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ABSTRACT 
In recent years, a new generation of x-ray producing 

device  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 k W  of 
power, may have a aoss-sectioni~ area on the order of 10 mm2 
at 30 rn from where it is generated. Normal incident heat flux at 
this location can be as high as a few hundred W/rnm2. 

In this paper, a short description of the synchrotron 
radiation x-ray samxs and the associated power loads is given, 

. followed by a brief description of typical synchrotron 
components and theii heat load. It is emphasized that the design 
goals for most of thesc components is to limit (a) temperature, 
(b) stmscs, or (c) sprains in the systems Each design calls for a 
different geometry, material selection, and cooling scheme. 
Cooling schemes that h a y  been utilized so far are primarily 
single phase and include sirnplc macrochannel cooling, 
m i c m c h a ~ ~ l  cooling, contact cooling, pin-post cooliog, porous- 
flow cooling, jet cooling, ctc. Water, liquid metals, and various 
cryogenic coolants have been used. 

&causc the trend in x-ray beam development is towards 
brighter CLC., 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 ttic utilization 
of various effective cooling schemes and, in particular, two- 
phase flow (e.g., subcooled boiling) warrants further 
investigation. This, however, rcquiw a thorough examination 
of stabiity and reliability of two-phase flows for high-heat-flux 
components operating in ultrahigh v a c p m  with stringent 
reliability requirements. 

NOMENCLATURE 
peak magnetic fieId 

E, storage ring energy 
El energy of the first harmonic of an undulator beam 
fK angular distribution function of an ID beam 
h heat transfer coefficient 
I charged particle current 
k thermal conductivity 
K 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 thiclauss 
temperature 
thexmal expansion coefficient 
horizontai angle 
periodlengthofaninsertiondevice 
verticalangle . 

INTRODUCTION 
Kigh heat load is a oommon feature of, and a major issue in, 

the &ign of systems and components in a number of enginawing . 
disciplines. Examples hcludc nuclear fusion, high density 

cavities, high power lasers-and allied applications, supersonic 
pnajcctiles, and high power x-ray beams. Many of these issues 
have bqen covered in two ncentconfenmces(Khounsary, 199% 
1993) and in an earlier wotkshop devoted to high-heat-load - 
synchmtron optics (Mills, 1990). 

The term high hcat load, used to highlight the common 
feature of these applications, does not lend itself easily to a 
universal, quaalitative &fintion. 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.thgmophysical properties of the 
materials involved &d achievable heat transfer rata, a moE clear 
defmition can emerge. For the present purpose, and not quite 
arbitrarily, we d e f i i  high heat load to mean heat loads having 
total wer 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 d heat flux that 
generally results in 

In this paper, our concatration is on high-heat-load x-ny 
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 confw,  define, intercept, or "condition" these 
beams are described, emphasizing their unique features and 
requirements. This is followed by a discussion of heat transfer 

electronic packaging, solar energy, high power radio hquency  . _  

ps 

thermal engineering problems. 
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issues. including tuutcrids and coditix rech iqu~s  relevant to the 
design of such components. pointing out areas in which 
techniques to achieve higher heat Wansfer 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 (ii particular electrons and positrons) 
traveIing at relativistic speeds arc accelerated. This happens in 
recirculating acceleratocs in which the bending magnets around a 
ring force the partick beams into a closed, nearly circular ring 
orbk  It is the synchrotron d i o n  from these bendiig magnets 
that was fitst utilized by experimenters. These ate the socaued 
first-generation SOUC~XS, which wen designed for high energy 
physics e m &  but d parasitically for x-ray studies. 

As the potential hqmtamx of syachrotron radiation as a 
tool for the scientific community was nalizcd, designs for storage 
rings M i d  solely for the production of syncluothn d a t i o n  
were put focth and several of thcse sewnd-generation souc~ces 
wen  CotlStNcttd aad coatinue fiuithl optration mday. . 

The radiation emittad from bending m e t  sounxs has a 
continuous energy spectrum fnom the inftarcd reaching well into 
the x-ray regime, depending on the energy of the radiating 
particles and the magnetic fields of the bcadiag magnets. The 
generated bending magnet radiation has a characteristic opening 
(divergence) angle in the vertical d d o a ,  which is given by the 
ratio of the rtst mass of the particle (0511 MeV for electrons or 
positrons) to that of the particles' kinetic energy (typically several 
GeV for these accelerators). Given these values, one sees that the 
vettical opening angles arc 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 (typicaUy a few &pes). 

During the last ten years. plans have been formulated for the 
design and constcuctions of the latest generation of synchrotron 
radiation sources. These third-genera& sources are o p t i m i i  
for the production of x-ray beams of very high brilliance 
(briIliaMx 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), An ID has an array of powerful 
periodic magnetic stn~ctures 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: emittancz of a beam being 

. 

proportional to the product of the source size and it5 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 tine. An ID causes the passing cbatged 
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 brilliinces over six 
orders of magnitude greater than that from a second-genation 
bending magnet source. It is the thermal management aspects of 
these beams that an discussed in this paper; the total power of 
such beams is typically several filowatts with pcak power 
densities in expis of 100 kW/mrad . At 20 m from the so 
100 kW/mrad peak power density translates to 250 W/mm . 

Insertion &vices an subdivided into two classes, wigglers 
and undulatots, depending on the kngth 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 ~ f p u t  The radiation 
generated from one magnetic pole of an undulaior can add 
coherently with radiation from al l  the other poles of the undulator 

ray wavelengths. The tadtaat x-ray intensify has sharp peaks, 
called harmonics, at these x-ray wavehgths. In the case of 
wigglers, the r a d i i o n  emitted by each magnetic pole is not 
coherently related to tfie radiation from the oti~er p ~ e s ,  and &us 
an x-ray beam with-a smooth, continuous spccttal distribution i s  
P- 

An importantfcatnrc of the Undnlat0tI;tliiatiaisits energy 
tunability: by v-g the pcak magnetic field, the .photon 
energies at which the sharp intensity peaks occurcan be selected. 
Since nearly all modern insertion devices are comtmcted from, 
permanent magnets (and not electromagnets) this is most easily 
accomplishad by changing the spacing or gap between the @per 
and lower set of poles. Rcduciag the gap has the effcct of 
lowering the energy of the harmonics in mdulators, but moving 
the envelope of the spactral distribution to higher energies and 
increasing the thermal load of the device in bo& wi@ecs'and 
undulators. Hence thermal engineering of most components 
subjected to such beams is based on the thermal load of the 
insertion device atthe smallestgap. 

The productionof 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 rimes 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 importantz - 
because in many experiments only photons in a very narrow 
energy bandwidth ~IZ utilized; spectral peaks of an undulator 
provide this. It is also noteworthy that the photons in these 
spectral peaks atx. 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. 

Fa 

p d & g  coast~ctictivt and destntctive i n t e d m ~ c e s  aC SpeCitic X- 
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the SOWX ~ / m m 2 1  
Peak Heat Flux on a 1.25' Grazing Incidence 
M i r  Placed 30 m firom the Source (Whm2] 

The most powertul x-ray beams in the near future will  k 
produced at the Advanced Photon Source (APS) facility now 
under construction at Argonne National Laboratory. in lltinois. 
This is a th id-genedon source. primarily. for hard X-my (E>S 
keV) beams. When completed in 1996. the APS will serve as a 
national facility for researchers who will use thee 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 
Synchrootronstrahlunslabor (HASYLAB) in Hamburg. Still, 
higher heat loads are expected from the Spring-8, which is a new 
8-GeV third-generation facility under constrw% -on in Japan. 
Also, much higher thermal loads can be expcctad in the future at 
the APS when higher brilliance x-ray beams may be generated. 

effectively utilized, the thermal management issues associated 
with the unprecedented heat flux of these beams must be 
addressed. 

For an ID source, the total p e r ,  P, is given by (Kim, 
1986): 

Before the high brilliance x-ray bcams at the APS can be 

BkW] = 0 . 6 3 3 E ~ [ ~ V ] B ~ [ ~ ~ m l 4 A ] ,  (1) 

where Er is the storage ring energy (Gel'), Bo is the peak 
magnetic fieId (Tesla), L (m) is the kngth of tbc ID, and I (Amps) 
is the charged particle cumnt. 

The angular distribution of this power, errprrsscd in terms of 
power density (kW/mrad2), is given by (Kim, 1986): 

3.2 

where 8 and q~ 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 socaudd deflection 
parameter given by 

K =0.934X,[cm]Bo[?;l, 

with I.,, being the length of each magnetic period (I.. = N x h). 
Physically, the parameter K indicates that the hodzontal sp& of 
the generated beam is K times the vertical spread. Tltus, K = 1 
implies a beam that has a nearly roun&*cross section. Although 
boundaries are not clearly defied, K-1 implies an undulator, and 
K >> 1 denotes a wiggler. 

The function G(K) in Eq. (2) has a value of= at K = 0 and 
asymptotically approaches unity For Kn1.0 It is given by (Kim, 
1986): 

K7 +24K5 / 7+4K3 -+ 16K /7 G(K) = 
(1 + K~ )7t2 

(4) 

The function fk(0.w) in Eq. (2) describes the angular 
behavior of the power profile. It is a complex integral equation 
and is normalized such that f~ (0.0) = 1. The peak power demity 
is at q = y = 0 and can be obtained from Eq. (2). 

As an example of the thermal load levels that must be &.& 
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 d., 
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 prad vertically and 120 prad 
horizontally. At 20 meters form the sounx, the size of this beam 
(assuming four standard deviations) is 2.4 mrn vertically and 9.6 
mm horizontally, witb a peak normal incidence heat flux of 330 
Wimm2. 

Table 1: Parameters For Undulator A At The APS. 

Number of Periods, N 
DeviceLen . L m  
N m w e s t M  nctic cm 1-15 

Peak Power Density (kw/mrad3 . (134 
Peak Normal IncideMx Heat Flux at 30m from I150 I 

134 

107 

80 

53 

27 

0 

Figure 1: Power profile of the x-ray beam generated by 
Undulator A at the Advanced Photon Source 



THERMALLY SIGNIFICANT COMPONENTS ON AN 
INSERTION OEVlCE 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 
monochromatizc 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 uscd to confine, 
define, monitor, intercept or absorb (totally or partially), transmit, 
reflect, disperse, or monochromatizc the beam. The overall 
functions of these and other beamline components an (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 thcrmaUy significantcomponcnts. 

Thermally significant components can be broadly divided 
into optical and nonoptical groups. In the optical p u p  arc such 
components as slits, apertures, mirrars, crystal and multilayer 
monochromators, and gratings. They reflect parts of the spatial 
andlor spectral profiles of the bcam and absorb the nst In order 
to limit thermal distortion. the absorbed heat flux must be 
restricted to moderate levels. At the APS, most of these optical 
devices are placed 30 to 60 m from the radiationMwnrc. They 
can reccive several kW of power, but the heat fluxes should be 
kept under about 10 W/mm2. Thus, most of thtse components, 
by necessity or default, are designed to intercept the beam at 
shallow angles to spread the beam over a large ana and reduce 
the heat flux. 

Somewliat 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. 
humadequipment 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 Wlmm2 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 experimentall-v. 

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 insertion- 
device beamline would be simple, were it not for the high thermal 
load. Thus, thennal management is an esswtial part of design 

As discussed earlier, in many synchrotron x-ray 
experiments, the requirement is high brightness beam in a narcow 
energy band. Such nearly monochromatic beams typicany have 

from the sharp, tunable intensity peaks of an undulator 
(previously disarsscd) or from the relatively smooth spectrum 
wiggler radiition Thermal problems arise because synchrotmn 
sources generate photons in a wide energy band, from IR to 
nearly gamma-rays. 'Ihe desind photons count for less than 0.1% 
of the total power, typically about 1 W or so. 

. 

. 
energy spreads (M) of 0.001 or less; these can be-extracted 

. .  Table 2 Several of $e hlgh-heat-load components on the APS Undulator A beamline. 

Undulator Generates x-rays . 
Beam Position Monitor Monitors x-ray b&m position 

Fiied Mask Confines x-ray beam 
Photon Shuttcr blocks x-ray beam 
Thermal Filter Reduces thermal load on 

Window Protects UHV vacuum 
slit Trims beam spatialiy 
Mirror 

Monochromator Monochromatizes beam 

downstream components 

Reflect and modify spatial and 
spectral characteristics of the beam 

Distance 
From 

Source (m) 

0 
16 
17 
17 
22 

2 5 .  

29 
30 

30 

Incidence Absorbed Thermal Load capability 
Angle Total PeakNonnal 
(4 Power HeatFlux 

tkW) (w/m2) 

NA 3.8 NA 
90 - 05 - 10 
1.5 > 3.8 460 
15 > 3.8 460 
90 - 0.1 -2 

90 - 0.1 -2  
fewdegrees 3.8 
0.15 to 1.25 up to 2 150 

2 to 45 1-2 150 

PeakHeat 
Flux on the 
Component 
'(wi-2) 
NA 
- 10 
24 
24 
- 2  

- 2  

0.4 to 3.5 

O S  to over 10 



l’lius. from a thermal management point of view. one can 
ask whether it is possible to generate exactly the radiation needed. 
;It the frequency needed. without a tremendous white-beam 
background? The answer is a qualified yes, if f n c  electron lasers 
(FELs). which genemte very monochromatic beams, can be made 
to operate at hard x-ray wavelengths (- 1A). But for now. these 
fourrh-generarim 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 thii manuscript. 

Thermal management of high-heat-load x-ray components 
consists of the design of  systems that provide acceptable 
pedormance while meeting various system constraints Some of 
the constraints are listed here with brief explanations where 
appropriate. 

e 

. 

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

UHV ComoatibiIiW* Most components must operate in 
vacuum. and many in ultrahigh vacuum 0, on the order 
of 1.0 x10-9 torr.  his results in practical limitations on the 
materials that can be used in the componeats bccause of 
outgassing potential. Also, for rcliabiity purposes, no 
vacuum-tocoolant joints arc allowed to avoid disastrous 
contamination of the UHV environment. Vacuum guards 
are used that surround all coohnt lines and cooling channels. 
Any leak isdischarged into thc vacuum guards anddettcted. 

Materials: In addition to UHV compatibii,  the materials 
usedmustwithstandlong-tenne~tointe~(dinctot 
diffused) x-ray radiation, have adequate dimensional 
stability, have high thexmal and st.ructural fig- of merit,. 
and most importantly be appropriate for. the intended 
purpose. This last constraint is relevat, for example, in the 
case of crystal monochromators, wfiac. m mostcases, one is 
restricted to using relatively defect-fzec single silicon 
crystals. 

* - W h i l e n o a p r i o r i d t s o n t h e  
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 Am or 150 psi), toxic, or 
explosive. 

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

e 

Tenipcratnrc: Often a maximum temperature for a 
component is imposed. This may be to limit outgassing rate, 
eliminate radiative heating and potential damage to adjacent 
component.. maintain mechanical stmngth 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 arc kept below some level (typically yield 
strength) with an adequate safety margin. Stress levels arc 
evaluated using detailed finite element analyses. 

Dermal StrainS; Even though temperature and stnss may 
be very low in a component tight srrain tolaances can make 
the design very difficult This is often the case for high- 
heat-load optical components for which the thermal design is 
drive0 by the allowable thermal strain. This issue will be 
discussed later. 

Life Cvcle ; Bccausethebeamwillbeturncdonandoff, 
scheduled or unscheduled, many times during the life of a 
component, fatigue coosideratioas of highly SQesScd 
components arc nacessary. This is particulady important 

the temperacurt-dependent shengtb of materials- Many of 
the synchmtnjn radiation components axe expected to be 
exposed to a low to moderate number of cycles (< lO.000). 
The design is carried out with the aid of finite clement 
analyses in conjunction with wcll-contmlIed tests simulating 
x-ray thermal loads. 

hen becatlse thc ioad is thamal (ratkrthan static)affecting 

Others; There arc other common engineering constmints 
that must be considered in tbe thermal design of high-hcat- 
load components. These include system reliability, 
economy, safety, etc. 

SOLUTION APPROACHES TO HIGH-HEAT-LOAD 
COMPONENTS DESIGN 

The p e a k n o d  incidena heat flux ofa typical high-heat- 
load beam at the APS can be as high as 460 W/mm2, depending 
on the source, the distance from the 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 podon 
of the weaker bending magnet radiation at the 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 tooth: 
shaped absorber made of a copper alloy that (jntercepk 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 Wlmm2 
(Sheng and Sharma, 1994). 



Tliennal nianagemcnt difficulties can be best illustrated by 
amsidering a one-ciimensional approximation of Ireat transfer in ;I 
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 onedimensional model 
used here is not accurate). Assuming a plate of thickness t (cm) 
heated on one side with a flux of q" (W/cm2) and cooled on the 
other side at a rate of h (W/cm2-K) at temperature T, (Fig. 2). 
the maximum temperature rise is 

(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/cm2-K, the 
maximum temperature for a moderate heat flux of ZOO w/mm* is 
25OO*C! This simple example shows that none of the absorbing 
high-heat-load components can intercept ttre beam normal to the 
surface, regardless of cooling. Thus, heat flux must be reduced 

4R Cooled surface / 

Figw 2 A plate heated on one side and cooled on the other side 

There are some standad 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 m a t e r i a  the lighter the material (lower 
atomic number), the more is the x-ray penetration; and the moce 
energetic the photons, the more the p e t d o n  depth. 

in order to amve 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 spatia1 distribution. Depending on the component under 
discussion, when appropriate, one or  more of the following 
approaches can be taken to anive at a solution: 

(1) Reduce the total incident heat load (at the source or by using 
upstream aperturedfdters), 

(2) Reduce the incident power and. more importantly. power 
density by using an upstream mirrcw with an appropriate 
selection of mating and incident angle. 

(3) Reduce the total absorbed power and heat flux (e.g.. r e f l a  
scatter, or transmit part of thc beam). 

(4) Reduce the volumetric absorption rate (by using a low- 
atomic-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 mistance, 
(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 the radiated surface in a low-atomic-number 
substrate, 

(10) Operate the system at such temperature ranges that the 
material properties are favorable (e& sificon at cryogenic 
temperature). 

As expected, each one of tfiese approaches opens the doOito 
a few possibiities. Judicious choice and combination of these 
options arc essential for a suaxs&l thermal design. 

One of the approaches noted above deserves particular 
attention It is the use of a minwas a power filter to d u c e  heat 
load on downst~cam components (Kortright, 1990, Yon et aL, 
1992). There arc several reasm for doing so: (1) the small 
grazing incidemx angle of x-ray mirrors duces the incident heat 
flux on mirrors by a large factor (aO.19 inciduux angle reduces 
the normal incident heat flux by a factor of llsin 0.19 = 380). 
(2) mirrors with adequatesurface finish and cooling performance 
can now be designed and fabricated for such levels of heat load 
@iGeanaro et aL, 1988; Hulbert and Sharma, 1988) and higher 
(Tonnesen et aL, 1993). and (3) refleaad beam from the mirror 
will contain over 80% of the x-rays below some critical energy . 
determined by the mimrrsurface coating and finish, and angle of 
incidence; the power of the r c f l d  tream, depending on the 
case, can be half the sourn power and power density lower by a 
factor of 2 to 10. This scheme will somewhat simplify the 
thermal management of do- components, specially those 
that cannot be placed at low angles with nspect ta the beam. 

structural considerations 
Although thermal considerations, which are the focus of OUT 

study here. constitute an essential step in the high-heat-load 
component design process, st~ctura l  aspects must simultaneously, 
be considered. Thermal analyses of the system an followed by 
examination of thermally induced stress and strains, flow-induced 
vibrations, pressure-induced deformation, and flow-induced 
vibmtion. Depending on the case, additional studies involving 
elastic-plastic deformation. thermal fatigue, buckling, corrosion. 
diffusion. and phase transformation of the material(s) are needed. 

For high-heat-load opticai components, such as mirrors and 
monochromators. thermal deformation is typically the critical 



design criteria. Component temperature andlor stmscs are 
generally low because long before they become significant. 
tliermally 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. Then is a severe space limitation. 
limiting component size and thus the incidence angle. 
Furthermon, as the incidence angle is reduced to much below 2' 
or so, sudaces 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 
struaurai 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 strain- 
limited (optical) or temperaaurlstress limited (nonoptical). 

Nonoptid components can generally be stab- b higher 
heat fluxes than optical compoaemts because sttain is not a major 
consideration. Nonoptid components 8cc typicauy closer to the 
source and intercept the beam at larger angles. As an example, 
the hrst photon shutter on an AFS undulator beamlioe is located 
at 18 mfrom thesourccand interceptsthe beam at 13to nduce  
the heat flux from 460 W/rnm2 nonnal incidence to about 12 
W / m *  on the surfiace (Shu et aL, 1992). 

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 stabiity at high temperatures, (b) have 
high yield stress. (c) posses high tensile strength (ii brittle) and 
high allowable tensile strain (if ductile), (d) have high thermal 
conductivity, (e) have a low thermal expansion coefficient, and, 
f d y ,  ( f )  be UHV compatible. 

Suitable materials for high-heat-load component design 
include copper, copper alloys, beryllium, pyrolytic graphite, 
silicoh, silicon carbide (Sic), molybdenum, tungsten, cubic boron 
nitrite, and diamond. Some of these a light materials and thus 
allow the incident x-ray beam to be absorbed throughout the 
volume. This volumetric spread of thc absorbed power reducts 
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 thermai load (Khounsary, 1989). A few of the 
more commonly used materials for high-heat-load applications 
are listed below. 

Materials for Nonootical Comoonents 
C&&g@ is the material of choice for many of the high- 

heat-flux components at  various synchrotron x-ray facilities. It is 
an aluminum oxide. dispersion-strengthened copper alioy (SCM 

Metals Product.. . Inc.. 1994). At room temperalure, it has a 
thermal conductivity about 10% less than pure copper but a yield 
strength that is about 5 0 2  higher than that of copper and many 
times more than that of annealed copper. Its yield strength is 
higher by over an order of nuzgnitudes at elevated temperatures 
(>400 *C). 

Bervlliurg is toxic and its use is generally discoumgd. 
main advantage is that it has the lowest atomic number among 
metals; a 250 p-thick foil allows almost all the photons above 2 
keV to pass through. Thus, it is often used as x-my windows 
(Kuzay and Wang, 1994; Khounsary e t  al., 199Ob). As an optical 
or nonoptical substrate, it can s p m d  an x-ray beam in depth, 
reducing temperature in the system tremendously (Mills e t  al.. 
1979; Sheng et al., 1993). 

b l v t i c  of various kinds is another potential 
material of intcnxt 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 nduced 

. mechanical strength compared with ordinary graphite. It can be 
heated to over 2OOO *C In synduotron beamlines. it is used as a 
thermal Nter (carbon has an atomic number of 6 compand with 4- 
for beryllium) to absorb low energy photons to reduce the 
incident power on the downsaam components. Its use as the 
first wall armor tile material for a Tokamac fusion rcactor has 
ais0 been investigated (Watson, 1992). . .  

Diamond. from an x-ray absorption point of view, is simii 
to pymlytic graphite except it is densetby a factor of two. It is 
thermally isotropic; its thermal conductivity is about 5 times that 
of copper, and, for many high-heat-load a p p l i d m s ,  it is an 
excellent all-around material: high thermal conductivity, high 
strength, chemically inert, low thermal expansion, etc. (Ekmyn, 
1%5; Field, 1919; Glass et at, 1990, Wilks and Willrs. 1991). 
Exponential growth in chemical vapor deposition technology of 
diamond has lead to the production of large si=. relatively 
inexpensive diam~~ds., 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 applicatiuns (Khounsary and 
Phillips, 1992). It has been used as the blade material in a photon . 
beam position monitor (Wang et aL, 1992; Shu e t  al., 1992). 
Diamond should not be hcated to excessive temperatuns where 
phase transformation can occuc. 

Materials for Ogt iwl comm nents 

the expansion coefficient of the materials are important.' 
Materials can be ranked by a figun-of-merit, in this case, W a  
where k and a are the thermal conductivity and expansion 
coefficient, mpectively. 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, singlecrystal 
substrates that intercept a wide-band beam and diffract only a 

For optical component substrates. thermal conductivity and - 



narrow energy bandwidth that .satisfies the Brags Law for the 
prevailing conditions. Use of nearly perfect crystals for this 
application is essential. Mirrors do not have this restriaion, but 
they must be polishable to under a few Angstrom rms 

FlidCc ,DO afld are two of the materials used LIS 

mirror substrates. separately or in combination. Cooling channels 
a n  configured in the substrate. The mirror reflecting surface is  
coated. often with a layer of electroless nickel, and polished to a 
tine finish (DiGennaro e t  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. 

s i l i cok  is the material o f  choice for monochromators 
because of the availabiity of low cost, almost perfect, single- 
crystal silicon produced by the $5B siliconproducing industry for 
semiconductor use. Silicon is also used extensively as mirror 
substrates. As noted, its figuxe-of-merit is higher than copper or 
GlidCopS by a factor of 3. As an x-ray mirror subscrate, silicon 
can be polished to very low roughness (2 A or. kss). Also 
technology has been developed to c o d g u r e  intricate cooling 
passages into a silicon substrate. We will further discuss this in 
the following seaion. 

At mom temperature, silicon has a t h m a l  conductivity of 
about one-third that of copper, and its thermal expansion 
coefficient at  2 3 x 1 0 4  /K is about one seventh that of copper. 
Thus, overall, its figwe of merit i s  beto=r than coppa by a factor 
of three. This figure is further improved at cryogenic 
tealpe-. ~tfiermalconductmty * - ofsiliconweasufrom 
1.5 W/cm-K at room temperature to about 50 W/m-K at 50 K! 
Its thermal expansion coefficient also dcacases from 23E6 /K at 
mom temperature to zcm at about 125 K. Thus, the figure of 
merit for silicon substantially increases as t h ~  tempmature is 

load components, whether mirrors or monochromators, is quite 
attractive and is the subject of intense interest at this time 
(Bildcrback 1986; Freund, 1993, Rogers, 1993; Zhang, 1993). 

d u d .  Thus, CryOgCniC COOIhg O f  dbn-based, high-heat- 

Bervl l ium is another attractive material for optical 
substrates. From an opticd application point of view, it has 
superior stiffness and dimensional stability and can be polished 
for use. as a mirror to about 5A rms mughness by sputtering on  i t  
a fme-grain coating (Murray e t  al, 1991). Because of its light 
weight (giving it the best sti&less/deqsity ratio among metal 
substrates), it has been extensively used for space-based 
applications. Small-size, relatively good quality, single<rystal 
beryllium can be grown and is available for potential use as an x- 
ray monochromator. Beryllium has ~ x ~ t ~ p t i o ~ l l y  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 r e d u c e d  temperature. 

Diamond has much potential as a high-heat-load x-ray 
substrate for mirrors monochromators, and other substrates- Use 
of singlecrystal diamond for diffractive optics has received 
considerable attention of late (Beman et al., 1993; Als-Nielson et 

al.. 1993; Shar-ma et ai.. 1 9 2 :  Freund et al.. 193: Khounsary et 
ai., 1992). With diamond at mom ternpermre. 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 usc of singlecrystal diamond is 
lack of large, “good” crystals at this time: both synthetic and 
natural singlecrystal diamonds available now are limited in site 
to about I cm2 in area and a few millimeter in thickness 

Silicon carbidg is another material that is consideted for 
high-heat-load optical substrates. It is available both in sintend 
form (which is then CVD coated for finc polishing) and in CVD- 
deposited plates of up to a few centimeter t h i i  Sintered Sic bas 
properties similar to silicon; the only advantage is that it is 
possible to configure cooling passages and manifolds into a 
substrate during the sintering proctss to proaucC a near-net-shape 
substrate. Sic is much harder than silicon to machine and polish, 
but a finer surface finish than silicon caa be obtained. The CVD 
Silicon Carbide@ developed by Morton Advance Materials 
(Morton, 1994) is a polycrystalline material and has a room 
temperature thermal conductivity of 3.3 Wlcm-K. whiih .is 
superior to single-uystd silicon by beset than a factor of 2. Its 
thermal expansion coefticknt at room temperature is slightly . 
lower than that of silicon and, liLe that of silicon, decnases at 
lower temperatuns (Morton; 1994). Ovaall as far as tkxmaI 
strain is concerned, Sic should perfinm about 3 times better than 
silicon. 

S i n g l e q s t a l  Sic of varioas types arc now avaitable 
(Choykc, 1989; Choykt et at, 1991). The thamal conductivity 
of single-crystal silicon carbide is about 5 W/cm-& sEghtLy 
above that of copper. To our ~ l e d g c ,  this has not bcen 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 spccimem (typicfly under 5 cm in 
diameter), its utility is limitad 

. 

COOLING TECHNIQUES 1N HIGH-HEAT-LOAD 
SYNCHROTRON COMPONENT DESIGN 

On a typical, pnsent-day, high---load, x-ray beamline, 
the normal incident heat flux can be as high as 500 w/mm2. with 
t o d  power of several kW. 

A survey of the litemounc indicates that the highest steady- 
state heat removal rate [limited by burnout or critical heat flux 
(CHF)] reported is 370 W/mm2 (ChmtsIrii and Vin);arskii 1965). 
where highly subcooled, high velocity water (with a small amount 
of alcohol added) flowing through a one-side heated small- 
diameter tube was used, Still higher fluxes, as high as 400 
W/mm2 have been reported in the stagnation zone of high 
velocity impingement jets (Ci and Lienhard, 1993) apparentty 
without any evidence of a CHF or bumout High local pressure, 
and rather small heated zona are thought to be responsible for 
the high heat removal raft 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 
souxe or mechanical failure of the heated target 



. 

As high as these heat removal rates are. they are still below 
the 500 Wlmm' n o n m l  incidence heat flux (on a small-area or a 
line footprint) noted above for a pre.wnr-du.v. 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. 

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 the system temperature (and/or thermally induced 
stress and strain). Choosing a suitable cooling scheme i s  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/mm2 using a combination of powedflux 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/mm2 range is often conveciion limited, that is, 
the Biot number, Bi (= htk) <1. Enhanotd cooling is desirable, 
whether an optical (thermal strain limited) or nonoptical 
(temperature or stress limited) component is under study. To 
illustrate thii point further, consider a plate of thickness t = 0.2 
cm, uniform1 iieattxi on one side at the rate of q" = IO w/mm2 

Assuming a highly conductive metal, such as copper. we can 
write (Eq. (5)): 

(lo00 W/cm l ) and cooled at a moderate rate of h= 1 W/cm2-K 

T,-T,=q'-+- [: :I 
This showsthat the rnaximumtempmatum in the system will 

be over 1050 'C, while the ernperam gradient in the copper 
plate is only SO'C The problem is c o n d o n  limited, and thtre 
is substantial gain in iacnasing in the h a t  transfer coe@cient 
Note, however, that this formulation ignom lateral heat transfer 
from point- and line-shaped beam footprints, which results in 
lower temperatures than the simple 1-D model -dicate.s. 

In the one-dimensional representation, it can be Seen that the 
temperature in the plate is dependeqt-on the heat transfer 
coefficient, whiie the temperature gradient is n o t  It may seem 
then that unless the temperam in the system is a limiting factor, 
enhanced cooling is not necessafy because thermal gradients, 
stresses, and strains (if the plate is constrained) are not affected. 
Thii is not true, however, even in  this simple onedimensional 
case, since thermal conductivity is generally lower at elevated 
temperatures; thus. a low heat transfer coeff-ient leads to both 
higher temperatures and temperature gradients in the system. In a 
typical component, heat transfer is three dimensional and the 
temperature, temperature gradienf 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, phase- 
change 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 (ii most cases, i t  is 
vacuum or UHV), nliability. maintainability. cost, system 
compiexity, safety, size and, finally, user acceptability. 

Unlike many othet thamal management accas, in some high- 
heat-flux anas, and certainly in high-heat-load synchrotron 
component design, pumping power and pnssurc drop ate not very 
critical. cooling anas am rather modest, and typical flow lengths 
are under 1 m. Pnssue drops on  the order of 0.5 MPa (75 psi) 
are acceptable. cooling efficiency and reliability (as well as flow 
rates, for practical reasons), arc important as are coolant-solid 
compatibiity, fluid mistaoce to radiation, and flow-induced 
vibration. 

Cooling schunes involving phase change obviously provide 
high heat transfer coefficients (Moran et al., 1992; Shu e t  aL, 
1986), and these can further be increased by using a variety of 
enhance- techniques @ergla, 1992). But nearly all cooling 
schemes now used in high-heat-load x-ray cooling are single 
phase. W i g  heat transfer has been avoided; the reason has 
been lack of pnccdemx and also concerns about .the ability to 
design a stable, rdhble, ofwl integral heat exchanger to extract 
heat from precision and fragile equipment that will be placadin a 
complex, diffidt-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 ban copper cable that con- the two systems. The 
cables provide the themal connection between the two systems 
while structurally isolating thm 

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, thii is 
somewhat heuristically defined as the heat transfer coefficient 
thac when applied oti 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 it, it would be necessary to numerically evaluate 
the thermal performance for each design option. As an example, 
consider the case of a substate 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 a11 eftective lieat transfer coefficient tli;it. wlleii applied 
to a surface at distance d from the heated surface. would give a 
reasonable estimate of Uie temperature in the system. 

It is nece.ssary 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 single- 
phase cooling schemes that have been successfully implemented. 
Emphasis will be on the cooling of optical substrates because the 
cooling problems here asc 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, comtral 'ning it. or actively or passively bending it back 
Mapping distortion can be reduced by confining the thermally 
active region of the substrate to as small a volume as possible. 
This requires getting the coolant as close to the heated surface as 
possible and using a very efficient cooling scheme (Le., 
engineering a large effective, heat transfer coefficient). This 
would reduce the temperatwe in the system and, of course, nduce 

should have a high figure of merit (thermal conductivity to 
thermal expansion ratio). 

There an structural limitations on how thin the face plate 
(the wall having coolant on one side and optics surface on the 
other) can be for a given mattrial coolant geometry, and coolant 
pressure. In silian, for example, this wall can be 0.25 mm or 
thiiner. The thickness of the face plate needed depends o n  
cooling geometry and efficiency. Reducing the conduction 
resistance on the path of heat is important if it is a significant 
portion of total res-. It should be noted tfiat a thin wall may 
undergo substantial pnssue-inducd deformation 

bowing distortion as welL The materia& as we discus& bcforc, 

Microchannel codim This technique, which consists of 
configuring very small sbz channels in a substrate, was proposed 
by Tuckerman and Pease (Tuckerman and Pease,. 1981; 
Tuckerman, 1984; Phillips, 1988.1990). Channels are iypically 
under 100 gt 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 ace used. Microchannel heat 
exchangers becn built by several p u p s  including TRW and 
Lawrence Livennore Laboratory (LLIk). A comprehensive 
review of the work in this area i s  given by Goodling (1993)- An 
x-ray monochromator built using microchannel cooling has been 
evaluated and tested (Arthur et al., 1991). It is estimated that the 
effective heat transfer coefficient for this microchannel system is 
over 20 W/cm2-K. The flow rate is 1 liter per minute through 
400 micmchannels. 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/mm2 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 effect.. could be observed some 

observed depdation wds 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 p x 500 
channels (50 p apart). a heat transfer coefficient of 4.5 W/cm2-K 
with laminar flow of water can be achieved. The effective heat 
transfer coefficient should be over 25 W/cm2-K. This can 
effectively deal with many high-heat-flux problems. However, if 
the total power is high. a considerable increase in coolant 
temperatuct can result 

Fin-Post Coo ling, This technique. developed and 
extensively used in the development of high power laser mirrors 
during the 70s and 8% consists of flowing water between two 
plates that an 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 the coolant into and out of the 
substrate through bonded manifolds. Flow is  t u h u k n t  Results 
of the tests paformed during the said period on the performance 
of these structuns are classified. Based on the nsults of the 
design studies_conductcd in the development of a hi@-heat-load 
mirror for the APS. we estimate that the effective heat transfer 

The mirror in question ~onaessea et at, 1993) was 
developed 'vdy by Aps and Rockwell Power Systems. 
It is ma& of silimn 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 cek, each all, which 
has the same height as the posts, is58 mm x 7.6 mm in ar& and 
is occupied by 13Oposts u n i f d y  distributed. The mirror is 300 
mm iong, 100 mm wide, and 61 mm thick. The cooled area is 
about23ommx58mm. 

This mirror is designed to provide less than 2 juad (mu) 
thermally induced slop (cquivalcnt to 2 pm 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/mm2. Design analyses show that, with a flow rate of 0.65 
litetfs (IO 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 p a d  (ms). The 
pressure drop is estimated to be about 0.2 MPa (30 psi). We are 
planning to conduct verification tests on this mirror a t  the 
Thermai Distortion Test Facility (TDTF) at the Phillips 
Laboratory in New Mexico Soon. The pin-post design has be& 
also used in the development of a number of monochromators; 
these have been tested on high-heat-load beamlines. However, 
thermal performance data on these have not been reported. 

cocf€icicntmaybcashighas4ow/cm~-K 

Liauid-Metal Coolinr, Liquid metals have been 
extensively studied during the 1950s in connection with nuclear 



reacior cooling. In the past several years, Sniither and ai- 
workers (Smither el al.. 19x9) at Argonne National Laboratory 
have .selected and conducted extensive research o n  gallium and its 
use for cooling of optical components. A summary of reasom 
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 ai.. 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 mls. 

Porous-M&a Cool ing, Porous inserts are known to 
enhance heat transfer by providing additional cooling surfaces 
and by increasing turbulence. A set of tests was conducted at the 
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 ai.. 1990). Depending 
on the mesh and flow specifics, the heat transfer coefficient is 
increased by a factor or 2 to 6 (Kuzay et aL, 1990.1991). The 
pressure drop could be high but tolerable; typically small flow 
lengths involved. 

CrVpgeNc C o o l i ~  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 hi@ figures 
of merit at low temperatures. A number of investigations at 
various synchrotron facilities arc undenmy to develop reliable 
cryogenically cooled optics (Oversluizen et aL. 1987; Marot et 
aL, 1992, Rogers, 1993, Sharma et aL, 1992). Nitrogen i s  almost 
exclusively used. Cryogenic cooling of microclrannel silicon 
substrates (RiddIe and Bernhdt,  1992) is particulariy ef€icient- 
The difficulty is in the design of an economical, easy-to-opcrate, 
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 m l i n g  at subzero t e m v  may be sufficient to 

in this regard is to find a subzero (- -1WC) coolant that can 
withstand prolonged exposure to high levels of radiation. 

provide the llcotssary performance. one ofthe ~ l v c d  issues 

LOOKING AHEAD 
From this brief discussion of high-heat-load problems in 

synchrotron x-ray beams, it is apparent that thermal management 
plays a significant role in the design of ID beamline components 
needed to take full advantage of the very bright x-ray beams that 
are produced. It was noted that heat transfer is an integral patt of 
the component design and cannot be considered independent of 
other aspects, conditions, and requirements. 

From a heat transfer point of view. an optimal component 
design i s  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 m i i i r i n i d  (note, however. 
that for an optical component. a hwwd/.v optimal design is not 
necessarily a stcuciura/1y 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 appliurron-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 the so-called phase-change coolants. On the 
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 appropdate cooling in deformable optical 
components (that an actively deformed to counteract thermal 
distortions) is an area of interest- Indincf contact cooling of 
optical components using appropriate interstitial materids (e.g., 
soft metals, such as indium, or liquid metals. such as indium- 
gallium eutectics) is an i n t e h g  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 ai., 1992). Smart configuration of the cooling conduits in 
optical substrates to activCly or passively counteract thermal 
distortions provides intmxting thetmai-structural problems that 
have not &vcd much attention. 

At pnsent. a combination of innovative designs and suitably 
s e l d  materials and cooling schemes is almost sufficient to 
meet the needs, somctimcS with much difficulty. Tht =nd in x- 
ray synchromns, if &e past is any guide, is in the direction of 
monpowetfulbtams, Unksstcchnologicalbnakfhrwghsrtsult 
in tunable x-ray so~l~oes that product s-knilarly 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 c m t ,  storage ring energy, length of the radiation 
source, and applied magnetic field all can, in principle, be 
increased, resulting in possibly an-ordcr-of magnitude incrase kt 
the heat load. Inaovativc thermal management schanes must be 
explod andde* 

A possibh a d  probably partial, solution for &e near future 
may lie in the use of amirror as the first component interacting 
with the x-ray beam. placad at a grazing angle of a fraction of a 
degree, the mirmr may be subjected to a heat flux of a few watts 
per square mXimetcr. It absorbs most of the high energy 
photons, nflectiag the mt, and thus reducing the heat load on the 
downstnam components. Depending on the specifia of dK. case, 
the heat load can be reduced by over one half. and the heat flux 
by a factor of 2 or more. 
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