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ABSTRACT

X-ray undulator beamlines at third-generation synchrotrons facilities use either a monochromator or a
mirror as the first optical element. In this paper, the thermal and optical performance of an optimaHy
designed contact-cooled high-heat-load x-ray mirror used as the first optical element on the 21D undulator
beamline at the Advanced Photon Source (APS) is reported. It is shown that this simple and economical
mirror design can comfortably handle the high heat load of undulator beamlines and provide good
performance with long-term reliability and ease of operation. Availability and advantages of such mirrors
can make the mirror-first approach to high-heat-load beamline design an attractive alternative to
monochromator-first beamlines in many circumstances.
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1. INTRODUCTION

The synchrotrons x-ray beams used in scientific investigations are often monochromatic or quasi-
monochromatic, and produce very small heat loads, typically a fraction of a watt. These beams are
extracted from powerful broad-band (so-called white) synchrotrons beams that carry several kilowatts of
power (Milk, 1997). One of the challenges to a synchrotrons radiation researcher is the management of the
tremendous thermal loads produced by the radiation source. When possible, filters and apertures are used to
reduce the beam power before the beam strikes the first optical element. This optical element, in most
instances, is a high-heat-load monochromator, usually made of single-crystal silicon. The absorbed power in a
monochromator can be further reduced by diffracting the incident x-ray beam from a thin -or a thin region
of the —monochromator so that high-energy photons are transmitted and not absorbed. Even then, the
absorbed power and heat flux may be considerable, and the monochromator often has to be cryogenically
cooled (Marot, 1995; Knapp et al., 1995; Mills, 1996; Rogers et al. 1995, Rogers, 1997).

An alternative approach to beamline design is to use a mirror as a first optical element (Yun et al.,
1992, 1996). There are advantages and disadvantages to this approach, however. This approach entails
design, fabrication, and installation of cooled mirrors, which are typically large, require a long lead time to
manufacture, and can be expensive.

But, there are advantages (Yun et al., 1996), Although the thermal power absorbed by a first mirror can
be high, the absorbed heat jhx” is low, because, in contrast with crystal monochromators, x-ray mirrors

*In this and other documents we use heatfiux to mean powerper unit area (e o.~., in W/mm2).The area needs to be specified,
but it is often the x-ray beam cross section or the illuminated region on the surface of an optical element. Power density is
used to denote power per unit solid angle (e.g., W/mrad2), where the solid angle is measured from a real or a virtual source.



intercept the beam at grazing angles. This fact makes thermal management of mirrors as the first optical
elements considerably simpler. Additionally, using a mirror-first approach (a) makes thermal management of
the beamline easier by reducing the thermal load on the downstream components; (b) reduces beamline
shielding requirements by predominantly absorbing high-energy photons; (c) makes harmonic rejection and
beam branching, deflection, and focusing possible; and (d) permits cutoff energy selection by using different
strips of coating materials or incident angles. Thus, if simple, reliable, and economical high-heat-load
mirrors can be designed, their advantages may outweigh their drawbacks for many beamlines.

Using a mirror as the first optical element makes it possible to use a conventional water-cooled silicon
monochromator downstream, which is far easier to fabricate, assemble, maintain, and operate than its
cryogenically cooled counterpart. An example of such a water-cooled monochromator is the so-called U-
monochromator (due to its U-shaped geometry) as seen in Fig. 1 (Khounsary et al., 1996; Lee et al., 1997).

Figure 1 shows the layout of the SRI CAT Sector 2 undulator beamlines at the APS. This is typical of
mirror-first beamline configurations; the mirror can be horizontally or vertically deflecting. In this case, a
1.2-m-long horizontally deflecting mirror, designated as Ml, is used to reflect photons with energies up to 35
keV. This mirror has been in operation for more than a year and half. Its design and thermal and optical
performance are discussed in this paper.
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Figure 1: Schematic of the SRI CAT Sector 21D beamline at the APS in which a high-heat-load mirror is used as the first
optical element. The source is either or both a 3.3-cm-period undulator (undulator A) and a 5.5-cm-period undulator (placed
in tandem). The power loads shown are the overall maximum values for a single device with a gap opening of 10.5 mm and
a ring current of 100 mA.

2. MIRROR DESIGN

The APS has designed and- built both internally and externally cooled mirrors (Khounsary and Yun,
1996; Tonnessen et al., 1996). There are advantages and disadvantages to each design approach as
qualitatively described in Table 1. Although there are instances for which an internally cooled mirror may



be an appropriate choice (see items 8 & 9 in Table 1), the contact-cooled design discussed here is overall
simpler and satisfies the stringent surface figure requirements for use on APS undulator beamlines. A review
of Table 1 points out the overwhelming advantages of an optimally contact-cooled mirror.
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Figure 2: (i) A cross-sectional view of a contact-cooled mirror. (ii) An example of the cross-sectional temperature profilein a
co;tact-cooled mirror, where, due to symmetry, only one half of the mirror-cross section is shown. Balancing the thermal
moment with respect to line AA’ (line passing through the middle of the cross section,) essentially renders a tangentially flat
mirror (except at the ends).



The contact-cooled technique has been explained elsewhere (Khounsary and Yun, 1996; Khounsary et
al., 1997). It is based on placing cooling plates (see Fig. 2) against the mirror substrate at specific locations
that lead to a balanced thermal moment introduced by the x-ray thermal load in the substrate.

The mirror assembly consists of the mirror substrate, two cooling blocks, two thermal masks, and
accessories. The masks are two cooled copper blocks, one placed upstream and the other downstream of the
mirrors to protect the mirror leading edge and downstream areas in case of beam or mirror misalignment.
Mirror chamber, support, and motions axes are described elsewhere (Shu et al., 1997).

3. MIRROR SUBSTRATE

Specifications for the contact-cooled Ml are given in Table 2. The mirror substrate is made of single-
crystal silicon. It was cut (without regard to its crystalline planes), ground, etched, and polished on all sides
except for the reflecting surface, which was fine polished. The roughness of the sides was not measured, but,
since they were polished (after lapping) using the same planetary polisher utilized for polishing the optical
surface, their roughness should be in the 10-20 ~ range. This level of polishing was not required, but the
manufacturer found it easy to provide. The mirror leading edge has a 400-Lm-high 1” taper on the reflecting
surface to reduce the possibility of the beam striking the mirror head-on in case of misalignment of the
upstream thermal mask. The delivered mirror was better than specified; it had a tangential RMS slope error
of about 3 prad and an RMS roughness of about 3A. The mirror reflecting surface has been coated with 15-
mm-wide strips of Rh and Pt. The coating thickness is 400~ with a 100-~ Cr underplayer for increased
adhesion of the coating.

The SRI CAT Sector 21D beam line has two undulatory: the standard 3.3-cm-period undulator A and a
5.5-cm-period undulator for producing low-energy photons. These two devices and their power output at
10.5 mm gap are described in Table 3. Presently, one or the other device is used.

T,.I.1- ~. C.. -,-.: C-. +:,.... C-.. +&n h,fl D.: . . NA:...-. .+ +ha ADC
1 aul G L, DpGuillGclLIukl> lU1 L1lG lV11 -1-1 llllG LV1ll1U1 clL L1lG rlr 0.

Substrate Silicon

Incidence angle 0.15°

Orientation Horizontally Deflecting

Energy Up to 35 keV (Rh and Pt Coatings)

Dimensions (L x W x D) 1200 mm x 100 mm x 95 mm

Clear aperture (L x W) 1160 mm x70 mm

RMS surface roughness < 4A

RMS slope errors < 4 Lrad (Tangential)

s 20 ~rad (Sagittal)

During normal operation of the beamline, both a fixed aperture and an adjustable slit (shown in Fig. 1)
are in place and limit the size of the beam striking the mirror to about 3.14 mm horizontally and 4.5 mm or
less vertically. At O.15“ incident angle, this beam covers the entire 1200 mm length of the horizontally
deflecting mirror. Without the adju~table slit, the O.15“ incident angle must be inc~eased to prevent beam
spillover. ‘



Table 3: Comparison of the beamline thermal loads for undulator A and the 5.5-cm-period undulator. The
mirror and its upstream apertures are placed approximately at 30 m from the source. The beam strikes the
mirror at 0.15°.

Parameters

~
1( Undulator A) I

Period (cml 3.3 5.5

Deflection parameter at 10.5-mm gap 2.76 6.57
Number of periods 72 43
Total beam power (kW) 5.9 12

Peak power density (kW/mrad2) 162 143

Normal incident heat flux at mirror, 30 m from the source (W/mm2) 180 159
Power through (h x v) apertures (kW):

4.5 mm x 4.5 mm 2.2 2.0
4.5 mm x3.14 mm 1.6 1.4

Peak incident heat flux on the mirror surface (W/mm2) 0.47 0.42
Average incident heat flux on the mirror surface (W/mm2) 0.30 0.26

4. COOLING BLOCKS

Two copper cooling blocks are clamped against the mirror, as shown in Fig. 2i. Each has an overall
dimension of 1200 mm x 13 mm x 19 mm (Fig. 3). A folded 1/4” oxygen-free high-conductivity (OFHC)
copper tube is laid and brazed to each of the copper blocks. Each cooling tube is convoluted at its supply and
return ends before leaving the mirror chamber through a vacuum feedthrough so that strains in the tubes do
not induce significant stress in the mirror. The copper tube in each cooling plate is contiguous, and thus, no
air guards are needed.

Two sets of cooling blocks were manufactured. Both sets were silver-brazed, one in a hydrogen furnace
(at Stanford university) and the other in vacuum using an electron beam as the heat source (at Argonne
National Laboratory). The first set encountered fabrication problems early on, which were overcome by
placing the assembly in an appropriate fixture that supports it in the furnace. The first set was used in the
Ml mirror assembly, and the second was kept as a spare.

The 1200 mm x 15 mm sides of cooling blocks were placed on a flat surface and pressed to flat using
shims and clamps and then hand-polished to under 1-pm finish. The interface between the mirror and the
cooling blocks is fit with a 250-~ m-thick iridium foil to enhance heat transfer. The cooling blocks are placed
flush with the reflecting surface, as shown in Fig. 2i, and are pressed against the mirror by five C-clamps,
each pushing the copper blocks with ten plungers, each one spring-loaded to about 5 Lbf., (20 N). Thus, the
interface pressure is about 120 kPa (18 psi). It was estimated that the heat transfer coefficient at the
interface should be about 2000 W/m2-K (Khounsary et al., 1997; Asano et al., 1992).

Although iridium foil was used as an interstitial material in the clamped mirror, a better choice would be
a Ga-In eutectic (Khounsary et al., 1997) for several reasons: the heat transfer coefficient is substantially
higher, polishing the sides of the mirror and cooling blocks is not necessary, little interface pressure between
the mirror and cooling blocks is needed, and finally, the mirror and cooling blocks can easily slide with
respect to one another. Free sliding would prevent deformation of the mirror that could arise from’ thermal
expansion mismatch between cooper and silicon. Such a deformation could occur if there is any bonding of
the copper blocks to the silicon substrate via the iridium foil. If Ga-In or similar compounds are used, it is
necessary to coat the copper (with Ni, for example) because these eutectics attack copper, possibly leading
to a reduction in heat transfer rate or physical damage to the copper blocks.
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Figure3. Cross sectionof the cooledcopper blocks. The cooling
tubes brazed to the block are not shown. AH dimensions are in
millimeters. The 15-mm-wide side will be in contact with the
mirror.

5. EXPERIMENTAL EVALUATION OF THE MIRROR

The contact-cooled Ml mirror was commissioned in 1997. Due to the unavailability of an upstream
aperture at that time to limit the 4.5-mm horizontal beam to 3.14 mm —sufficient to cover the length of
the mirror—the mirror was set to an incident angle of 0.3”, twice the intended 0.15” angle. This also allowed
us to test the mirror performance at almost double the intended power density. During the tests, the ring
current was 78 mA. Source information and thermal load on the beamline components are given in Table 4,
and the absorbed beam power profile in the mirror is shown in Fig. 4. The x-ray beam from an undulator is
approximately Gaussian vertically and parabolic horizontally. In Fig. 4, absorption in the mirror is
simulated by assuming all photons in the beam having energies greater than 15 keV (which is the cutoff
energy for a platinum: coated strip of the mirror at 0.3 “-incide>t angle) are absorbed.
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Figure 4. Normal on-axis distribution of the absorbed power profile in the platinum-coated mirror. The beam is tim
undulator A at a gap opening of 11.9 mm atler passing through O.5-mm carbon, O.15-mm diamond, and O.5-mm Be, and,
finally, a 4.5 mm x 4.5 mm aperture located just upstream of the mirror. The beam current is 78 mA.



Table 4: Calculated power load of the undulator A beam used in the experiments. The undulator gap is 11.9
mm and the ring current is 78 mA.

Beam Total Power (kW) Heat Flux (W/mm2)

Raw beam power 3.4 136

Beam after 4.5 mm x 4.5 mm fixed aperture 1.5 136

Beam after filters and windows’ 1.2 114

Incident on Ml@, 0.3” 1.2 0.60

Absorbed in Pt-coated mirror @, 0.3° 1.0 0.48

Reflected from Pt-coated strip of mirror @ 0.3” 0.2 0.12
aFilters and windows used are a 0.5-mm-thick graphite, a O.15-mm-thick diamond, and two beryllium
windows, each 0.25 mm thick. Densities of these materials are 2200, 3500, and 1850 kg/ m3, respectively.

Both the steady state and transient thermal and structural performance of the mirror under this
temporary arrangement were evaluated. The experimental setup for measuring thermal deformation is
shown in Fig. 5. The x-ray beam deflected from the mirror was monochromatized by a then cryogenically
contact-cooled silicon monochromator. The monochromatized beam (11.0 keV) strikes a slit array
consisting of 13 rectangular slits, each 22 pm x 38 ~m, and the openings are 200 pm apart (center-to-center)
(Fig. 5). Images were recorded on a downstream CCD.
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Figure 5: Top view of the experimental setup used for measuring deformation of the contact-cooled mirror. A vertic,al aperture
that limited the vertical size of the beam incident on the slit array to about 50 ~m is not shown. The slit array consisted of a
line of 13 rectangular openings. Each opening was about 22 ~m x 38 pm, located about 200 ~m, center-to-center, from the
adjacent opening. Images were recorded on a downstream CCD camera. The slit array and the CCD image are exaggerated
here for clarity.



When the beam strikes the cold mirror, the mirror warms up and undergoes thermal deformation, which
causes a spatial shift in the images recorded by the CCD. Analysis has predicted that the maximum
deformation in the mirror should occur about 20-30 seconds afler the beam strikes the mirror, and that this
deformation gradually diminishes to the steady state value after about 10 minutes. To confirm this
prediction, the slit-array images every 5-20 seconds were recorded and analyzed.

For thermal evaluations, a set of 11 K-type thermocouples was used. Eight of them are attached to the
sides of the mirror at various locations to monitor its temperature. Only five of these provided reliable
readings. The temperature of the two thermal masks are monitored by two thermocouples. Finally, to
monitor downstream areas of the mirror chamber for possible heating due to Compton scattering from the
mirror, one thermocouple is attached to that area.

6. THERMAL PERFORMANCE

The cooling efficiency, thermal time constant; and transient and steady state temperatures were
measured using the thermocouples placed at various locations on the mirror.

The heat transfer coefficient across the silicon-copper interface was estimated based on values reported
in the literature and laboratory experiments to be about 2000 W/m2-K. This value was used in the design
calculation for the mirror. It is a measure of how el%ciently the mirror is cooled. For an in situ
determination of the heat transfer coefficient at the interfaces, an experiment (without the x-ray beam) was
conducted with the mirror in the vacuum chamber. From the time variation of mirror temperature during
heating up or cooling down, the heat transfer coefficient at the interface could be determined. To accomplish
this, first, the temperature of the coolant in the chiller was set to 25”C, and water was allowed to run through
the mirror maintaining it at that temperature. Then the flow was cut off, and the chiller temperature was set
to 35”C. Once water in the chiller was at 35“C, the flow to the mirror was aIlowed to resume. The mirror
heated up. The temperature rise over time, as measured by various
temperature variation over time t, T(t), can be approximated by

T(t) = T, + (Ti

thermocouples, is shown in Fig. 6. This

hA~.—

–Tfje ‘c’ , (1)

which determines the change in the temperature of a mass m, heated (or cooled) connectively from an initial
temperature Ti to a final temperature T~. In Eq. (1), A is the heated (or cooled) area, CP is specific heat of
the mirror, and h is the heat transfer coefficient. Fitting this equation to the measurements in Fig. 6 results
in a heat transfer coefficient of about 2,350~20°/0 W/ m2-K. Eq. (1) normally underestimates h. More
detailed numerical calculations indicate that, in the present case, this underestimation is about 2070. Since
this value also falls within the experimental accuracy, a value of 2,350 W/ m2-K is henceforth assumed.

The mirror time constant can be computed accurately by a thermal transient analyses of the substrate
under a given beam thermal load, or it can be simply estimated from Eq. (1) if the (final) steady state
temperature of the mirror is known. Using the M 1 mirror as an example, the time for the mirror to reach
95% of its ultimate temperature rise of 10*C can be obtained from:

T(t) – T, = ~-~t
= 0.05

(Ti - Tf )
(2)

or, substituting for the quantities in the exponential terms give a value of t=670 s, as also seen in Fig. 6.
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Figure 6: Heat transfer coefficient at the interface between the cooling block and mirror substrate can be inferred from transient
temperature of the bulk substrate during controlled heating or cooling. The plot above shows how the substrate tempemture
changes from an initial 25 ‘C when 35°C water flows in the cooling blocks. The best fit to the experimental data corresponds
to a heat transfer coeftlcient of about 2350 W/ mz -K.

Direct measurement of the maximum temperature from the Pt-coated strip of the mirror being
illuminated was attemr)ted usimz an IR camera. but the data were not reliable due inaccuracies in camera
calibration, reflection- off the ~irror, and unavailability a viewing port
surface clearly.

Numerical analyses

7. OPTICAL PERFORMANCE

conducted for the mirror design had indicated an

large enough to view the mirror

expected RMS thermal tangential
error of about 2 ~rad under the assumed normal operating conditions: the mirror intercepting the x-ray beam
at O.15“, illumination of the entire mirror length; an un~ulator gap of 11.5 mm, and a ring current of 100
mA. As indicated, prevailing test conditions were quite different. In particular, only a section of the mirror
was illuminated. The sharp discontinuity in heat flux incident on the mirror surface would result in a large
tangential slope error. Furthermore, we were unable to image the entire heated section of the mirror: the slit
array consisted of 13 slits, 0.2 mm apart, capable of imaging only 2.4 mm out of the 4.5-mm-wide beam
reflected from the mirror. Based on image intensity and image shift information, it seems that slit number 4
images the mirror center, while slit number 13 images a location 340 mm from mirror center. Because of
the modest distortions in the mirror and small slit-array-to-CCD-camera distance (such that a shift by one
CCD pixel corresponded to a 2.35 yrad slope error in the mirror), it became necessary to find the centroid of
these images by interpolating between CCD pixels. This was a rather tedious task and introduced some
uncertainty in the results.
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[n order to compare test results with analytical predications, the mirror was once again thermally and
structurally analyzed under the test conditions. In particular, the slope error at 340 mm from the mirror
center (approximate location of slit number 13) was determined. We had predicated an RMS slope error of
about 2 yrad under the aforementioned normal operating conditions. Under the test conditions, analyses
predict a maximum transient slope error of 26 ~rad and a steady state slope error of about 12 p,rad at 340
mm from mirror center. Experimental results indicate 31 and 14 prad, respectively.

[n addition, the transient behavior of the slope error is consistent with analytical predictions: a sudden
increase in a slope error to a maximum predicated to occur within about 30 s of illumination followed by a
gradual decrease to a steady state value is observed. There are two discrepancies, however. First, the mirror
seems to reach steady state somewhat faster than predicted. This could be due to either much higher heat
transfer coefficient (a less likely scenario) or other possible causes, for example, heating up and deformation
of the (then cryogenically contact-cooled) monochromator or the uncooled slit array used. Second, there
seems to be a long-term drifl of a few ~rad in the recorded slope error over periods longer than 20 minutes.
This could also be due to above-mentioned deformations and not related to the mirror. In fact, during the
past 1.5 years of operation, beamline experimentalists have not reported any measurable deformation
traceable to the mirror, which has been fully illuminated throughout.

In order to precisely measure the mirror performance, a set of experiments are planned for late 1998.
A water-cooled slit array, large enough to image the entire mirror surface, is designed to accept the direct
pink beam with less than 2-#m deformation. The slit consists of a O.125-mm-thick tantalum foil with 34
slits, each 30 ~ in diameter placed at 300 pm, center-to-center. The foil is thermally shielded by a 0.2-
mm-thick GlidCop@ foil with 60-Lm slits. This slit array will allow us to monitor mirror deformation more
precisely with or without the monochromator. The monochromator may be taken out, for example, to
eliminate its possible effects on mirror measurements, or when it does not reflect any photons outside the
beam center (harmonic radiation width is much smaller than the 3. l-mm horizontal beam intercepted by the
mirror).

8. CONCLUSIONS

An optimally contact-cooled mirror used in an all-water-cooled beamline at the APS is described, and its
initial performance as determined by a set of tests is discussed. Overall, the thermal and structural
performance of the mirror are in agreement with expectations, except for an apparent smaller time constant
and some long-term drifts that may be attributed to the monochromator and uncooled slits used in the
experiments. The mirror has been in operation for the past 1.5 years; it has been highly reliable and
economical to maintain and operate. A set of new experiments are planned in late 1998 to more carefully
and reliably evaluate mirror performance under normal operating conditions and at the highest achievable
heat load levels.
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