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tleating elfccU of munochromator cryatals al a higli inteimty wiggler beamüne

Stefan Jakacli, Dellev Degenhardl, Ronald Prahm, Gerl Meyer
(Hamburger Synchrotronstrahlungslabor UASYLAB at DESY, Nolkeitr.85, D-2ÜOU Ham-

burg 52, FKG)
Werner Jark '
(Fritz-Haber Institut der Max-Planck-Gesellschaft, 1000 Berlin 33, FRG)

X-ray diffraclion experimenta on llie first cryatal of tlie HOEWI monochromator al HA-
SYLAB were performed in order to study its reflecljon charactemtics in dependence of
IhicknesB und cooling efficiency. Germanium (111) crystals with thicknesses of 5 mm and
l nun were exposed to the beam from Ihe wiggler (Wl) at (he storage ring DORIS. The
results are compared with tcraperature measuremenls uaing an infrarcd cameca and heat
load calcutalions. Por tliese calculalions a one dimenflioual model äs well aa fiaite dement
melhods are apptied.

1. Inlroduclion:

The uae of x-ray wigglers and undulators äs üileiise Synchrotron radiation sources resuils
in considerable heat load of tlie first optical componenU in the beamline ( i j , In particular
mirrors and ringle cryslals essen llally cliange tlieir reflectiou cliaraclerislics under ther-
mal load. Tlie firet cryatal in a twocrystal monochromator will bend aiid expand whicli
resulls in a IOEB of Jnteusity in tlie monoclitoniatic beam due to the change of the Bragg
angle coupled with a decrease of energy resolution AE/E. Thii effect betontes eveii more
Import an t if a higli energy resolutiou ts inlended, toi inslance by use of reflectioiii with
high Millei-indices. The underslanding and Ihe reduclion of theie effect« u of crucial ün-
portance lor the Operation of the nexl generation of dedicated storage riugs with powerful
uiacrlion devicea.

in the recent years the behaviour of optical componenls irradialed by intcnse x-radiation
was investigaled by infrared and interferometric [2,3| aa well äs x-ray diffraclion methods
[4,5]. Besides the queslion of best suited materiali these investigation« liad been focused
on clTeclive cooling schemes [6,7,8].

The scope of the presenl work is to investigate the reftection curve of the first monochro-
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nmlor trystal of Ihe ROEWI-inonocliromator at Um 32 pole wiggler bcamliiie Wl [9, lüj.
The lliree cryslal configuration ueed in tiieac experimeiils is detcriLed in delail in cliapler
3. Two dilferenl couliug Btliemes wert: lested. Tlie resulls are tompared will) temperalure
ineasureineiils usiiig an infrared cainera and heal load culculalions. For these calculations
a simple thermodynaiuic model presented in cliapler 2 äs well äs huite elerneut methods
are applied.

2. Theoretical

To calculate the heat load on a cryslal irradiated by intense x-radiation tlie heat difFusion
equation has lo be solved. If no phaae tranaition occurs it caii be written äs

c/i- dt

witli T(r,t) bcing Ihe tempetature äs a function of space cooidinale r and lime t, c the
Epecilic lieat, p the density, k(r) the heat diffusion coefiicient and P(r,l) the heal pro-
üuction Icrrn. Tliis equalion ia usuully aolved by finite clcment metluxls. However, für
an ölimalion of Ihe maxi m u m temperature rise in the cryatal it ia eufficiei i t to solve llie
one dinienEional equatioit, yieldiug in the sleady state :

were z ja the space coordinate perpendJcular lo tlie cryslal surface. The heat production
term l'(z) rcaulla from the multiplication of the Bpectrum of the in eitlen t radialion /0(E)
with the energy depeudeut photodectric abaorption coefficient /i(E) of tlie crystal. Assu-
ming the raalenal to be homogeneoua it can be written aa:

(1)

(2)

P ( z ) - jdEl(z, B)p(E) = f

wliere H is the specular reflectivity al Ihe surface of the firel crystal, ß the aiigle of grazing
incidence and E the energy. For typital monocliromator cryfitala 1t Lecomes < 10~6 tot

(3)



augles of grazing iiicidence & larger than Ibc critical angle of total reflection 9ct wliich K
for irtatance about 0,2 degree at a wavelcnglli A of 0.15 um and ia evcn amaller tlian l
degree for silicon ctystala at A =0.5 um .

Neglecting llie lemperature dependence of llke lieal diffusion coeffielen t and the heat ra-
diated by the front side of the crystal equation (Ü) can be eolved aualytically. Willi the
assumption that tlie lemperalure at the rear eitle of the cryntal can be held at a conslanl
value T9 Ihe lemperahire |>rofile in the crystal ia given by :

M«)

where IQ is the tliickness of the cryslal. linder steady slate conditions the heat flow
througli the rear Stile uf the cryslal is equal to ihe abaoibed powcr in tlie whole crystal :

Thie ofTers a possibility to monitor the hileneity of tlie beam iucident on Ihe first mono-
chromalor cryslal by iiieasuring both the flow rate and the temperature riee of the cooling
liquid. Asauming fiz < l, whicli is vabd for crystala of some millimeler thickueas coikbid-
entig the whole spectruiki emitted by the wiggler, we oblaiu for the surface lemperature
T.:

Por /iz 3> I the depth dependcuce of the heat deposilion can be neglected

k '

were P* ia ihe power density. Equalioii (4) deacribes the temperalure gradient iiibide
the cryslal. Huwever, besidea Ihe Ihennal bending of the crystul lll,12| especially Üiia

(5)

(6)

lemperalure graditui ig rcspoafiible for tlie intensity loss tlue t» tlie ihauge of the aurface
fihape of the crystal. Tlie cliange of tlie full widlh of half niuximui» (FWHM) u>K of tlie
rellcclion curve cauficd by liier mal expaiksion can roughly be estiinaled |I3| :

(7)

with :

3(l+2(c ls/c„))

for cubic (1)1) crystala, were Cjj are the elaatic alrain constaiits and ua the linear llier-
mal Expansion coefficient [14| and 9$ the Bragganglc. The radiiis of curvature R,, tlue lo
thennal bending of the crystal ia described by [ll|:

«AT
(8)

Taking into account eqiialion (6) we oLtain:

Pa

Thereforc, if fi z 3> l the bendiug of the crystal doea not depend on its thicknesa in
contraat to the l her mal expansion of tlie lattice. The bending of Ihc crystnl ifl combined
with a lateral an well äs depth-dependent diange of the angle bclwcen the iucident beunt
and the rellecting lattice planes reaulting in a broadeiiiug of Ihc rockitig curve. The depth
dependent contribution wp dependa on the absorption deptb iu [15J according lo:

_ _
R»in9

(10)
Tlie lateral cliange ig
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were Ax is Ihe verlical dialance al Ihe ccyslal surface.

CalculatioiiG of the lemperalure profile T(z) using equation (4) were performed for ger-
manium äs well äs silicon cryslals ptaced in Ihe ROEW1 moaochromalor at the wiggler
Wl al HASYLAB. The distance belween aource and crystal was 25.3 m. The Iow enecgy
part (E < 5 keV) of the wiggler-Bpectrum is absorbed by carbon filters and becyllium Win-
dows placed in front of ihe firsl monochromator cryatal. For the catculation we corrected
the photon flux for Ihe absorplion losses in these filtcra of 0.2 mm (0) and (J.4 nun (Be)
thickness (ßg 1) In figure 2 the temperature profilea are fihown, for 5 mm thick crystala,
calculaled for the parasitic (a) äs well äs the dedkated (b) shifls at ÜOIUS, which are
chttracterized by electron energjea of 5-3 GeV and 3.5 GeV aiid inaximum atored currenta
of 4(1 mA and 100 mA, reapcctively. The calculations were performed for 14 degree angle
of grazing incidence corieaponding to the Bragg angle at ^8 keV. The temperature pro-
files shoW, thal for the uaual crystal thicknefs of 5 mm the heal load on ihe crystala ia
conaiderable high even al 3.5 GeV. In all cases the maximura temperalure at the front
surface is higher for germanium than for uilicon crystale. Thia ia parlly due to Ute lower
Ihermal conductivity of germanium. The comparhuon of the spectral power dislribution
of Ihe wiggler Wl wilh the abaorplion coefficieuts of Ge and Si in figure l pointa to an
enhancement of this effect, The K-absorplioii edge of Ge at A = 0.116 nm coincides
with the maximum of the spectral power dlstribution. The spectral power dislribution
we found alao to be of exlraordinary importance considering the behaviour of mirrors in
intenae wiggler beamlines |16|.

Due to symmetry the finile demenl calculations were reslricted to one quadrant of the
crystal. Figure 3 shows Ihe temperature dislribution on the crystal surface for 5 and l
mm Ihick germanium crystals calculaled by Ihefinite element methoü. In the calculations
the geometry of the cooling aystem of the firsl cryatal in the ROEWI monochromator is
approximated. The calculaled maximum temperalures at the cryatal surface agree wilh
Ihe maximum lemperalure measured by infrared (IR)-camera {Table I). Both are larger
than Ihose oblained by meana of the one diinenaional model presenled above, becauae Ihe
rear side of Ihe cryslal does nol rejnain cool during ihe Irradiation.

The surface deformation of a quadrant of a 5 nun thick cryslal calculaled with finile de-
nients is shown in figure 4. The bending of Ihe whote cryatal äs well äs ihe surface bump
due to the thermal expanaian can be eeen.

(II)

3. Dilftaction Experiments

The dilTractiou experimentg were performed with lliree gerinaiiium crystals uaing the con-
figuralion aketched itl figure 5. This expenmental sclieuie alluwa tlie meaaurement of Ihe
reflection curve of Ihe first cryslal wilh high aiigular resolulion i» a small energy band.
This IS achieved by the decreaae of Ute angular acccptance of tlie second cryatal due lo
ita asymnietrically cut autface. The asymmetry factor t — ain(8B -\- ci)(ain(9B - a] (a:
angle between crystal surface and lattice planes) was — 8 at the wavelenglh A=0.154 um
uaed in our experiments. The firßt äs well äs ihe lliird cryatal K cut parallel to the (111)
kttice planes. Wliereas crystal I and U reflect in the firsl order, the tliird crysta] it> sei
at llie (333) reflection. Tlie intunuity ineaaured by ineans of a Nal(Tl)-scintillalor bdiiiid
the tliird cryslal ia normalized to Ihe inlensity 011 the first crystal, monitored by the total
plioloelectron yield froin a carbon foil placed in front of it. By nieans uf tlie slil S l (tig.
5) the total power load on the first ccyalul was dianged. The uionodiromalor ia operating
in vacuum. The reflection curve of Ihe first crystal was meaauml by changing 9 (n'g. 5).
Cryelal II and III ure fued du ring the meaaureineiil.

T wo dilfercnl cooling schemes of Ihe firsl ctyslal were lested :

1, The crystal is mounled in a copper holder whicli is pressed agaiiial a copper support
containing two water channela for cooling. (lig. 6a). Furlher, tliis cooling achenie
will be called indirecl coüling (i).

2, In the direct cooling schenie (d) ihe crystal is presaed directly unlo the cooled copper
support (fig. 61)

4. Dia cu s s 10 a

In figure 7 typicul rocking curvea are shown ineasured during one nm of DORIS for the
5mm thick Ge crystal. Whereas the aiigular shift of Ihe curves resulls from the cliunge of
Ihe maximum lern perat ure in the ircadiated region Ihe width and the eliape of Ihe curves
is dtileimilied by Ihe lernperalure distcibulion at llie cryalal surface and its bending,
respectively. Piom figure 7 U followß immediately that the teniperatnre profile dianges
with decreasing stored curreul.The profile becomes rtatter resiilling in a decrease of Ihe
FWHM of the reflpction curve. The FWHM is approximaled hy
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were wp js the Darwin widlh of the perfect cryslal. The value of u° (equ.(lO)) amounla
to < l second of MC and is negligible compared lo wfi and nrL in our case. The valuea
of h>E, UL and u/G caiculated ibr DORIS currenta of 20 and 30 mA Ibr both 5 and l nun
thick crystala are b'sled in table II. They are in good agreement with the FWHM of the
measured curves wlücli are for the 5 mm thick crystal 2ä.5 sec. of are at a beam cnrrent
of 33 mA and 21 sec. of are at 22 mA, respeclively (fig. 7). The decrease of AT with
decreasing DORIS curreot resulte in both a larger radlus of curvature of tlie cryslal and
a decrease of the lattice spacing. This Icads to narrower rocking curves with decreasing
DORIS-cnrrent (see 'i'able 11). Moreover, a change in iiiteneity cauaea a cliange Ar of the
average temperature. This reaulta in an angular «hift Atf5 which can be caiculated with an
equation tmalogoug to equation (7). Taking Ar ^ 2ü K ineaaured by the üifrared camera
for a DORIS current chunge frorn -3Ü to 20 mA, we oblain Aö5 ^ 8 sec. of are for tlie
(ive millimeter thick cryalal. from infrared measurements. The diacrepancy between this
value aiid the measured aluft AÖfajl •- 15 sec. of are (fig. 7) inay be explained by sniall
vertical shifts of the beam during oiie mn. Due to the bendiog of the crystal this leads
to an additional angular eliift of the rocking curve.

Wilh llie values of lable II we conclnde that the decrease of the rocking curve widlh by
tlie use of Ihinner cryatata is only caused by its amaller expaiision. The bending of the
cryatal does not strongly depend on ils thickness, due lo the high photoejeclric abaorption
coefßcient of germanium (see fig.l}. Figure 8 givea an overview of the ineaaured FWHM
for Ihe two diffcreiit cooling Scheines and cryatal thickneases versus the nieaii cryatal
temperature, measured by a thermocouple bcated outeide of the irradiatetl region. It
aliould be menlioned llial llie l mm thick cryslal was of smaller size lhan tlie thicker one.
Therefore llie tcmperature measured by the tlierrnocouple is lügher due tu its smaller
dislance frora Ihe irradiated region (flg. 8). Whereae the mean temperalure uf the 5 mm
thick crystal can be signiRcantly Iowered by the niore effeclive direct cooling, the FWHM
of llie rocking curves cauaed by the temperature Distribution meide of the cryatal dianges
only slighlly. Taking a one millimeter thick Ge crysta), Ihe maximum temperature inside
the crystal is decreased by a faclor of — 5 resulting in narrower rocking curves. Thie is
accompaiiied with an increase of the maximum inteusily of the rocking curve by about B
factor ~ 3 (fig. 9). As expecled, the rellectivily of the cryslal becomes higher due to the
flatter lemperature profite in the thinner crystal.

(12)

5. Suiiiinary

Tlie resuHs derived from ihiee cryslal rocking curve measureineiils of Uiernially loaded
(Je (111) crystal are compared wilh heat toad calculaüons, Tlie cliaiiges of llie rocking
turves are due to bot h the thermal expanaioii and tlie overall bending uf the heated crys-
tal. The elficiency of the cooling scheine does not signilicaiitly uffecl the sliape of tlie
rocking curves. üy use of a l mm Jnstead 5 nun thick crystal the rdlecled maxiniuin
intensily was increased by a faclor ~v 3. This is due to a sinailer temuernlnre gradJenl
iiiGJde the cryatal. Nevertheless, the bending of the cryatnl induced by tlie tliermal load
depends oiiiy slighlly on its lliickness, Tlieiefore the UÜG uf thin ciyslul plales seeins tu
be üniiled to modcrate power intident on tlie crystal. bWliier experiments with ringcd
and giooved erystals are undcrway in our laboratory.
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