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9 1. Egﬁzgduction

The EXAFS has been known to appear in the x-ray absorption spectra

: - ; i Lt " . .
“Experimental Setup for X-Ray Absorption Spectroscopy at the DESY of practically all materials'. It offers a powerful new method for

the determination of the local geometrical structure around specific
P, Rabe, G. Tolkiehn, A. Werner a[0m52. The relatively small amplitudes of Lhe EXAFS on a high

Institut fiir Experimentalphysik Universitit Kiel, absorption background as demonstrated im Fig. 1 require high accurcey
Kiel, Germany

absorption specira over a wide energy range {up to more than | keV)
to get reliable structure data. Therefore, the EXAFS method has
developped rapidly since synchrotrons and storage rings became

available as intense continuous X-ray sources.

At DESY a horizuntal angle of lmrad of synchrotron radiation is
available which gives the spectral lutensity distribution shown in
Abstract
Fig. 2 in comparison with the bremsstrahlung intensity of a 12 kW

X B rotating anode x-ray generator. The white beam is monochreomatized
In this paper we describe an apparatus used at the Deutsches

Elektr Synchrotron (DESY) for the measurement of x-ray by double Bragg retlection in parallel setring3. The "channel-cut"
e onen-sync oh > “ray

. 3 . . . single crystals of Ge and Si are cub parallel vo 111 and 220 net
absorption specttra, specially designed for the imvestlgation

f th tended absorption fine structure (EXAFS) planes respectively, By rotating these crystals in principle the
0 e extended x-ray orp s 8tru S).

) photon energy can be tuned over the range of 2.5 keV to 28 keV. As
Performance of the setup is discussed and compared with an

. ) the monochromator works in air, the spectral range is limited to
apparatus using the bremsstrahlung of a convent.ional x-ray source,

energies above 25 keV. As the monochromatic light is plane-polarized
to »90 7, polarization effects Lo absorption spectra can be investi-

cated over the whole energy range

A schiematic view of the whole setup is given in Tig. 3. Detectors,

slits and sample chamber arce mounted on a step-motor driven table.



The table follows the parallel shift of the monochromatic beam

as the monochromator erystal is rotated, The channel widths of

the Ge and Si crystals arc 10 mm and 4 mm, so the maximum range

of parallel shift is 20 mm and 8 mm respectively. The step-moLors
of the goniometer with the crystal and of the table are controlled
by a small computer (PDP8/e) which also accumulates the data. The
detectors are ionization chambers. The iemization currents are
amplified and converted to frequencies by 100 kHz voltage- to -

[requency converters,

Both signals from in front of (reference) and behind (signal) the
sample ate counted unLil a preset value in the reference scaler is
reached, Lhus dividing signal by reference instantly After recadour,
the goniometer is set to the next angle, and both counters are started
again. In this way spectra of up to 900 data points can be taken.

The typical scan rate is ~1 point/s. The minimum rotation angle of

the goniometer is 0.00} degrees. lhe spectra can be stored on DEC~
tape [or later interactive evaluation on a large [BM computer via a

second PDP 8/e.

2. Light source geometry

In order to characterize and optimize the x-ray optics involved,

the synchrotron light source can conveniently be described in terws
5 .

of a phase space representation”. The coordinate system used there-

fore is shown in Fig. 4, At z = 0, the e beam moves in z-dircction.

Every electron or photon passing through the source plune (z=0-planc)

is presented by a set of four coordinates, namely horizoutal and

-3 -

vertical spatial (x, y) and angular (', y') coordinates (ci. ref. 5).
The time-averaged electron-distribution T, in the vertical coordinates

y, y' can be assumed to be Gaussian:

(y'- )"
. DS Sy PPV m
Ly, ¥') = expf{— 2 Yo "

where =, B are the electron optical parameters {a=0, E=20.925 m at
DESY) and 2y, is the fwhm of the electron heam (2 mm at DESY)., The
half-maximum line of eq. | is an ellipse with the parametrized repre-~
sentation (Fig. 5, dashed line):

¥y = ¥p cosy

y' = Y0 (siny + acosy) (2)
2

Fvery electron emils photons into a cone whose width depeands on
.6
the electron and phoLon energies .
So the angular compenent of the intensity distribution has to be con-

voluted with the photon angular distribution. Lf the photon angular

distribution is a Gaussian with half width s = 0.075 mrad (time average calcu—

lated for the PLSY at 7,2 GeV max. electron crerpy and 13,5 keV photon energy},

thé half width of tne angular part of eq.l yofﬁ = 0.048 mrad is broadened to

%Q =~/sz + (yolb)z = 0.089 mrad

The photons’ hall intensity ellipse eq. 2 is then given by the new

values

2 )l N
B'=(E.2*_ZJ =11.24wand o' ="' = =0
Yoo B

(cf. Fig, 5 solid line).

To show its effect on the photon beam, in Fig. 5 an exit slit of

vertical width dy = 2 mumat z = 37 m is projected back to z = O by



y(0) = y( z )=zy'. The hatched area in Fig. 5 represents the main

part of the photon flux that cam pass through this slit.

The angular half-width {divergence) of Lhe beam behind the exit slit

was calculated by integrating eq. | over y, lor dilferent slit widths.
The result is shown in Fig. 6 (full circles). Tntegrating additionally
over v' gives the total photon flux vs. slit width (Fig. 6 open circles).
The horizontal bar indicates the region of dy in which the slit can be
used effectively for reducing the divergence ot the heam, Of course,
also photons cmitted at z # 0, whose intensity distribution in vertical
phase space is slightly different when projected to z = 0, can enter

the monochromator, But as the "visible'" z-range is rather short (ca.

25 cm) due to the horizontal curvature of the clectron orbit (v.i.),
this small distortion is neglected here. Additionally, Fig. & shows the

degree of polarizalion P (crosses) which is delined as

Iy ~ L
P -4
Il + TJ,
where 1 and I) are the horizontal and vertical polarization componenls

integrated over the slit width d.

In the horizontal direction the phase space representation of the e  heam
at z = 0 yields a larger e ellipse (Fig. 7, solid line). The photan
broadening is neglected here as it is in the range of the line widths in
Fig. 7. Additionally, due to the curvature ot the beam with radius R =
31.7 m, the phasc space representation of the photon tlux is actually a
superposition of distributions centercd at x = -R (I-cosx’). This leads

to an intensity distribution with hali-maximum lines at x = : Xg “R(1=cosx')
(Fig. 7, dot-dashed lines). The synchrotron is therefore nearly an

isotropic source in the horizontal direction.

The projection to z = 0 of a slit of horizontal width d, = 30 om as

used in our experiments is shown in Fig. 7. An angular half intensity
width (horizontal divergence) of 0.88 mrad behind the slit is calculated
by integration of the horizontal analogue of ¢q. 1 aver x, The ellipse
centered at x' = 4 wrad, x = -0.2 mm shown in Tig. 7 (dashed line) 1is
the tepresentation of the soutce at z = - 12.6 cm, This illustrates
that only a small fraction of radiation from electrons with

- 12,5 ecm>z » 12,5 cm passes the slit,

3. TFnergy resolution of the morochromator

The monochromator is placed at a distance of 37 m from the scurce point
in the synchrotron. A horizontal axis of rotation for the crystals in
nondispersive setting has been chosen because of the smaller effective
divergence in the vertical direction and the hiph depree of horizontal

polarization.

The cnergy width AE transmitted in first vrder Bragg reflection depends

on the following three values:

4 o .
. The 35 of the crystal due to the diffraction pattern.

2, The vertical divergence of the light A

y'

3. The horizontal divergence  Aty.

Tne total transmitted encrgy band width (fwhm) AF can be approximated

as the quadratic sum of the three corresponding widths given in

approximate form for small wa, ﬂ*v and BB < 60%:

- i
) B fos cor QB\Z ) {71 f"wz_,)z (3)

Yh A 1y



he

whete £ = —w-———— is Lhe mean transmitted photon energy at the
2D sinfy

mean glancing angle 3B apd D is the spacing of Lhe net planes. The

third, horizontal divergence term is negligible in our case as®o, ] urad
The first (dashed line) and second (dotted line) compomenis and their
quadratic sum (solid line) are shown in Fig. 8 for Si 220 and Ge 111

As can be seen, only the 2 mm vertical slit results in a suiticient energy
resolution in the range bevond 20 KeV. The energy resolution has not

been measured directly, but the white line in K,C10, (Fig. 9) at 5989 eV

in our absorption spectra has a half width of 2.4 eV where cq. 3 yields

a resolution of 2,1 eV for the Ge 131 crystal.

4, Detectors

Photon counting is not feasible because monochromatic photon fluxes

8 oy
of more than 10 /s van occur and additionally the phoron llux has an
adverse time strocture. The x-ray photons are emitted in about 5x|0b
pulses during abouL ! msec with a dark peried of 19 ms, that is, cavh

pulse of 100 ps contains " 10 photons. Therefore, the detcclLours are

jonisation chambers (IC) with 10 wm thick Kapton windows,

The planar copper electrodes of the IC's have a spacing of 10 wz and

a voltage of 10° v between them. The gap can be filled with air, Ng,
Ar, Kr, Xe in a pressurc range of « 0.1 bto 1D depending on the encrgy
range of the absorption measurement. 1In order to get the same diffusion
times of the ions in both of the chambers {cf. Section 7}, the same gas

and the same pressure in signal and reference IC are used. The signal
Iref
sig
of the reference and gignal IC's, then contains a component depending on

which one gets as S = In , where T and {_.:, are the currents
rel sig

the energy dependence of the absorption of the chambers:

- 7 -

S = p(Dd + 1o SR Lr(B)edd = L ) “)
T e i (1) a9

Here 1(F) is Lhe abscrption coefficient of the sampic with thickness d
and V[ (E) is the absorption cocificient of the reference and signal IC

with lengths ¢g and dg, respectively.

5. Samples

Solid and liguid samples have been investigated with the equipment
described sbove. Due to the exit slit size the samples have a typical

area of 3 x 30 mmz. They are muunted on a cooling/heating device in a
vacuum chamber and measurements can be performed from LNT Lo™600 K. In
order to get optimum signal to noise ratio (c[. ch. 7) the sample‘thickness
should be chasen in a way that the transmissiou in the FXAFS region is
about 10%Z. This corresponds to a thickness ol several ym. The liquid
samples are prepated between thin mylar foils and the thickness can be

adjusted after preparation.

Beside the average thickness the second important [eature of the sample is
the homogeneity of the thickuess. Pinholes, bubbles of any kind of
variation in the sample thickness or composition over the irradiated area

lead .to an apparent decvease of the EXAFS amplitude.

If a certain [raction R of Lhe sample area censists of holes, while the rest
has homogeneous thickness d, then it is straightforward Lo calculate the
measured signal § for a given absorption edge height A1 and for a small

variation O (EXAFS) in M . The quantities & /A and 85 /%8 are



proportional to the actual and the measurvd FXAPS amplitude ¥ and ¥m
respectively. In Fig. 10 we have plotted Xaf¥ vs., R for different
values of k- d. Tt is obvious that for thick samples even small in-
homogeneity causes drastic amplitude veductions. This does not aflect
the periodicity of the EXAFS from uhich hond lengths are 0vafuutvd3.

If only bond lengths are to be determined, one can e.g. simply use
powderized samples. But as soon as the amplitude of the EXAFS is in-
volved, e.g. to determine coordinat ion mumbers or Debyc-wWaller factors,
mare sophisticated preparation techniques are necessary. The amplitude
of the FXAFS can also be influenced by scattered radiation mcd higher
order Bragg reflexes. Therefore, shielding against scattered radiaticn

and suppression of higher orders are ilaportant { o@. vh. 8).

6. Intensity of the photon beam

The photon flux of the monochromatic x-rays van be estimated in two

wiynt

1. From the intensity distribution of the synchroiran radistiva in
phase space, taking inta accouar absorption losses in the Be=window

(1.5 mm) and in the air {40 ¢m},znd including the acticn of the

. Y9
crystal, for Ge 111 we calculate & monochromatic flux et 4= 307/

at £ = 7 keV paoton cnergy, 8 mA eleclron vurrent i the DESY
oprratiug al 7.2 CoV maximmr wnergy.
. . -9 A o
. From the measured icnization current 1 = 3+10 A at the same
parameters we get with an avevays fonization energy ob £ = 34 eV

per ion pair 91n the air filled & with dy = 10 cw tl P ooton lux:

e,= i B - 8.5 1wl

2e Evexp. (-tdp)

Both of these values may well be wrong by a factor of 2, so

the agreement is reasonable, Similar consideratious for a 12 kW
rotating anode x-ray generator with an Ag anode and a flat LiF
crystal m(murhromaLur8 at 10 keV with ™ S &V resolution yield a
flux of ]'IOS/S. With curved crystal monochromators, however,

this figure may bLe increased by orders of magnitude without too
much damaging the resulution(lo). Here problems arise from the
appearance of characteristic lines in the spectra. In contrast

the synchrotron radiation exhibits a structureless spectrum over

a large spectral range., Al vertaln energles, however, spikes in

the absorption spectra may occur, which have nothing to do with the
absorplion coefficient of the sample or the source characteristics
(see insert of Fig, 1). AL these energies, the transmission cof the
monochromator is reduced by up to 50Y.. This ettect 1s seen whenever
additional to the orcdinary Brapg retlex another outpgoing wave into

a different direction with the same wavelength is possible. Due tu
dynamic diffracLion Lhe ditflerent Bragg orders have different rocking
curves.  Therefore, the ratio of tirst order to higher order intensity
may change strongly near such points. This leads to a spike in the
absorpLion spectrum, because the first order is absorbed stronger
than the higher cerders.  0f course, also any constanl background,
surh as scattered x-rays or fluorescence enhances the hieight of Lhe

spike.



7. Sigpal 1o noise ratio

A numerical calculation minimizing tha ratio of the mean square
displacement of a data point measured in one second due (o photon
slatistics to a small variation #¥d in the absorption spectrum
yields the optimum transmission of the sample (' 10Z) and the
ionization chambers. Assuming S'IO8 photons/s incident on the
first detector one obtains a value of ].l-IO& for signal to noise
ratio. Actually, a signal to noise ratio of 0.2-]0& has been
measured. This is mainly due to the time structure of the radiation
(cf.section 4). The "duty cycle" of the radiation pulses is 1/20,
So the average output voltage of the current amplifiers has to be
lower than the maximum output voltage by at least this factor 20.
This leads to a signal-to-noise ratio generated oaly by the current
amplifier alone of already less than 5-103. Additionally, the
beam-intensity fluctuates strongly from one pulse to the next oue

(up to : 100Z). So any difference between signal and reference channel
in any of the time constants involved, even for very large ones,
results in additional noise on the divided signal as a respouse to

the intensity fluctuation. These are special problems, due to the

time structure of a synchrotron which do mot occur at storage rings or

x-ray tubes.

8. Higher order Bragg reflections

Photons of higher order Bragg reflections usually yield a monotonous

background in the transmission spectra that influences the amplitude

of the FXAFS signal in the same way as inhomogeneities in the

sample. Additional slructute can occur il there are absorption

edges at the n~fold enecgy. The intensity of the nth order

signal is, however, much lower than the [irst order signal for

the tnllowing Teasons:

The integrated intensity of the higher order light is

proportional to the width of the diffraction pattern of the
. . . 2 -

crystal which is proportional to l/n” (n is the order of the

reflexion).

The intensity is proportional to the atomic form factor

which decreases with increasing energy and to the structure
factor which may be zevo for specific orders, e.g. for sccoud
order of Ge and Si in all odd indexed net planes such as I1tI,

311, ete.

The intensity of the SR drops with increasing energy {cf. Fig. 2).

This is only partly compensated by the decreasing absorption of the air.

The efficiency of the detectors decreases with increasing energy,

" the efficiency  being the ionisation current per incident photon:

ek (1= e B dsy

where T Ls the photon energy and u(E) « E_3 not too close to the
absorption edges. For the signal chamber with 847 absorption in

first order (vptimum value) the energy being one, it is 0.49 for



second, 0.24 for third, 0,135 for fourth, il no absorption edges

are present in the gas in this energy range.

This means for instance that for Ge 111 at 10 keV first order cnergy
the ionisatien current of the third order should be smaller by a

factor of 0,002 for all gases. 1f in this case a sample with +d~ 2
for first order is measured,which has practically no absorption at

30 keV, the ratio of third order signal to [irsy order signal should be
0.02. This is equivalent to a fraction R =0.27 of holes in the sample
which leads to a decrease of the EXAFS amplitude of no wore than 1Z.
Such effects were not investigated systematically. However, (or Lhick

samples (pd 24) they were seen Lo be prohibitive.

9, Summary

A device has been built up to take advaniage of the high intensity
x-radiaLion of Lhe DESY for measuring the EXAFS, Within 15 win,

103 data peintSswith about a factor of 10 better signal to noise

ratio, a factor 150 shorter run time and a factor af 2 better in energy
resolution can be measured compared tu a 12 kW rotating anode x-ray
generator. The apparatus has been successfully vsed for a number of
experiments. It offers the advantage of sttongly polarized radiation
which makes also direction dependent structure analyzing by EXAFS
possible. Due to Lhe high crergy resolution the instrument may also

be used for near- edge-structure investigations.
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Fig. |

Fig. 2

Fig. 3

Fig. &4

Fig, 5

Fig. 6

Fig. 7
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Figure Captions

Absorption of Ir0, at 77 K at the Ir Ljyy-edge. Fig. 8

Calculated photon flux of DESY through z 30 om

wide, 8 mm high window at z = 40 m from the source
point vs. photon enmergy, for different maximum encrgles
compared to the flux of an x-ray generator into the

same solid angle. Fig. 9

Schematic diagram af the experimental setup.
Fig. 10O
pefinition of the coordinate system for phase space
representation., The origin (source point) lies on the
equilibrium electron orbit at its tangent point with

the center of the beam pipe.

Representation in phase space of the vertical compenent
of electron (dashed) and 13,5 keV x-ray beam (solid ellipse)
half-width line. The hatched area between the straight

lines is transmitted through the 2 mm slit at z = 37 m.

Calculated values for: a) vertical angular widch oy’

(fwhm) of the x-ray beam (13,5 keV) and ) the corresponding w-ray
flux and ¢) degree of polarization behind slit at z = 37 m

with vertical width d at 7,2 GeV elcectron energy anc 10 keV

photon energy.

Horizontal phase space component of x-ray beam. Solid

cllipse at z = 0, dashed ellipse at z = -12,5 cm. The
hatched area between the straight lines is transmitted
through the 30 wa slit at z = 37 m. The dot-dashed lines

are the half-width lines of the superposition of the ellipses

at all z values.

_17-

Components and their quadratic sum (solid lines)

of the energy resolution due to the rocking curve
width of the crystal (dashed lines) and due to the
vertical divergence Ay' of the beam (doited lines)
versus transmitted energy for Ge 111 and §i 220.

Absorption spectrum of KoCrdy at the Cr K-edge.

Ratio of measured Lo actual amplitude of x(k} vs.
inhomogeneity of the sample thickness in terms of the
percentage R of the sample area covered by holes.
Calculated tor different sample thicknesses p-d for

E>F and a ratio of y{E<Egqge) fu (E>Eedge) =

edge
0.155 corresponding e.g. to the K-edge of metallic

COpper.



SOl

L

(A2X)3

Sl

0Cx

¢04]

vvvvvvvvv

2
o,
N

o

£ 10

t

S 10

210 72GeV |

Q

E 109; 6Ge

O

%108‘ 5GeV
107 4GeV
106
10°|

bremsstrahlung
3l e e Lot

107 10

Fig. 2.



{y

electron orbjt

ionization chambers
entrance slit exit slit sample ] :
Emonochro \| P t
N — _ A—H l
- X - AR B
peam pipe / 3 — o
Be—windowd 1
step curr.
motor amp,
concrete shielding
‘Of) PDP 1BM
~ 8/e 370/168
1 DEC voltage/ voltage/
tape driver frequency | | frequency
I converter convertﬂ
L { driver ’
\ scan ) signal reference
controller scaler J scaler
OO roe DU
8/e inter-
DEC faces
tape
Fig. 3




0 81y

0S

00l

Y'(mrad)

Fig. 5



AE
| 10 \ (eV)
| X'{mrad) \ '




(A®)3

0l

.

0465

0009

7040%)

.._.. -
"o L
S,

0S09

50% |

0%

0%

Fig. 10

5

0%

15%



