduce the
thermal load on downstream components by using a cooled
aperture to remove all but the central part of the beam.

The most powerful x-ray beams in the near future will be
produced at the Advanced Photon Source (APS) facility now
under construction at Argonne National Laboratory, in Illinois.
This is a third-generation source, primarily, for hard x-ray (E>5
keV) beams. When completed in 1996. the APS will serve as a
national facility for researchers who will use these extraordinarily
brilliant beams of x-rays. The thermal load of APS beams will be
higher than those at any existing synchrotron facilities including
the National Synchrotron Light Source (NSLS) in Upton, NY, the
Cornell High Energy Synchrotron Source (CHESS) in Ithaca,
NY. the Advanced Light Source (ALS) in Berkeley, CA, the
European Synchrotron Radiation Facility (ESRF) in Grenoble,
France, the Photon Factory in Ibaraki, Japan, and Hamburger
Synchrotronstrahlunslabor (HASYLAB) in Hamburg. Still,
higher heat loads are expected from the SPring-8, 'which is a new
8-GeV third-generation facility under construction in Japan.
Also, much higher thermal loads can be expected in the future at
the APS when higher brilliance x-ray beams may be generated.
Before the high brilliance x-ray beams at the APS can be
effectively utilized, the thermal management issues associated
with the unprecedented heat flux of these beams must be
addressed.
For an ID source, the total power, P, is given by (Kim,
1986):
P[kW]=0.633E?[GeV]Bg[T]LCni]ItA],

The function fk(6,y) in Eq. (2) describes the angular
behavior of the power profile. It is a complex integral equation
and is normalized such that fK (0.0) = 1. The peak power density
is at q = y = 0 and can be obtained from Eq. (2).
As an example of the thermal load levels that must be dealt
with when designing components for an insertion device
beamline, the parameters for one of the standard APS insertion
devices, called Undulator A, are given in Table I (Lai et al.,
1993). The angular power profile of this beam (with the
narrowest magnetic gap) is calculated and shown in Fig. 1. It is
seen that the x-ray beam from this undulator is confined to a very
narrow solid angle; the standard deviations of the angular spread
of this beam is about 30 (trad vertically and 120 (trad
horizontally. At 20 meters form the source, the size of this beam
(assuming four standard deviations) is 2.4 mm vertically and 9.6
mm horizontally, with a peak normal incidence heat flux of 330
W/ram .
2

Table 1; Parameters For Undulator A At The APS.
Undulator Period, X,, fern]
B.3
72
Number of Periods, N
2.4
Device Length, L [m]
Narrowest Magnetic Gap femj
Deflection Parameter, K (at narrowest gap)
Maximum Field, BQ (T]
First Harmonic Energy, Ei {keVJ
Total Beam Power fkW]
Peak Power Density [kW/mrad ]
Peak Normal Incidence Heat Flux at 30 m from
the Source rW/mm ]
Peak Heat Flux on a 1.25* Grazing Incidence
Mirror Placed 30 m from the Source [W/mm ]

(1)

where E is the storage ring energy (GeV), BQ is the peak
magnetic field (Testa), L (m) is the length of the ID, and I (Amps)
is the charged particle current
The angular distribution of this power, expressed in terms of
power density (kW/mrad ), is given by (Kim, 1986):
r

2

2

= 10.84E [GeV]B rT]H:A]NG(K)f (e,V),
l

r

0

K

(2)

where 6 and tf are the horizontal and vertical angles measured
from the center of the insertion device, N is the number of
magnetic pairs (period), and K is the so-called deflection
parameter given by
K=0.9m fcm]B rn,
a

(3)

0

with Xa being the length of each magnetic period (L = N x kg}.
Physically, the parameter K indicates mat the horizontal spread of
the generated beam is K times the vertical spread. Thus, K = 1
implies a beam that has a nearly round cross section. Although
boundaries are not clearly defined, K-l implies an undulator, and
K » 1 denotes a wiggler.
The function G(K) in Eq. (2) has a value of zero at K. - 0 and
asymptotically approaches unity for K » 1 . 0 It is given by (Kim,
1986):
K + 2 4 K / 7 + 4 K + 16K/7
C(K) =
(1+K ) '
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Figure 1: Power profile of the x-ray beam generated by
Undulator A at the Advanced Photon Source

THERMALLY SIGNIFICANT COMPONENTS ON AN
INSERTION DEVICE BEAMLINE

The x-ray beam generated by an insertion device must be
transported and delivered in a suitable form for use by the
experimentalist. It traverses four distinct sections on its path
from generation to utilization. The first section consists of the
bending magnet or ID source where radiation is generated. The
second section consists of devices that confine and control the
beam. From there, the beam enters an area (known as the first
optical enclosure) where high-heat-load slits, mirrors, or
monochromators are used to trim, filter, reflect, or
monochromatize the beam. Section four is furthest downstream
from the source and consists of additional optical components and
experimental platforms. Thus, throughout its path, the beam
passes through numerous components that are used to confine,
define, monitor, intercept or absorb (totally or partially), transmit,
reflect, disperse, or monochromatize the beam. The overall
functions of these and other beamline components are (a)
personnel protection and safety, (b) equipment protection, (c)
beam diagnostics, and (d) beam characteristics modification (by
selecting a spatial or spectral part of the beam). We will
concentrate here on a few of thermally significant components.
Thermally significant components can be broadly divided
into optical and nonoptical groups. In die optical group are such
components as slits, apertures, mirrors, crystal and multilayer
monochromators, and gratings. They reflect parts of the spatial
and/or spectral profiles of die beam and absorb die rest In order
to limit thermal distortion, the absorbed heat flux must be
restricted to moderate levels. At die APS, most of these, optical
devices are placed 30 to 60 m from die radiation source. They
can receive several kW of power, but the heatfluxesshould be
kept under about W W/mm . Thus, most of these components,
by necessity or default, are designed to intercept die beam at
shallow angles to spread the beam over a large area and reduce
2

Somewhat closer to the radiation source. (17-25 m at the
APS facility) are located most of the thermally significant but
nonoptical components (Kuzay, 1993). These include masks,
collimators, photon shutters, vacuum valves, filters, and windows.
Their collective function is beam transportation,
human/equipment protection, and diagnostics. These devices are
designed to provide acceptable performance when exposed to the
high-heat-load beams. The peak normal incidence heat flux here
can be as high as 460 W/mm2 because of the proximity to the
radiation source. This tremendously high heat flux, as we shall
see, is just about the maximum heat removal rate that has ever
been achieved experimentally.
In Table 2, several of the thermally significant components
on a typical APS beamline, together with their function, distance
from the source, and the absorbed power and peak heat flux are
listed. The thermal management of a few of these will be
discussed in the next section.
THERMAL MANAGEMENT OF HIGH-HEAT-LOAD
SYNCHROTRON X-RAY COMPONENTS

The design of many of the components on an insertiondevice beamline would be simple, were it notforthe high thermal
load. Thus, thermal management is an essential part of design.
As discussed earlier, in many synchrotron x-ray
experiments, the requirement is high brightness beam in a narrow •
energy band. Such nearly monochromatic beams typically have
energy spreads (AE/E) of 0.001 or less; these can be extracted
from the sharp, tunable intensity peaks of an undulator
(previously discussed) or from die relatively smooth spectrum
wiggler radiation. Thermal problems arise because synchrotron
sources generate photons in a wide energy band, from IR to
nearly gamma-rays. The desired photons count for less than 0.1%
of the total power, typically about 1W or so.
.- •

Table 2: Several of the h'tgh-heat-load components on the APS Undulator A beamline.

Component

Function

Distance
From
Source (m)

Incidence
Angle

0

Absorbed Thermal Load Capability
Peak Normal Peak Heat
Total
Flux on the
Power
Heat Flux
Component
(kW)
(W/mm )
(W/mm )
2

2

Undulator

0

NA

Beam Position Monitor Monitors x-ray beam position

16

Fixed Mask

Confines x-ray beam

Photon Shutter

blocks x-ray beam

Thermal Filter
Window

Reduces thermal load
downstream components
Protects UH V vacuum

Slit

Trims beam spatially

Mirror
Monochromator

Generates x-rays

3.8

NA

NA

90

-03

-10

-10

17

1.5

>3.8

460

24

17

L5

>3.8

460

24

on 22

90

- 0.1

-2

-2

25

90

-0.1

-2

-2

29

few degrees

3.8

Reflect and modify spatial and 30
spectral characteristics of the beam
Monochromatizes beam
30

0.15 to 1.25

up to 2

150

0.4 to 3.5

2 to 45

1-2

150

0.5 to over 10

Thus, from a thermal management point of view, one can
ask whether it is possible to generate exactly the radiation needed,
at the frequency needed, without a tremendous white-beam
background? The answer is a qualified yes, if free electron lasers
(FELs). which generate very monochromatic beams, can be made
to operate at hard x-ray wavelengths (- 1 A). But for now. these
fourth-generation FEL x-ray sources are still on the drawing
board (Poole. 1992;. Arthur et al., 1994) and the thermal issues
associated with them will not be considered in this manuscript
Thermal management of high-heat-load x-ray components
consists of the design of systems that provide acceptable
perfonnance while meeting various system constraints. Some of
the constraints are listed here with brief explanations where
appropriate.
*

Configuration: A component must be designed such that it
fits the limited space available and interfaces with adjacent
and surrounding components smartly.

*

IJHV Compatibility: Most components must operate in
vacuum, and many in ultrahigh vacuum (UHV), on the order
of 1.0 xlO"^ torr. This results in practical limitations on the
materials that can be used in the components because of
outgassing potential. Also, for reliability purposes,, no
vacuum-to-coolant joints are allowed to avoid disastrous
contamination of the UHV environment Vacuum guards
are used that surround all coolant lines and cooling channels.
Any leak is discharged into the vacuum guards and detected.

*

Materials: In addition to UHV compatibility, the materials
used must withstand long-term exposure to intense (direct or
diffused) x-ray radiation, have adequate dimensional
stability, have high thermal and structural figures of merit,
and most importantly be appropriate for. the intended
purpose. This last constraint is relevant, for example, in the
case of crystal monochromators, where, in most cases, one is
restricted to using relatively defect-free single silicon
crystals.

*

Cooling Techniques: While no a priori constraints on the
cooling, schemes are imposed, because of several
considerations, phase-change heat transfer options, such as
boiling, are not utilized. This issue will be more fully
discussed later. The coolant used, however, should not be
under very high pressures (> 10 ATM or 150 psi), toxic, or
explosive.

*

Vibration: Design of cooled components should be such
that the natural frequency of the system be above about 30
Hz or so and vibration amplitudes be below some
component-dependent acceptable level. Because of concerns
about flow-induced vibration, flow velocities are generally
maintained at the minimum necessary, and often below 5
m/s, with appropriately designed flow passages and piping
connections.

Temperature: Often a maximum temperature for a
component is imposed. This may be to limit outgassing rate,
eliminate radiative heating and potential damage to adjacent
components, maintain mechanical strength and dimensional
stability of the component, avoid possible chemical reactions
at elevated temperatures, prevent phase changes, etc.
•

Thermal Stress: Because of the high heat fluxes of the
incident x-ray beams, often a very high thermal gradient is
generated in the component. To avoid material failure,
thermal stresses are kept below some level (typically yield
strength) with an adequate safety margin. Stress levels are
evaluated using detailed finite element analyses.

•

Thermal Strains: Even though temperature and stress may
be very low in a component tight strain tolerances can make
the design very difficult This is often the case for highheat-load optical components for which the thermal design is
- driven by the allowable thermal strain. This issue will be
discussed later.
Life Cvde: Because the beam will be turned on and off,
scheduled or unscheduled, many times during the life of a
component fatigue considerations of highly stressed
components are necessary. This is particularly important
here because the load is thermal (rather man static) affecting
the temperature-dependent strength of materials. Many of
die synchrotron radiation components are expected to be
exposed to a low to moderate number of cycles (< 10,000).
The design is carried out with the aid of finite element
analyses in conjunction with well-controlled tests simulating
x-ray thermal toads.

•

Others: There are other common engineering constraints
that must be considered in the thermal design of high-heatload components. These include -system reliability,
economy, safety, etc

SOLUTION APPROACHES TO HIGH-HEAT-LOAD
COMPONENTS DESIGN
The peak normal incidence heat flux of a typical high-heatload beam at the APS can be as high as 460 W/mra , depending
on the source, the distance from die source, and other operating
conditions. Design of components closest to the source is
considerably more difficult because of higher heat flux. For
example, the so-called crotch absorber, which absorbs a portion
of the weaker bending magnet radiation at die APS, is located at
only 1.8 m from the bending magnet source where the normal incident peak heat flux is 250 W/mm . An interesting toothshaped absorber made of a copper alloy that (intercepts the beam
at a small angle and) splits the incident beam into many parts has
been designed that should handle the heat load produced by the
bending magnets with the ring operated at 300 mA; the normal
incidence heat flux at the absorber then being 750 W/mm
(Sheng and Shartna, 1994).
2

Thermal management difficulties can be best illustrated by
considering a one-dimensional approximation of heat transfer in a
component subjected to high heat fluxes (note, however, that in
many instances, the beam footprint is a narrow line, and, because
of considerable lateral conduction, the one-dimensional model
used here is not accurate). Assuming a plate of thickness t (cm)
heated on one side with a flux of q" (W/cm^) and cooled on the
other side at a rate of h (W/cm -K) at temperature Too (Fig. 2),
the maximum temperature rise is
T

«- --4H}
T

(5)

where k is the thermal conductivity of the plate. Under the best
of circumstances, assuming a thin copper plate (t = 0.1 cm, k = 4
W/cm-k) and a heat transfer coefficient of 10 W/cm^-K, the
maximum temperature for a moderate heat flux of 200 W/mm^ is
2500'C! This simple example shows that none of the absorbing
high-heat-load components can intercept the beam normal to the
surface, regardless of cooling. Thus, heat flux must be reduced.

q"

Cooled surface

'

\i/V

Figure 2: A plate heated on one side and cooled on the other side
There are some standard and some case-specific techniques
that are used in the design of these components. In discussing
some of these options, it should be borne in mind that x-ray
beams penetrate into materials; the lighter the material (lower
atomic number), the more is the x-ray penetration; and the more
energetic the photons, the more the penetration depth.
In order to arrive at a suitable thermal solution (ignoring
structural aspects for now), one needs to consider the parameters
in the above equation, and in addition, the total beam power and
its spatial distribution. Depending on the component under
discussion, when appropriate, one or more of the following
approaches can be taken to arrive at a solution:
(1) Reduce the total incident heat load (at the source or by using
upstream apwrtures/filters).

(2) Reduce the incident power and, more importantly, power
density by using an upstream mirror with an appropriate
selection of coating and incident angle.
(3) Reduce the total absorbed power and heat flux (e.g., reflect,
scatter, or transmit part of the beam),
(4) Reduce the volumetric absorption rate (by using a lowatomic-number substrate, such as beryllium, carbon, etc., to
allow the beam to penetrate).
(5) Reduce the heat flux by holding the component at a shallow
angle with respect to the beam,
(6) Use high conductivity materials,
(7) Employ highly efficient cooling techniques to decrease
convective resistance,
(8) Reduce the conduction resistance by flowing coolant closer
to the radiated surface,
(9) Allow absorption of power in the coolant by flowing it
closer to die radiated surface in a low-atomic-number
substrate,
(10) Operate the system at such temperature ranges that the
material properties are favorable (e.g., silicon at cryogenic
temperature).
As expected, each one of these approaches opens the door to
a few possibilities. Judicious choice and combination of these
options are essential for a successful thermal design.
One of the approaches noted above deserves''particular
attention. It is the use of a m'uror as a power fdter to reduce heat
load on downstream components (Kortright, 1990; Yun et aL,
1992). There are several reasons for doing so: (1) the small
grazing incidence angle of x-*ay mirrors reduces the incident heat
flux on mirrors by a large factor (a 0.15* incidence angle reduces
the normal incident heat flux by a factor of I/sin 0.15* = 380),
(2) mirrors with adequate surface finish and cooling performance
can now be designed and fabricated for such levels of heat load
(DiGennaro et aL, 1988; Hulbert and Sharma, 1988) and higher
(Tonnessen et aL, 1993), and (3) reflected beam from the mirror
will contain over 80% of the x-rays below some critical energy
determined by the mirror surface coating and finish, and angle of
incidence; the power of the reflected beam, depending on the
case, can be half the source power and power density lower by a
factor of 2 to 10. This scheme will somewhat simplify the
thermal management of downstream components, specially those
that cannot be placed at low angles with respect to the beam.

Structural Considerations
Although thermal considerations, which are the focus of our
study here, constitute an essential step in the high-heat-ioad
component design process, structural aspects must simultaneously
be considered. Thermal analyses of the system are followed by
examination of thermally induced stress and strains, flow-induced
vibrations, pressure-induced deformation, and flow-induced
vibration. Depending on the case, additional studies involving
elastic-plastic deformation, thermal fatigue, buckling, corrosion,
diffusion, and phase transformation of the materials) are needed.
For high-heat-load optical components, such as mirrors and
monochromators, thermal deformation is typically the critical

design criteria. Component temperature and/or stresses are
generally low because long before they become significant,
thermally induced strains have reached unacceptable levels.
Thus, design centers more on the component configuration and
choice of material and cooling scheme.
For nonoptical high-heat-load components, the situation is
generally different Like optical components, they are designed
to intercept the beam at shallow angles of a few degrees, but there
are limitation on this angle. As the angle is reduced to spread the
beam further, the size of the component increases. This can not
be done indefinitely, however. There is a severe space limitation,
limiting component size and thus the incidence angle.
Furthermore, as the incidence angle is reduced to much below 2*
or so, surfaces begin to act like mirrors, spectrally reflecting some
x-rays. Suitable choices of the angle of incidence, material, and
cooling technique are thus necessary to ensure thermal and
structural integrity of the component during its life of service.

MATERIALS SELECTION
The criteria used in material selection for high-heat-load
components differ depending on whether the component is strainlimited (optical) or temperature/stress limited (nonoptical).
Nonoptical components can generally be subjected to higher
heat fluxes man optical components because strain is not a major
consideration. Nonoptical components are typically closer to the
source and intercept the beam at larger angles. As an example,
the first photon shutter on an APS undulator beamline is located
at 18 m from the source and intercepts the beam at 1.5* to reduce
the heat flux from 460 W/mm normal incidence to about 12
W/mm on the surface (Shu et aL, 1992).
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With such high heat fluxes (and a total power of several
kW), high temperature and stresses in the components are
encountered. Thus, a suitable material for use will have to (a)
maintain its integrity and stability at high temperatures, (b) have
high yield stress, (c) posses high tensile strength (if brittle) and
high allowable tensile strain (if ductile), (d) have high thermal
conductivity, (e) have a low thermal expansion coefficient, and,
finally, (0 be UHV compatible.
Suitable materials for high-heat-load component design
include copper, copper alloys, beryllium, pyrolytic graphite,
silicon, silicon carbide (SiC), molybdenum, tungsten, cubic boron
nitrite, and diamond. Some of these are light materials and thus
allow the incident x-ray beam to be absorbed throughout the
volume. This volumetric spread of the absorbed power reduces
the temperature in the system; this spreading of the absorbed
power can be viewed as an apparent "enhancement" in the
conductivity of the material when compared to purely surface
deposition of the thermal load (Khounsary, 1989). A few of the
more commonly used materials for high-heat-load applications
are listed below.

Materials for Nonoptical Components
GlidCop® is the material of choice for many of the highheat-flux components at various synchrotron x-ray facilities. It is
an aluminum oxide, dispersion-strengthened copper alloy (SCM

Metals Products, Inc., 1994). At room temperature, it has a
thermal conductivity about 10% less than pure copper but a yield
strength that is about 5(1% higher than that of copper and many
times more than that of annealed copper. Its yield strength is
higher by over an order of magnitudes at elevated temperatures
(MOO'C).
Beryllium is toxic and its use is generally discouraged. Its
main advantage is that it has the lowest atomic number among
metals; a 250 pvm-thiek foil allows almost all die photons above 2
keV to pass through. Thus, it is often used as x-ray windows
(Kuzay and Wang, 1994; Khounsary et al., 1990b). As an optical
or nonoptical substrate, it can spread an x-ray beam in depth,
reducing temperature in the system tremendously (Mills et al.,
1979; Shengetal., 1993).
Pvrolytic graphite of various kinds is another potential
material of interest for high-heat-load applications (Fleming and
Riley, 1993); it can have very high directional thermal
conductivity (up to three times that of copper) but much reduced
mechanical strength compared with ordinary graphite. It can be
heated to over 2000 *C. In synchrotron beamlines, it is used as a
thermal filter (carbon has an atomic number of 6 compared with 4 for beryllium) to absorb low energy photons to reduce the
incident power on the downstream components. Its use as the
first wall armor tile material for a Tokamac fusion reactor has
also been investigated (Watson, 1992).
Diamond, from an x-ray absorption point of view, is similar
to pyrolvtic graphite except it is denser by a factor of two. It is
thermally isotropic; its thermal conductivity is about 5 times that
of copper, and, for many high-heat-load applications, it is an
excellent all-around material: high thermal conductivity, high
. .strength, chemically inert, low thermal expansion, etc. (Berman,
1965; Field, 1979; Glass et aL, 1990; Wilks and Wilks, 1991).
Exponential growth in chemical vapor deposition technology of .
diamond has lead to the production of large size, relatively
inexpensive diamonds., whose potential in high-heat-load
synchrotron x-ray component design is being explored
(Khounsary, 1992b). For example, thin diamond foils have been
considered for x-ray window applications (Khounsary and
Phillips, 1992). It has been used as the blade material in a photon
beam position monitor (Wang et aL, 1992; Shu et al., 1992).
Diamond should not be heated to excessive temperatures where
phase transformation can occur.

Materials for Optical Components
For optical component substrates, thermal conductivity and
the expansion coefficient of the materials are important
Materials can be ranked by a figure-of-merit, in this case, k/a
where k and a are the thermal conductivity and expansion
coefficient respectively. Here, we make distinction between two
important optical components, namely monochromators and
mirrors, based on the requirements on their substrates.
Monochromators are made of high quality, single-crystal
substrates that intercept a wide-band beam and diffract only a

narrow energy bandwidth that .satisfies the Bragg Law for the
prevailing conditions. Use of nearly perfect crystals for this
application is essential. Mirrors do not have this restriction, but
they must be poltshable to under a few Angstrom mis.
GlidCop® and copper are two of the materials used as
mirror substrates, separately or in combination. Cooling channels
ate configured in the substrate. The mirror reflecting surface is
coated, often with a layer of electroless nickel, and polished to a
fine finish (DiGennaro et al., 1988). For very high-heat-load
mirrors or for very large mirrors where weight and stiffness
become important, other materials, such as silicon, are used.
Silicon is the material of choice for monochromators
because of the availability of low cost, almost perfect, singlecrystal silicon produced by the S5B silicon-producing industry for
semiconductor use. Silicon is also used extensively as mirror
substrates. As noted, its figure-of-merit is higher than copper or
GlidCop® by a factor of 3. As an x-ray mirror substrate, silicon
can be polished to very low roughness (2 A or less). Also
technology has been developed to configure intricate cooling
passages into a silicon substrate. We will further discuss this in
the following section.
At room temperature, silicon has a thermal conductivity of
about one-third that of copper, and its thermal expansion
coefficient at
/K is about one seventh that of copper.
Thus, overall, its figure of merit is better than copper by a factor
of three. This figure is further improved at cryogenic
temperatures. The thermal conductivity of silicon increases from
1.5 W/cm-K at room temperature to about 50 W/cm-K at 50 K!
Its thermal expansion coefficient also decreases from Z3E-67K at
room temperature to zero at about 125 K. Thus, the figure of
merit for silicon substantially increases as the temperature is
reduced. Thus, cryogenic cooling of silicon-based, high-heatload components, whether mirrors or monochromators, is quite
attractive and is the subject of intense interest at this time
(Bilderback, 1986; Freund, 1993; Rogers, 1993; Zhang, 1993).
Beryllium is another attractive material for optical
substrates. From an optical application point of view, it has
superior stiffness and dimensional stability and can be polished
for use as a mirror to about 5A rmsroughnessby sputtering on it
a fine-grain coating (Murray et aL, 1991). Because of its light
weight (giving it the best stiffness/density ratio among metal
substrates), it has been extensively" used for space-based
applications. Small-size, relatively good quality, single-crystal
beryllium can be grown and is available for potential use as an xray monochromator. Beryllium has exceptionally high thermal
conductivity at cryogenic temperature; at 100 K, the thermal
conductivity is 2.5 times higher than that of copper at room
temperature, and it improves further with reduced temperature.
Diamond has much potential as a high-heat-load x-ray
substrate for mirrors, monochromators, and other substrates. Use
of single-crystal diamond for diffractive optics has received
considerable attention of late (Berman et al., 1993; Als-Nielson et

al.. 1993; Shanna et al.. 1992; Freund et al.. 1993; Khounsary et
al.. 1992). With diamond at room temperature, one can achieve
nearly the same performance as with silicon at cryogenic
temperatures. Working at room temperature is much simpler.
One obstacle to more widespread use of single-crystal diamond is
lack of large, "good" crystals at this time; both synthetic and
natural single-crystal diamonds available now are limited in size
to about I cm in area and a few millimeter in thickness.
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Silicon carbide is another material that is considered for
high-heat-load optical substrates. It is available botfi in sintered
form (which is then CVD coated for fine polishing) and in CVDdeposited plates of up to a few centimeter thick. Sintered SiC has
properties similar to silicon; the only advantage is that it is
possible to configure cooling passages and manifolds into a
substrate during the sintering process to produce a near-net-shape
substrate. SiC is much harder than silicon to machine and polish,
but a finer surface finish than silicon can be obtained. The CVD
Silicon Carbide® developed by Morton Advance Materials
(Morton, 1994) is a polycrystallinc material and has a room
temperature thermal conductivity of 3.3 W/cm-K, which is
superior to single-crystal silicon by better than a factor of 2. Its
thermal expansion coefficient atroomtemperatureis slighdy "
lower than that of silicon and, like mat of silicon, decreases at
lower temperatures (Morton, 1994). Overall, as far as thermal
strain is concerned,'SiC should perform about 3 times better than
silicon.
Single-crystal SiC of various types are now available
(Choyke, 1989; Choyke et aL, 1992). The thermal conductivity
of single-crystal silicon carbide is about 5 W/cm-K, slightly
above that of copper. To our knowledge, this has not been used
as x-ray monochromator material As a mirror substrate, it should
be a suitable material, but at this time, because of limitations on
the size of available specimens (typically under 5 cm in
diameter), its utility is limited.

COOLING TECHNIQUES IN HIGH-HEAT-LOAD
SYNCHROTRON COMPONENT DESIGN
On a typical, present-day, high-heat-Ioad, x-ray beamline,
the normal incident heat flux can be as high as 500 W/mra , with
total power of several kW. •
A survey of the literature indicates that the highest steadystate heat removal rate (limited by burnout or critical heat flux
(CHF)]reportedis 370 W/mm (Omatskii and VmyaiskiL.1965),
where highly subcooled, high velocity water (with a small amount
of alcohol added) flowing through a one-side heated smalldiameter tube was used. Still higher fluxes, as high as 400
W/mm have been reported in the stagnation zone of high velocity impingement jets (Lin and Lienhard, 1993) apparently
without any evidence of a CHF or burnout High local pressure,
and rather small heated zones are thought to be responsible for
the high heat removal rate through some combination of forced
convection and convecting boiling. Higher heat removal rates
have not been possible because of either lack of a suitable heat
source or mechanical failure of the heated target
2
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As high as these heat removal rates are. they are still below
the 5(K) W/mm normal incidence heat flux (on a small-area or a
line footprint) noted above for a present-day. high-power
synchrotron x-ray beam. It is also apparent that these cooling
schemes yield such fantastic heat removal rates only under
carefully controlled experimental conditions. These conditions
are far removed from the requirements and operational
imperatives of dedicated devices that need to provide reliable
long-term performance.
2

In the design of high-heat-flux components, the cooling
scheme is selected based on the achievable heat transfer
coefficient rather than on the heat removal rate because of
limitations on die system temperature (and/or thermally induced
stress and strain). Choosing a suitable cooling scheme is often a
key decision in the design of high-heat-flux components. The
absorbed heat flux in most components can be kept under 20
W/mm using a combination of power/flux reduction schemes,
the most common of which is to place the component at a shallow
angle with respect to the beam (Khounsary, 1992c) to spread the
beam over a larger area and thus reduce the heat flux.
Heat transfer in components that are subjected to heat fluxes
in the 1 to 20 W/mm range is often convection limited; that is,
the Biot number, Bi (= ht/k) <1. Enhanced cooling is desirable,
whether an optical (thermal strain limited) or nonoptical
(temperature or stress limited) component is under study. To
illustrate this point further, consider a plate of thickness t = 0.2
cm, uniformly heated on one side at the rate of q" = 10 W/mm
(1000 W/cm ) and cooled at a moderate rate of h= 1 W/cm -K.
Assuming a highly conductive metal, such as copper, we can
write (Eq. (5)):
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This shows that the maximum temperature in die system will
be over 10S0 *C, while the temperature gradient in the copper
plate is only 50*C The problem is convection limited, and there
is substantial gain in increasing in the heat transfer coefficient
Note, however, that this formulation ignores lateral heat transfer
from point- and line-shaped beam footprints, which results in
lower temperatures than the simple 1-D model indicates.
In the one-dimensional representation, it can be seen that the
temperature in the plate is dependent -on the heat transfer
coefficient, while the temperature gradient is not It may seem
then that unless the temperature in the system is a limiting factor,
enhanced cooling is not necessary because thermal gradients,
stresses, and strains (if the plate is constrained) are not affected.
This is not true, however, even in this simple one-dimensional
case, since thermal conductivity is generally lower at elevated
temperatures; thus, a low heat transfer coefficient leads to both
higher temperatures and temperature gradients in the system. In a
typical component heat transfer is three dimensional and the
temperature, temperature gradient thermal stress, and thermal
strains are all affected by the heat transfer coefficient

A large number of effective cooling techniques have been
considered for high-heat-load synchrotron components, and many
have been implemented. Examples include two-phase and
subcooled boiling, liquid-metal cooling, cryogenic cooling,
microchannel cooling, porous-medium-enhanced cooling, phasechange cooling, jet-impingement cooling, spray cooling, heat
pipes, and enhanced cooling methods involving a variety of
internal (integral or attached) fins, posts, twisted inserts, etc.
A choice of the cooling technique for a high-heat-load x-ray
component depends not only on its efficiency but also on the total
power and heat flux to be removed, acceptable temperature,
temperature gradient, thermal stress and thermal strain in the
component flow rate and flow velocity limitations, thermal time
constant of the component required precision in thermal and/or
structural control, operating environment (in most cases, it is
vacuum or UHV), reliability, maintainability, cost system
complexity, safety, size and, finally, user acceptability.
Unlike many other thermal management areas, in some highheat-flux areas, and certainly in high-heat-load synchrotron
component design, pumping power and pressure drop are not very
critical. Cooling areas are rather modest and typical flow lengths
are under 1 m. Pressure drops on the order of 0.5 MPa (75 psi)
are acceptable. Cooling efficiency and reliability (as well as flow
rates, for practical reasons), are important as are coolant-solid
compatibility, fluid resistance to radiation, and flow-induced,
vibration.
Cooling schemes involving phase change obviously provide •
high heat transfer coefficients (Moran et al., 1992; Shu et aL,
1986), and these can further be increased by using a variety of
enhancement techniques (Bergles, 1992). But nearly all cooling
schemes now used in high-heat-load x-ray cooling are single
phase. Boiling heat transfer has been avoided; the reason has
been lack of precedence and also concerns about .the ability to
design a stable, reliable, often integral heat exchanger to extract
heat from precision and fragile equipment that will be placed in a
complex, difficult-to-access UHV environment One exception is
in some cryogenic cooling systems (Oversluizen et aL, 1987) in
which heat is transferred from the optical component being
cooled to a nitrogen heat exchanger through several bundles of
stranded bate copper cable that connect the two systems. The
cables provide the thermal connection between the.two systems
while structurally isolating them.
Because of multiple factors, such as cooling channel shape
and size, number and location of cooling channels, flow regime,
etc., that must be taken into account in the thermal analyses and
design of a component we have found it useful to speak of an
effective heat transfer coefficient For a given component this is
somewhat heuristically defined as the heat transfer coefficient
that when applied on the base area populated by the channels (or
fins, etc.), would give approximately the same temperature field'
as the actual channeled configuration. This concept is very useful
since, without i t it would be necessary to numerically evaluate
the thermal performance for each design option. As an example,
consider the case of a substrate heated on one side and cooled by
a set of (similar or dissimilar) channels at some distance d from
the heated surface. The heat transfer coefficient in each channel
is evaluated, and some simplified fin efficiency argument is used

to obtain an effective heat transfer coefficient that, when applied
to a surface at distance d from the heated surface, would give a
reasonable estimate of thetemperaturein the system.
It is necessary to add here that, while such a scheme is useful
in thermal analyses of optical (and nonoptical) components, it
does not translate directly to a prediction of the structural
performance of an optical component (i.e., thermally induced
strain) because of structural boundary conditions.
In the following, we briefly refer to several of the singlephase cooling schemes that have been successfully implemented.
Emphasis will be on the cooling of optical substrates because the
cooling problems here are more formidable.
When an optical element is heated, it will distort To a first
approximation, the major components of the thermal distortion
are bowing (a gross bending of the substrate) and mapping
(thickening of the substrate under the beam footprint). For a
given system, bowing can be reduced by either thickening the
substrate, constraining it, or actively or passively bending it back.
Mapping distortion can be reduced by confining the thermally
active region of die substrate to as small a volume as possible.
This requites getting die coolant as close to the heated surface as
possible and using a very efficient cooling scheme (i.e.,
engineering a large effective, heat transfer coefficient). This
would reduce the temperature in the system and, of course, reduce
bowing distortion as welL The material, as we discussed before,
should have a high figure of merit (thermal conductivity to
thermal expansion ratio).
There are structural limitations on how thin die face plate
(the wall having coolant on one side and optics surface on the
other) can be for a given material, coolant geometry, and coolant'
pressure. In silicon, for example, this wall can be 0.25 mm or
thinner. The thickness of the face plate needed depends on
cooling geometry and efficiency. Reducing me conduction
resistance on the padi of heat is important if it is a significant
portion of total resistance. It should be noted that a thin wall may
undergo substantial pressure-induced deformation.
MicroChannel Cooling. This technique, which consists of
configuring very small size channels in a substrate, was proposed
by Tuckerman and Pease (Tuckerman and Pease, 1981;
Tuckerman, 1984; Phillips, 1988,1990). Channels are typically
under 100 p. wide and can be optimized for given material,
coolant, and flow conditions. With silicon and water, channel
cross sections of about 50 p. x 500 p are used. MicroChannel heat
exchangers been built by several groups including TRW and
Lawrence Livermore Laboratory (LLNL). A comprehensive
review of the work in this area is given by Goodling (1993). An
x-ray monochromator built using microchannel cooling has been
evaluated and tested (Arthur et al., 1991). It is estimated mat the
effective heat transfer coefficient for mis microchannel system is
over 20 W/cm -K. The flow rate is 1 liter per minute through
400 microchannels, each 40 p. x 400 p. in cross section with a gap
of 40 p between them. The pressure drop is about 0.35 MPa (50
psi) across 50-mm-long channels. With a peak heat flux of 1
W/mm and total power of up to 250 W, a maximum temperature
rise of 5° C was estimated. No measurable degradation of the
optics attributable to thermal effects could be observed; some
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observed degradation was related to the plastic strain (lattice
deformation) during bonding of the face plate to a glass back
plate.
More recently, we have developed a number of
microchannel substrates in collaboration with LLNL, where metal
rather than glass bonding is used; in addition, the back plate is
Invar, a nickel iron alloy that closely matches the thermal
expansion of silicon. We estimate that, with 50 H x 500 p.
channels (50 p apart), a heat transfer coefficient of 4.5 W/cm -K
with laminar flow of water can be achieved. The effective heat
transfer coefficient should be over 25 W/cm -K. This can
effectively deal with many high-heat-flux problems. However, if
the total power is high, a considerable increase in coolant
temperature can result
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Pin-Post Cooling. This technique, developed and
extensively used in the development of high power laser mirrors
during the 70s and 80s, consists of flowing water between two
plates that are separated by a large number of posts that connect
the two plates. In practice, post are ultrasonicaUy machined into
the face plate or back plate of an optical substrate; this plate is
then bonded to other appropriately configured plates, which
collectively provide passages for die coolant into and but of die
substrate through bonded manifolds. Flow is turbulent Results
of me tests performed during die said period on the performance
of these structures are classified. Based on the results of tile
design studies conducted in die development of a high-heat-load
mirror for the APS, we estimate that the effective heat transfer
coefficient may be as high as 40 W/cm -K,
The mirror in question (Tonnessen et al., 1993) was
developed collaboratively by APS and Rockwell Power Systems.
It is made of silicon with a face plate thickness of 0.5 mm. The
posts are in the plate below. Each post is 1.25 mm in diameter
and 1 mm in height Post are set in thirty cells; each cell, which
has the same height as the posts, is 58 mm x 7.6 mm in area and
is occupied by 130 posts uniformly distributed. The mirror is 300
mm long, 100 nun wide, and 61 mm thick. The cooled area is
about 230 mm x 58 mm.
This mirror is designed to provide less than 2 prad (rms)
thermally induced slope (equivalent to 2 pra displacement at 1
meter) on the heated surface. The incident beam has a total
power of 2 kW with a peak incident heat flux on the mirror of 3.2
W/mm . Design analyses show that with a flow rate of 0.65
liter/s (10 gallons per minute), the maximum temperature rise in
the mirror is about 17 *C, and the thermally induced slope error
along the length of the mirror is less than 2 prad (rms). The
pressure drop is estimated to be about 0.2 MPa (30 psi). We are
planning to conduct verification tests on this mirror at the
Thermal Distortion Test Facility (TDTF) at the Phillips,
Laboratory in New Mexico soon. The pin-post design has been
also used in we development of a number of monochromators;
these have been tested, on high-heat-load beamlines. However,
thermal performance data on tiiese have not been reported.
Liquid-Metal Cooling.
Liquid metals have been
extensively studied during the 1950s in connection with nuclear

reactor cooling. In the past several years. Smither and coworkers (Smither el aL 1989) at Argonne National Laboratory
have selected and conducted extensive research on gallium and its
use for cooling of optical components. A summary of reasons
for choosing gallium as coolant is given by Smither (1992). We
have tested and compared the performance of a monochromator
cooled with water and gallium (Khounsary et aL 1990a).
Gallium flowing at the same rate as water gives a heat transfer
coefficient about 10 times that of water. Flow velocities are
around 1 m/s.
Porous-Media Cooling. Porous inserts are known to
enhance heat transfer by providing additional cooling surfaces
and by increasing turbulence. A set of tests was conducted at die
APS to evaluate the enhancement achieved by using cooper mesh
in the cooling channels of copper plates that are subjected to the
high heat load of an x-ray beam (Kuzay et aL, 1990). Depending
on the mesh and flow specifics, the heat transfer coefficient is
increased by a factor or 2 to 6 (Kuzay ct aL, 1990,1991). The
pressure drop could be high but tolerable; typically small flow
lengths involved.
Cryogenic Cooling. The virtue of cryogenic cooling, as
alluded to earlier, lies in the fact that a number of materials of
interest for optics, particularly Si and SiC, have very high figures
of merit at low temperatures. A number of investigations at
various synchrotron facilities are underway to develop reliable
cryogenically cooled optics (Oversluizen et aL, 1987; Marot et
aL, 1992; Rogers, 1993, Shanna et aL, 1992). Nitrogen is almost
exclusively used. Cryogenic cooling of microchannel silicon
substrates (Riddle and Bernhardt, 1992) is particularly efficient
The difficulty is in the design of an economical, easy-to-operate,
and reliable system. Primary coolant is often single phase, as
mentioned earlier, to isolate the precision device from possible
vibration from a two-phase heat exchanger. It is noteworthy that, to exploit the advantageous
characteristics of the optical substrate at low temperatures, it is
not always necessary to operate at cryogenic temperatures.
Single-phase cooling at subzero temperatures may be sufficient to
provide the necessary performance. One of die unresolved issues
in this regard is to find a subzero (- -100*C) coolant that can
withstand prolonged exposure to high levels of radiation.

LOOKING AHEAD
From this brief discussion of high-heat-load problems in
synchrotron x-ray beams, it is apparent mat thermal management
plays a significant role in the design of ID beamline components
needed to take full advantage of me very bright x-ray beams that
are produced. It was noted that heat transfer is an integral part of
die component design and cannot be considered independent of
odier aspects, conditions, and requirements.
From a heat transfer point of view, an optimal component
design is often one that, consistent with other requirements,
incorporates a suitable coolant at a moderate flow rate, velocity,
and pressure into optimally configured flow passages in a suitable
substrate material. Conduction and convection resistance and

thus temperature rise in the system are minimized (note, however,
that for an optical component, a thermally optimal design is not
necessarily a structurally optimal design). Pressure drop and the
required pump power are not major issues. Systems that are
being cooled, especially optical components, are rather fragile
and sensitive; vibrations, thermal instabilities, etc., are to be
avoided. Further application-oriented research on a number of
cooling methods, in particular two-phase flows, is warranted.
Subcooled boiling remains an interesting option. There is also
potential for die so-called phase-change coolants. On die
conduction side of the equation, use of such high conductivity
materials as diamond, and their integration into metal- or
ceramic-based components should be further investigated.
Incorporating appropriate cooling in deformable optical
components (that are actively deformed to counteract thermal
distortions) is an area of interest Indirect, contact cooling of
optical components using appropriate interstitial materials (e.g.,
soft metals, such as indium, or liquid metals, such as indiumgallium eutectics) is an interesting option under study; here there
is, however, a need for accurate contact resistance data for
various pairs of metals with different interstitial materials (Asano
et al., 1992). Smart configuration of die cooling conduits in
optical substrates to actively or passively counteract thermal
distortions provides interesting thermal-structural problems mat
have not received much attention.
At present, a combination of innovative designs and suitably
selected materials and cooling schemes is almost sufficient to
meet die needs, sometimes with much difficulty. The trend in xray synchrotrons, if the past is any guide, is in me direction of
more powerful beams. Unless technological breakthroughs result
in tunable x-ray sources mat produce similarly bright or brighter
x-ray beams within a narrow energy band (eliminating the
unwanted radiation), we will be confronted with more difficult
thermal management problems. As an example, at the APS,
positron current, storage ring energy, length of the radiation
source, and applied magnetic field all can, in principle, be
increased, resulting in possibly an-order-of magnitude increase in
die heat load. Innovative thermal management schemes must be
explored and devised.
A possible, and probably partial, solution for the near future
may lie in the use of a mirror as the first component interacting
with the x-ray beam. Placed at a grazing angle of a fraction of a
degree, the mirror may be subjected to a heat flux of a few watts
per square millimeter. It absorbs most of the high energy
photons, reflecting die rest and rhus reducing the heat load on die
downstream components. Depending on die specifics of die case,
the heat load can be reduced by over one half, and die heat flux
by a factor of 2 or more.
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