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tleating effccls of monochromator crystals al a high intensity wiggler beamline

Stefan Joksch, Detlev Degenhardt, Ronald Frahm, Gert Meyer

{Mamburger Synchrotronstrahlungslabor HASYLAB al DESY, Notkeatr.85, D-2000 lamn-
burg 52, FRG)

Werner Jack !

(Fritz-Haber-Inetitut des Max-Planck-Gescllschalt, 1000 Berlin 33, FRG)

X-ray diffraction experiments on the first crystal of the ROEWI monochromator at HA-
SYLAB were performed in order to study its refleclion characteristics in dependence of
thickness and cooling efficiency. Germanium (111} crystals with thicknesses of 5 mm and
| mm were exposed to the beam from the wiggler {(W1) at the storage ring DORIS. The
results are compared with lemperature measurements vsing an infrared camera and heat
load calculations. For these calculalions & one dimensional model as well as finite dement
methods are applied.

1. Introduction:

The use of x-ray wigglers and undulators as intense synchrotron radiation sources results
in considerable heat load of the first optical components in the beamline (1}, In particular
mirrors and single crystals essentially change theic reflection characteristics under ther-
mal load. The first crystal in a two-crystal monochromator will bend and expand which
resulis in a loss of inlensity in the monochromatic beamn due to the change of the Bragg
angle coupled with a decrease of energy resolution AE/E. This effect becomes even more
important if a high energy resolution is intended, for instance by use of reflections with
high Miller-indices. The understanding and the reduction of these effects i of crucial im-
portance for the operation of the next generation of dedicated storage rings with powerful
insertion devices.

In the recent years the behaviour of optical components irradiated by intense x-radiation
was investigaled by infrared and interferomelric [2, 3] 8s well us x-ray diffraclion methods
[4,5]. Besides the question of best suited materials these investigations bad been focused
on effective cooling schemes [6,7,8).

The scope of the present work is to investigale the reflection curve of the first monochro-
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uator crystal of the ROEWEmonochromator at the 32-pole wiggler beamline Wi [9, 10].
The three crystal configuration used in Uhese experiments is described in detail in chapler
3. Two different cooling schemes were lested. The resulls ace compared with temperalure
measurements using an infrared camera and heat koad calculations. For these calculations
a simple thermodynnmic model presented in chapler 2 as well as finite element methods
are applied.

2. Theoretical

To calculate the heat load on a cryslal irradiated by intense x-radiation the heat diffusion
equation has lo be solved. If no phase transition occurs it can be written as

0T (r,t)
R

)

= Plr,1) + 5 () Tty

with I(r,t) being the temperature as a function of space coordinate r aud time t, ¢ the
specific heat, p the density, k(r) the heat diffusion coefficient and P(r,l) the heal pro-
duction term. This equalion is usually solved by finite element methods. However, for
an estimation of the waximum temperature rise in the crystal it is sufficient to solve the
one dimensional equation, yielding in the steady stale :

4 ifTEy _ p
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were z ia Lhe space coordinate perpendicular to the crystul surface. The heat production
term P(z) results from the multiplication of the spectrum of the incident radiation (E)
with the energy depeudent photoelectric absorption coefficient u(E) of the crystal. Assu-
ming the malerial to be homogeneous it can be written as:

P(z) = / dEI(z, E)p(E) = j dEL(EW(E)(1 ~ R(E))sinfesp(—p(E)2)

where R is the specular reflectivity at the surface of Lhe first crystal, 8 the angle of grazing
wcidence and E the energy. For typicsl monochromators crystals B becomes < 1075 for
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angles of grazing incidence § larger than the critical angle of total reflection 8., whick is
for instance about 0.2 degree at a wavelength A of 0.15 nm and is even smaller than |
degree for silicon crystals at A =0.5 nm .

Neglecting the temperature dependence of the lieat diffusion coefficient and the heat ra-
diated by the front side of the crystal equation (2) can be solved analytically. With the
assumption that the temperature ot the rear side of the crystal can be held at a constant
value Ty the temperature profile in the crystal is given by :

Li(E)sinbezp(—p(E)zp)
kn(E)

T(:)-T = [dE [1—eop(—p(E)z~20)-p(ENz—z0Jezp(p{ E)so))

where zo is the thickness of the crysial. Under steady state conditions the heat flow
through the rear side of the crystal is equal to the absorbed power in the whole crystal :

—k‘:_fiﬁm = j dETo(E)aind() — exp(—p(E)z0),

This offers a possibitity to monitor the inlensity of the beam incident on the first mono-
chromator crystal by measuring both the flow rate and the temperature rise of the cooling
liquid. Assuming pz < 1, which is valid for crystals of some millimeter thickness consid-
ering the whole spectrum emitted by the wiggler, we oblain for the surluce temperature

T.:
o m Io(B)ainfp( E)23
AT=T,-1 = fap2 2 ,
For pz > 1 the depth dependence of the heat deposition can be neglected :
Io(E)sinfzy Pz
AT =T, - T, = —_—_—— = —
* f E k-

were P' is the power density. Equation (4) describes the temperalure gradient inside
the crystal. However, besides the thermal bending of the crystal |11, 12} especially this
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lemperature gradient is respoasible for the inlensity loss due Lo the change of the sucface
shape of the crystal. The change of the full width of half maximum (FWHM) w¥ of the
relieclion curve caused by thermal expansion can roughly be estimated |13] :

WP = alATtandy

{7)
with :
o= I+ 2Aeafen)) o
- (1]
(1 + 2ciafen ) + Heafen)
for cubic (111} crystals, were ¢; are the elastic strain constants and ap the linear ther-
mal expansion coefficient [14} and 85 the Braggangle. The radius of curvature R, due to
thermal bending of the crystal is described by [11):
P
Ke = aAT
(8)
Taking into acconnt equation {6} we obtain:
k
R =—
L Pa
(9)
‘Therelore, if 4 z 3» 1 the bending of the crystal does not depend on its thickness in
contrast to the thermal expansion of the lattice. The beading of the crystal is combined
with 8 lateral as well as depth-dependent change of the angle between the incident beam
and the reflecting lattice planes resnlting in a broadening of the rocking curve. The depth
dependent contribution w” depends on the absorption depth ¢, |15} according lo:
o b
“" = Rsint
(10)

The lateral change is



ot = arctan( %‘i)

were Ax is the verlical dislance al the crysia) surface.

Calculations of the lemperature profile T(z) using equation {4) were performed for ger-
manium as well as silicon crystals placed in the ROEWI] monochromator at the wiggler
W1 at HASYLAB. The distance belween source and crystal was 25.3 m. The low energy
part (E < 5 keV) of the wiggler-spectrum is absorbed by carbon filters and beryllium win-
dows placed in front of the first monochromator crystal. For the calculation we corrected
the photon flux for the sbsorption losses in these fillers of 0.2 mm (C) and 0.4 um (Be)
thickness {fig.1). In figure 2 the temperature profiles are shown, for 5 mm thick crystals,
calculated for the parasilic (a) as well as the dedicaied (b) shifts at DORIS, which are
characterized by electron energies of 5.3 GeV and 3.5 GeV and maximum stored currents
of 40 mA and 100 A, respectively. The calculations were performed for 14 degree angle
of grazing incidence corresponding lo the Braggangle at ~8 keV. The {emperature pro-
files show, that for the usual crystal thickness of § mm the heat load on the crystials is
considerable high even at 3.5 GeV. In all cases the maximum temperalure at the front
surface is higher for germanium than for silicon crystals. This is partly due to the lower
thermal conductivity of germanium. The comparision of the spectral power distribution
of the wiggler W1 with the absorplion coefficients of Ge and Si in figure 1 pointa to an
enhancement of this effect, The K-absorplion edge of Ge at A = 0.116 nm coincides
with the maximum of the speciral power distribution. The spectral power distribution
we found also to be of extraordinary importance considering the behaviour of mirrors in
intense wiggler beamlines {16).

Due to symmetry the finite element calculations were restricted to one quadrant of the
crysta). Figure 3 shows the temperature distribution on the crystal surface for 5 and |
mm Lhick germanium crystals calculated by the finite element method. Lu the calculations
the geometry of the cooling system of the ficst crystal in the ROEWI monochromator is
approximated. The calculaled maximum temperalures at the crystal sucface agree with
the maximum temperalure measured by infrared (IR)-camera {Table ). Both are larger
than those obtained by meana of the one ditmensional model presented above, because the
rear side of the crysial does nol remain cool during the irradiation.

The surface deformation of a quadrant of a § mm thick crystal calculated with finite de-
ments is shown in figure 4. The bending of the whole crystal as well ss the susface bump
due to the thermal expansion can be scen.

()

3. Diffcaction experiments

The diffraction experiments wers performed with three germanium cryslals using the con-
figuration sketched in figure 5. This experimental scheme allows the measurement of the
reflection curve of the first crystal with high angular resolution in a small energy band.
This is achieved by the decrease of the angular acceptance of the second erystal due to
ia asymmetrically cut surface. The asymmetry factor b = sin(fp + a)/sin(fp — a} (a:
angle between crystal surface and lattice planes) was ~ 8 at the wavelength A=0.154 nmn
used in our experiments. The first as well as the third crystal és cut pazallel to the (111)
lattice planes. Whereas crystal I and Il reflect in the first ocder, the third crystal is set
at the {333) reflection. The intenvily measured by means of a Nal('T1)-scintillator behind
the third crystal is normalized 1o the intensity on the first crysial, monilored by the totul
photoelectron yield from a carbon foil placed in front of it. By mesns of the slit $ 1 (fig.
5) the total power load on the first crysial was changed. The monochromator is operating
in vacuum. The reflection curve of the first crystal was measured by changing 8 (fig. 5).
Crystal 11 and Il are fixed during the measurement.

‘I'wo different cooling schiemes of the Rrst crystal were tested :

1. The crystal is mounted in a copper holder which is pressed against a copper support
containing two water channels for cooling. (fig. 6a). Further, this cooling scheme
will be called indicect cooling (i).

2. In the direct cooling schenie (d) the crystal is pressed directly onto the coaled copper
support (fig. 6b)

4. Discussion

In figure 7 typical rocking curves are shown measured during one run of DORIS for the
Smm thick Ge crystal. Whereas the angular shift of the curves resulls from e change of
the maximum temperature in the irradiated region (he width and the shape of the curves
is determined by the temperalure distribution at the crystal surface and its bending,
respectively. From figure 7 it follows immediately that the temperature profile changes
with decreasing stored current.The profile becomes flatier resulting in a decrease of Lhe
FWHM of the reflection curve. The FWHM is approximated hy



wG - ((WP)I 1 (wS)l + (wl,)a + (wD)l)l,l:

were wP s the Darwin width of the perfect crystal. The value of w? (equ (10)) amounts
to < 1 second of arc and is negligible compared to w® and w* in our case. ‘The values
of wE, wt and W calculated for DORIS currents of 20 and 30 mA for both 5 and 1 mmn
thick crystals are listed in table II. They are in good agreement with the FWHM of the
measured curves which are for the 5 mm thick crystal 28.5 sec. of arc at a beam current
of 33 mA and 21 sec. of acc at 22 mA, respectively (g. 7). The decrease of AT with
decreasing DORIS current results in both a larger radius of curvature of the crystal and
a decrease of the lattice spacing. This leads to narrower rocking curves with decreasing
DORIS-current (see ‘Iable 11}. Moreaver, & change in intensily causes a change A of the
average lemperature. This results in an angular shift A8% which can be calculated with an
equation analogous Lo equation (7). Taking A7 ~ 20 K measured by the infrared camera
for a DORIS current change from ~30 to 20 mA, we obtain A8 ~ 8 sec. of arc for the
five millimeter thick crystal. from infrared measurements. The discrepancy between this
value and the measured shift A87,, ~ 15 sec. of arc (fig. 7) may be explained by small
vertical shifts of the beam during one run. Due to the bending of the crystal this leads
to an additional angular shift of the rocking curve.

With the values of table I we conclude that the decrease of the rocking curve width by
the use of thinner crystals is only caused by its smaller expansion. The bending of the
cryatal does not strongly depend on its thickness, due Lo the high photoelecttic absorption
coefficient of germanium (see fig.1). Figure 8 gives an overview of the measured FWHM
for the two different cooling achemes and crystal thicknesscs versus the mean crystal
lemperatare, measured by a thermocouple located outside of the irradiated region. It
should be mentioned that the 1 mm thick crystal was of smaller size than the thicker one.
Therefore the temperature measured by the thermocouple is higher due (o its smaller
distance from the irradialed region (fig. 8). Whereas the mean temperature of the 5 mm
thick crystal can be significantly lowered by the more effective direct coaling, the FWHM
of the rocking curves caused by the temperature distribution inside of ihe cryatal changes
only slightly. Taking u ene millimeter thick Ge crystal, the moximum temperature inside
the crystal is decreased by a factor of ~ 5§ resulling in narrower rocking curves. This is
accompanied with an increase of the maximum intensity of the rocking curve by about a
factor ~ 3 (fig. 9). As expecied, the reflectivity of the crystal becomes higher due to Lhe
flatter temnperature profile in the thinner crystal.

(12)

5 Swmmary

The resulta derived from three crystal rocking curve measurements of thermally loaded
Ge (111) crystal are compared with heat load calculations. The changes of the rocking
curves are due lo both the thermal expansion aud the overall bending of the heated crys-
tal. The elliciency of the cooling scheme does not significantly afect the shape of the
rocking curves. By use of a 1 mm instead 5 mm thick crystal the rellected maximum
intensity was increased by a factor ~ 3. This is due to & smaller temperature gradient
inside the crystal. Nevertheless, the bending of the crystal induced by the thermal load
depends only slightly on ils thickness. Therefore the use of thin crystal plates seems to
be limited 1o moderate power incident on the crystal. Further experiments with ringed
and grooved crystals ace underway in our Juboratory.
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