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Abatract

The temperature at the surface and the distortion of plane mirrors inade from

different materials have been investigated with incident surface powei- denui-
2

ties of the order of 0.4 W/mm and total powers of up to 170 W. Hhile Uie siir-

face temperature could be significantly lowered with increasing cooling water

flow rate, the temperature gradients and the deformation of the surface were

Eound to be too rauch superior to all other saniples. Contrary to the theoroti-

cal expectations the surface distortion was found to depend not only on the

figure of tuerit für thermal distortions. This 1s interpreted by taking into

account the Penetration depth of the radiation emitted by the hard x-ray wigg-

ler (1IARWI) in 5.3 GeV storage ring DORIS.

This project was supporled by the Bundesministerium fUr Forschung und Techno-

logie with contract No. 05 265 KO 10.

To be published in Hucl. Inütrum. and Met.h. in Phys. Res, Volume A,

Proceedings of 6th National Conf. on Synchrotron Radial" ion Instrumentation,

7-10 August, 1909, Berkeley CA, USA.

I. Introduction

Intense Synchrotron radtat ion emitted from state-of-the-art wiggler and

undulator beamlines at the various Synchrotron radiation laboratories is able

to distort the optical surfaces signif icantly or even to destroy the optical

components exposed to the "white beam" [1,2]. The present paper deals with de-
•

formations of plane mirrors due to heat loade which are well below the de-

struction threshold. The only parameter that affects the performance of these

mirrors is the slope error of the surface.

i

In order to find suitable materials and cooLing conf iguratlons we systema-

tically investigated the deformation of several different Standard mirror ma-

terials in ou r exposure Station [3r4| under worst case conditions: A high

power beain beitiq incident almost noiinal to the surface. We present results

that have been obtained almost exclusively with radiation from the hard x-ray

wiggler W2 |5] in the DORIS storage ring operated at an electron energy of 5.3

GeV. Results obtained for the heat transfer into the cooling channels, the

temperature gradlent in the test mirror and the benditig of the surface will be

compared to theoretical expectations. The comparison demons tratet that not

only the total power or power density but also the spectral distribution of

the incident radiation has to bß taken into account especially for high energy

storage rings.

II. Experimental conditions

1.) Instrumentation

a.) sample holder

A sideview of the components in. our test Station [3] äs used in the present

study is shown schematically in figure 1. The radiation is being incident al-

most normal to the surface of the mirror which was placed at about 28 m from

the wiggler source. The sample is in the centre of a vacuum chamber that is

separated from the vacuum system of the beamline by a l mm Be window. The de-

toi;l;ors are monnted outside looking through appropriate viewports (infrared

(IF) transparent window and hjgh quality plane parallel plate).

All the samples were "glued" with an InÜaSn eutectic to a dlroctly water

cooled copper plate. Tliis sample holder has a closed loop water channel with

a diameter of 5 min and lü nni distance between the centers of the in- and out-

let. 'l'he channels are oriented synnnetrically to the incident beam with the



sinailest distance to the copper-mirror Interface of oiily l rnn. The orienLa-

tions of the beain and the interferometer with respect to the sample holdsr

geonietry are drawn in figure 2 which 1s a vlew normal to the mirror surface.

Between the 2 cooling charmela a thermocouple was moutited in the centre of the

illuminated area at l mm distance from the Interface (see ftgure 1). Thus it

is close to the back surface oC the sample and also dose to the cooling chan-

nels surface. Neglectlng both the temperature gradient in tlie copper holder

and over the thin "glue" layer the rading from this therroocouple is a good

approximation for the temperatures at the two points mentioned. Additional

thermocouples wäre mounted to the water inlet and outlet plpes outside the va-

cuum chamber. Another one was connected to the surface of the sample outside

the llluminated area but still in the field of vlaw of the IR camera. AH

thermocouples were of the Chromel/Alumel type and provided the temperature

with an accuracy of 0.5 C. The water flow could be regulated by a flowmeter

{error approximately 10 % of the sinailest applied flow rate) tn the inlet

tube. Thus we have been able to monitor the following quantities simultaneous-

Jy:
water velocity V

water inlet temperature T.

water outlet temperature T

temperature at the back of the sample T

temperature at the side of the sample T

b.) Samplea

Results for the following materials will be presented here: Cu, Hor Ge, Si

and a SiC CVD coatlng (420 um) oti a high purity graphite Substrate |6J in the

following denoted SiC/c. In the course of the Experiments the latter sample

was coated with 30 nm Au for a coating test. For both Cu and Si we tested

samples with different thickness, 3 mm and 9 mm for Cu and 2 mm and 6 mm for

Si crystals, respectively. The other samples had thicknesses of 11 mm for Ho,

4,8 mm for a Ge crystal and 10 mm for the Slc/c saraples. The Cu and Mo mirrors

were of circular shape with diameter 50 mm, while the others were rectangular

with lengtha 40 mm x 60 mm (Si) and 35 mm x 40 mn (SiC), respectively. The Ge

crystal had approximate dtmensions of 21 mm x 5T mm. For Ge arid st we also

measured their bulk deformation in an independent investigation in a high

power bf:am in a double cryatal monochromator (7|.

c.) Infrared camera

The temperature in the center of the i l lumlnated area was doteonined with

the attached IR-camera (Inf rametrics 522), whicli l s sensitive in tlie wave-

length ränge A = 8 u.m to 12 (im. It hae a spatial resolution of 4 mrad, corres-

ponding to an ellipse with 2 mm x 3 mn at the sample surface for our geometry.

Besldes of uncoated SiC all other samples exhibited stränge behaviour in

the IR regime which makes the data reduction rather difficult. For instance

the IR-absorption of Ge and consequently its emisaivity is strongly tempera-

ture dependent (8|. In order to avoid any ambiguitis and calibration proce-

dures for all the different samples we coated 5 mm wide stripes on the samples

with graphite (see figure 2). In a syetematic investigation we tested stripes

with vatrious widths on different Substrates by heating the sample from the

back in the ränge 20° C up to 120° C. As long äs the stripe width exceeded 5

mm which is more than twice of the IR-camera resolution all calibration curves

were identlcal within the experlmental error of about 2° C. Thia calibration

curve was found to be in very good agreement with the one provided for the IR

camera for a sample eraissivity of 0.85. During the experiments the calibration

could always be crosschecked with the thermocouple touching the side of the

crystal in the field of view of the IR camera.

d.) Interferometer

The surface deformation was measured with a Hichelson interferometer

oriented normal to the inspeuted surface. It provided a field of view with

diameter 22 mm (figure 2). During the exposures l he interferogramiiB were re-

corded with a videocamera. Videocopiea tnade afterwards from the piayback pic-

ture allowed to measure wavefront distortions with an accuracy of 1/10 of the

wavelength of the He-He laset (A = 632.8 nm).

Under steady state conditions all the power being absorbed in the test

mirror will be transfered to the cooling water slnce radiation losaes are ne-

gligible at the observed temperatures of T < 80° C. flence the temperature dlf-

ference in the water circuit and the water flow rate enable us to calculate

the incident power with an error of Jess than 10 %. We are therefore able to

determine the incident power P, the temperature gradient ÖT across the sur-
s

face of the mirror and the temperature gradient ÖT normal to the mirror eur-

face. All samples were measured with DORIS runnlng at an electron energy of

5.3 GeV bcsides the SiC/C mirror which was measured at the reduced energy of

3.7 GeV.

?.) Lncident. beain characteristlcs



with the water flow rare In the sample holder fixed the repeatability and

the detection limit for the incldent power are of the order of l W, which at-

lowed ua to scan the profile of the incldent power at 15.5 m from the Eource.

Figure 3 presents data for the vertical profile measured by scanning an aper-

ture with dlmensiona i mm (vertical) x 20 mm (horizontal) at thia Position

across the incident beam. These curves could be well fitted by gauesiane. A

calculation (9) asauming a point source and taking into account the absorptkm

In the beamline filtera (0.4 nun C and 3 mm Be) yields a Standard deviation a =

0.78 mm, which is just 1/3 of the measured result o = 2.34 mm. The correspond-

ing numbera for 3.7 GeV are a (measured) = 1.30 mm and o (point source) =

0.96, with a ratio of 3/4. The results can be understood taking into account

the electron optics in the straight section of the wiggler W2. In particular,

the vertical divergence of the electron beam durlng 5-3 GeV high energy phy-

sics Operation is larger than that of the Synchrotron radlation beam. This

results in a aignificantly increased beam height äs compared to a point source

with negligible electron divergence. With the measured beam proflies we obtain
2 2

power densities at the sample of approximately 0.46 W/mm and 0.41 Hram for

the Standard conditiona 5.3 GeV with beamcurrent I = 30 mA and 3.7 GeV with I

= 65 mA, respectively. The calculated apectral power distribution in the urhit

plane and displaced 0.1 mrad above ia diaplayed in figure 4.

In the present investigation we varied the incident power by measuring at

different electron beam currents äs well aa by ciosing the aperture in the

beamline. In order to test the cooling efficiency we also changed the water

flow rate systematically. The dependence of the measured data on thickness was

investigated with copper mirrors and with Si cryatala of different thicknesc.

III. Results

Table l presents some of the resulta for comparable incident power. The

beam dimensions at the sample position were defined by the slit System to 37

mm in the horizontal and 12 mm in the vertical direction, respectiveiy. For E

=5.3 GeV the full-width-of-half-maximum (FWHM) of the power distribuLion is

9.9 mm (2.35*o = 4.2 mm) which is almost the vertical window dimension. The

correnponding number for 3.7 GeV ist FWHM = 4.2 mm.

The ciirvature of the mirror nnder thermal. load was determined with the

Michelson interferometer along the direction perpendicuLar to the orbit plane.

In the pictures the distortion of the frlngea was measured at a position dose

to the graphite stripe at 1 pointa equally spacßd over tnc ficld oC v Lew.

After correcting for the distortion of the unexposed mirror the results can be

drawn äs height profiles which are presented in figure 5. In all cases we

found a bending of tlie whale mirror rather than a local bump on the surface.

The alope errors 9 presented in table l correspond to the roaximum alope of the

profiles ahown in figure 5. They are accurate to withln 10 urad. Due to the

limited field of view of the interferometer we cannot say whether the elope is

somewhat larger outside thia field.

IV. Discusslon

1.) Tempsrature gradients

The average temperature of the sample can be significantly reduced by in-

creaaing the water flow rate, äs demonstrated in Table 1. However, this does

not affect the temperature gradient between surface and back side of the

tested mirror. Weither doea it change the lateral gradient. Thia was also exa-

mined by rocking curve measurements on germanium crystals exposed to intense

Synchrotron radiation l?].

since the beamsize ia much lager than the mirror thickness, the gradient

could be approximated by an onedimensianal heat flow model which leada to:

ÄT = P'-d/K
P

(D

where P'is the surface power density- d and K are the thickneas of the mirroc

and its thermal conductivity, which is presented in Table 2.

If we assume that the power is homogeneously distributed over the beam we

obtain the gradients AT presented in table 1. These results are indeed always

close to the measured values, although the accuracy for AT is rather limited

for the thin mirrors. Only the 6 mm thick Si somple shows a significantly

lower temperaturo gradient than calculated.

Thfi radius of curvature R due to thermal bending of the mifrors is given by

|10|:

R - d/a-ÄT (2)

Flere a js the thermal expansion coeEf icient . With our definition of the

pe error O Lhe fol lowing relat ionship holds:



where L ia the width of the illuminated area. Consequently we calculate Ihe

temperature gradient responsible for the bending of the mirror äs:

AT = 2'd-G/a'L
b

(3)

The resuUs of these calculations, where we set L = FWI1M of the power di-

stribution at the surface are also presented in table l and denoted by AI'.

These temperature gradienta are almost 50 % larger than thoae measured. This

discrepancy 1s due to the fact that the slope error results front a superposi-

tion of t.he bending of the whole aample and the local distortion due to Uie

burop.

2.) Surface distortion

The comparison of the helght profiles drawn in figure 5 for different water

flow rates in one mirror ehowa that the surface distortion is not atfecled by

the cooling efficiericy. Weither does it in the case of Cu obviously depend oti

the aample thicknesa. Theoretically äs shown in equation (2) the surface dis-

tortion is expected to be proportional to the figure of merit - the ratio of

thermal expansion coefficient to thermal conductivity (see table 1). In table

l we compare the alope errora normalized for 100 H incident power to tha

figure of merit and found a good agreement with the exception of Si and SiC/C.

For both materlals the slope eirrors are much smaller than expected from

considering the heat load on the surface only. The reason for the discrepancy

is the small absorption coefficient, i.e. the large penetration depth of the

radiation in these low Z materials. For the experiments described here Ihe

spectral distribution of the radiation äs sketched in figure 4 has to be taken

into account.

Taking the theoretical spectral distribution and the absorption coeffici-

ents of the elernents tested we can calculate the power that transmits through

a depth of l mm )9): Ge (13 %), Cu (10 %), Ho (3 %), Si (64 %) and C(SiC/C at

3.7 GeV: 94 %).

In the metale and in Ge 85 % of the power is absorbed in the first millime-

ter so that our simplifying asaumptions for the calculations are justified. ün

the other hand for Si and especially Cor the SiC/C mirror the absnrptlon takes

place over all of the sample tliicktiess. Furthermnre, a sigiiit iciint amoiint o£

the radiation is traiiamitlod throuqh the whole sample and ab::orbed in the cop~

per holder. Thus the real temperature gradient will be smaller than calcul^ted

8

under our warst case aasumptions, The large penetration depth of hard x-raya

in Si and Sie combined with the excellent figure of merit of these low Z

materials are the basis of their superior propertiea aa optical components in

intense x-ray beoms.

3.) Cooling efficiency

With the incident power P and the average temperature difference between

the cooling water and the Substrate holder AT we are able to calculate an

average value for the heat transfer coefficient P/AT into the water. This

value should be independent of the sample, ft useful equation for its calcula-

t.ioti is given by Ulc and Sharma |11| (it is consistent with an equation given

by Avery [ 12]):

T(W/ C] = 0.01 R[mm )-(Q.583+0.0079 Tu( C|)V
n

12

with T being the water temperature, V the water velocity., D the channel

dianiete r and fl the ef fective cooling channel surface. If we take for the

effective cooling surface in equation (4] the total perimeter of the cooling

channels with only the illuminated length of 37 mm this leads to the l ine

denoted by "calculation" in figure 6. Since the total cooling channel surface

is just twice the value given above, the coefficient can be at most twice äs

large. A few measured examples are also drawn in figure 6. For all samples the

transfer is almoat twice äs efficient äs expected, whlch could meati that a

signlficant amount of power flow takes place to the side parallel to the

surface spreading the power over all of the holder, so that the whole water

loop contributea to the cooling. Certainly, also in this case we have to take

Into account the transmission of hard x-rays through the low z materials. Hith

the power being absorbed closer to the cooling channels, lese area of the

cooling nhannels outside of the illuminated area will contribute to the heat

transfer thus reducing the total heat transfer coefficient. This is indeed

observed for St.

4.) Finite element analysis

A comparison of our results with flutte element analysis is currently un-

derway [13]. First results for Ge are in close agreement with Lhe experiments;

tciiiperatuces are well reproduced, the slope la 2/3 of the measured value.



V. Conclusion

We have described heat load Experiments performed under worst case condi-

tions (almost normal incidence) on plane mirrors of different materials. The

surface temperature could be reduced with increasing water flow, Useful esti-

mates for the heat tranefer coefficients into the cooling water were calcula-

ted aasuming a turbulent flow of the cooling liquid. In all casea the cooling

efficiency neither aftoctnd the temperatiire gradient into the teat mirror nor

the bending of the mirror. If the power is absorbed In a tiegligibly thin sur-

face layer some simple eguations were found to give reaults in good agreement

with the measurements for this temperature gradient äs well äs for a lower

limit for the bending. In thia case and under otherwise ßimilar conditions the

obeerved bending is proportional to the figure of merit for surface distor-

tion. Si and SiC/C are found Lo be much superlor to the other materials. Not

only that the figure of merit for these materials is high but also the large

Penetration depth of hard x-rays results in a dissipation of the incident po-

wer in a large volume. Therefors the real figure of merit is even higher than

expected from thermal expansion and conductivlty only.

We dcmonstrated in particular in this paper the importance of considering

the spectral power dlstribution of the incident radiation for the heat load

Problems, especially for low Z materials and insertion devices emitting high

photon energies.

1Ü

References:

[]) A.A. MacDowell, J.B, West and T. Koide, Nucl. Instrum. Heth. A246, 219

(1906)

[2] P.2. Takacs, J. Heiendez and J. Colbßrt, Nucl.Instrum. Heth. A246, 207

(1986)

[3] S. Hourikis, E.E. Koch and V. Saile, Hucl. Instrum. Hetli. A267, 218

(198B)

[4] S. Hourikis, W. Jark, E.E. Koch and V. Saile, Rev. Sei. Instrum. 60(7),

1474 (1989)

[5| U. Hahn, W. Graeff, E.W. Weiner and L. Bitter, Proc. of Corif. on "Vacuum

Design of Advanced and Compact Synchrotron Radiation Light Sources", Hay

16-18, 1968, Upton, NY, ed. by American Vacuum Society

[6] S. Sato, A. lijima, S. Takeda, M. Yanagihara, T. Miyahara, A. Yagishita,

T. Koide and H. Maezawa, Rev. Sei. Instrum. 60(7), 1479 (1989)

[7] St. Joksch, D. Degenhardt, R. Frahm, G. Heyer and W. Jark, Nucl. Instrum.

Heth., submitted

[8] Ilandbook of Optica, ed. W.G. Driscoll and W. Vaughan, McGraw Hill, HY,

(19J8)r paqe 7-29

[9] Cali:ulated with the »ASYLAB-program package SPECTRA (W. Graeff and

T. WroblewskI)

[10] J. Kalus, G. Gobert and E. Schedler, J. Phya. E 6, 488 (1973)

[11) S. Ulc and S. Sharma, Hucl. Instrum. Meth. A246, 423 (1986)

[12] R.T. Avery, Nucl. Instrum. Heth. 222, 146 (1984)

[13J W. Jark, C. Letiardi and St. Joksch, to be piiblished



Table l: Experiinenial results for ilie miirors obiained ai comparable incidenl powers.

Numbers in froni of the elemenl abbreviations indicatc ihc sample thickness. V

is Üic cooling waler velocity in the sample holder and P is thc incidenl power. While Tj

and T^are ihe temperatures measurcd with thermocouples at die side and at ihe back of

thc mirror, T,,,̂  is the temperature measured with Ihe IR carncra in the center of ihe

illuniinaied area. Tlie bend angle 9 was derived äs half of the maximum stope change at

l'« mimtr surface in the field of view of the interferometer. AT is the difference T ,̂̂  -

Tb. £Tp is ihe temperature difference calcutated assuming onedimensional heat flow in

ihe mirror according toequation(l).£TL is ihe temperaluie difference thaiis needed in

Order to describe the measured bend angle 9 with equation (3). 0 is the average of the

bend angles normaüzeü to 100 W incidenl power. a/K is thc figure of merit from table

2.

(*) could not be determined due to tlic unexposed mirror being too much distorled.

(**) not given, because ihe width of ihe power distribution is significanlly different to

ihose for all other examples.

Talle 2: Tliennal properties for the investigated sainples:

Table 2:
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Figure captions:

l}. Sideview of Ihe configuration used for ihis invcstigalion (angle of incidence for the

synchrolron radialion 28* :̂ M = lest mirror, MI = Michelson intcrferometer, IR =

Infrared camera, H = cooled mirror holder (füll dots represent ihe water channets), SR

= incidcm synchrolron radialion, T = thermocouples.

2.) Top view of ihe experimental arrangemenl at the sample holder of dimensions 73

mm x 50 mm: I1JD = water channels, C = carbon stripe position at sample, Cu = Cu-

plate, MI = field of view (diameier 22 mm) of Ihe Michelson inierferometer, Th =

thermocouple touching the side of the lest mirror. The shaded reciangle defines the

illuminaled area.

3.) Measured vertical power distribuuon at ihe wiggler W2 Station Tor an electron beam

energy of 5.3 GeV (beam current 30 mA) with an aperture of l mm x 20 mm posilioned

15.5mfromlhesource. Tlie solid curve concsponds lo a gaussian withasigmaofef=

2.34 mm.

4.) Spcctral power density calculated for a point source at ihe wiggler W2 Station and

for an aperture of l min x 20 min positioned 28 m from the source. Curve a is for the

aperture in ihe orbit plane while curve b is for a 3 mm displacemenl vertical to ihis

plane. The absurption in 0.4 min C and 3 mm Be füters whicli are installed in the beam

line has been taken into accounL

5.) Height profiles in units of fringe Separation (l (ringe = 0.316 nm) versus position.

For each sample (see Table I) ihe upper curve corresponds lo a waler velocily of 0.25

m/s while the lower one was measured for 0.66 m/s (0.44 m/s in the case of Mo). The

thickness is indicated at ihe Ich. The errors are of ihe order of U. l fringes.

6.) Heul transfer coefficient into the waler versus water velocity V: comparison

between ihe measured values (l = Cu 9 mm, 2 = Mo, 3 = Si 6 mm, 4 = Ge) and ihe

calculaüon for the present geometry (see lext). For clarity no error bars are drawn, rtiey

are about 10% for small and 5% for largc velociries.
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Height profile across surface
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Heat transfer into coolins water
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