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Radiation X-Ray Spectra for Absolute XRF - Trace Element Detection
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Inst, f. Anorganische und Angewandte Chemie
Universitlit Hamburg, 2000 Hamburg, FRG

Abstract

In the ¥-ray enargy range the principal caleulability of the
synchrotron radiation flux-density and polarisation spectra ia
limited in practice by the fact that the essential parameters

of vertical electron beam cross-section and -divergence are not
well known due to instabilities that can occcur at higher etored
currents, This difficulty in caleulating absolute X-ray spectra
from first principles can be overcome by a semi-empirical method:
By a polarisation measurement over a large energy range, effective
electron beam parameters can be defined that lead to reliable cal-
culated Y-ray flux-density and polarisation spectra. With these
data experimental scattering spectra could be verified extremely
well on an absolute scale over an energy range of £ keV to 35 keV.
This is a necessary premise for the development of a method of
absolute mase determination from XRF - spectra with synchrotron
radiation excitation.

to be published in: Nuclear Instruments & Methods

Introduction

The synchrotron radiation emitted by an assumed electron beam of zero
cross-section and divergence in a storage ring has a well-known spectral

and angular intensity and polarisation distribution. These angular distri-
butions are centered in the direction of electron momentum and have half-
widths of the order of 0.1 mrad in the X-ray energy range. In a real storage
ring the electron beam itself has a finite spatial and angular density.

Its angular half-width is usually also of the order 0.1 mrad and also the
ratio of its spatial half-width (beam-diameter) to distance source to

experiment is usually of this order in X-ray rings.

Therefore size and divergence of the electron beam have to be included
into the calculation of synchrotron radiation X-ray flux density and pola-
risation. This applies especially for intensities in cases where large
angle scattering in the orbit plane occurs, so that strong polarisation
corrections have to be included due to the linear polarisation of the
X-rays (scattering background in XRF-measurements, energy-dispersive

scattering intensities).

Quantitative description of a storage ring A-ray source

In principle the source can be described as a density function in a phase-
space with three spatial and three momentum dimensions. In most Cases only
small parts of the total electron orbit contribute to one experiment, and
the radiation is emitted only into directions close to the tangents of the
ideal orbit, Therefore, it is useful to define the coordinates given in

Fig. | for the description of the source.

A simple calcul.:ionz shows that the time averaged effective SR-source

is approximately homogeneous in the horizontal angular coordinate (x')

and that only a short z-range contributes to the source, if - as usual -
the experiment accepts only a few mrad of horizontal divergence. Therefore,
the z-dependence of the source parameters can be neglected apd the x'-depen-
dence approximated as constant. The source can be described assuming

Gaussian distributions in all remaining variables --2:



N c. Byln2 ri 2 (y'sy a /B )
= exp =In2 . (_!?_
axayax'oy' Wy ? T,/8, 7
¥in2
i~ (=In2 . n) )
o 0

where X and y, are the hwhm of the distribution at x' = 0 and y' = 0.

a and 8 are electron optical parameters (see e.g. Grun )y which result

from the magnet lattice of the storage ring. The parameter & describes
convergence or divergence of the electron beam depending on its sign

similar to the covariance of y and y', whereas B can be viewed as
determining the ratio of spatial to angular width of the vertical
distribution. The values for Xy @, £ and ¥y, vary alongthe electron orbit.
Obviously the horizontal variables give a simple intensity factor proportional
to the horizontal width of the entrance slit and are therefore no longer
discussed here.

This distribution (1) has to be convoluted over y' with the polarisation
components of the photon emission probability. Programs for the emission
probability are available at every SR-centerl'.

The photon phase-space density can now be projected to the experiment in
the distance z from the tangent point by

pabis o S

and integrated over the remaining variables y, y' in the limits of the
entrance-slit system of the experiment to yield the photon flux into the
experiment. This caclulation was done for a rectangular entrance slit of
0.5 mm height and 2 mm width at a distance of 34 m from the tangent point
of DORIS (beam Fl)., A number of values for the vertical beam size Zyo

were used, as - is not well known at the interesting high values of stored
current (50 to 100 mA) in nous’. The calculation was done for the two
polarisation components and the resulting degrees of linear polarisation

P = (I;-ly) / (lxﬂy) as functions of the photon energy shown in Fig. 2

as dotted lines.

The total photon fluxes Ix”y behind a small slit and the vertically pola-
rised components are shown in Fig, 3, The significant influence of the ver-
tical beamsize Zyo also on the total-flux-spectra is obvious, In order to

get a measure of Yo the following experiment was designed.

Measurement of the degree of linear polarisation

Using a circular aperture of 0.5 mm in diameter, a scattering experiment
was done on a mixture of gaseous "2 and Xe. The sample was contained in
a sample chamber which is sketched in Fig. 4. The scattered and fluores-
cent (Xe K- and L-lines) X-rays were measured with a rotatable Ge-detector
over the energy range of 2 to 40 keV in horizontal and vertical direction
with 30 mrad fwhm collimation. The sample chamber was carefully aligned
parallel to the beam and into the center of gravity of the original X -ray

beam by He-ionisation chambers designed for this purpose.

Possible geometric effects that might degrade the intensity ratio between
vertical and horizontal observation can be cancelled out by evaluating the

(unpolarized) fluorescence radiation of the Xe-K lines and calculating

o - (§i 0/ (-Y—
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where § are the scattering count-rates and F the fluorescence count-rates
in the vertical and horizontal spectrum (y and x respectively). In our
data sets, however, F‘ and Fy only differ by less than one percent after
live-time and beamcurrent correction, which indicates good alignment. Two
original spectra are shown in Fig. 5. The smoothed resulting Pup (E) is
shown as solid line in Fig. 2. The accuracy of P“p is estimated to be
better than + 1% in the energy range shown. It indicates a value of Zyo
= 1,5 mm + 0.1 mm.

Test of the calculated semi-empirical flux and polarisation spectra by

comparison with a scattering experiment

A scattering experiment on a 0.95 u/mz Kapton foil with scattering angle
90° in the orbit plane was performed in He-atmosphere in the X-ray
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fluorescence set-up for trace analysis exparimentsb. The beam passes
through a Be window of 0.4 mm thickness, a 0.026 mm Al window, and

0.9 m of He-atmosphere onto the sample at 45° angle of i1ncidence.

The configuration is shown in Fig. 6. The scattered radiation was
monitored with a 5.0 mm thick Si (Li) detector. The circular primary
aperture positioned in a distance of 350 mm from the sample has 0.2 mm
diameter aud the detector aperture 4,0 mm in a distance of 35 nm from
the sample. The detector window consisted of 0.047 mm Kapton plus & mm

air and 0.05 mm Be.

Again the assembly was adjusted parallel to and into the cealer of the
beam using the monitors shown in Fig. 6. Using the data shown in Figs.
2 and 3 oue can now calculate the expccted scattered vount-rate per

100 mA stored current.

The total scattered intensiLy I (E, 900) in X-direction (G = 900) Wids
calculated in nonrelativistic approximiLion (photon energies E << 511 keV)
as:
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where 1 is the incoming intensity, r is the classtcal electron radius,
r the distance from sample to detector. FZ is the atomic form tactor and
Sz the inelastic scattering factor both taken from Ref. 7, a, the areal
mass density and AZ the atomic mass number of the scattering atom specics
with atomic number 7. I. is Loschmidt's number. The sum (2) was evaluated

for C, N and O.

After putting in aperture areas, absorption correction for the detector
windows, efficiency correction for the detector and energy calibration,

the count-rate per channel at 100 mA and 0% dcad time was calculated.

Selfabsorption in the sample, the hydrogen—component of the Kaptun,
scattering due to the in-plane compouent lx of the incoming beam and the
Compton wavelength shift were neglected as small cotrections.The structure
factor ol Kapton was ignored as it is not readily available, although

its effect on the scattering count-rate reaches 10% (see Fig. 7).

OQut of similar reasons the fluorescence of impurity traces in Lhe foil

and the detector background were ignored in the calculation.

Calculation and measurement agree extremely well within the mentioned
restrictions as is shown in Fig., 7. The largest sources of error are

the effective size of the primary aperture, and size and distance of the
secondary aperture, The tolal experimental error is estimated to be

smiller thaon 25%.
Discussion

The vertical shape, size and divergence of the electron beaw, which are
essential for photon flux and polarisation of synchrotron X-radiation
behind small vertical slits, are mot well known in the region of maximum
stored current due to insLahilities? Although optical imaging of the DORTS
source indicate a rather complicated dnuhlc—strucLure8 in the vertical
dinension, the use of simple Gaussians for the spatial and angular electron
distributicons together with the concept of defining an effective vertical
beam diameter by a polarisatjon measurement, yields reliable calculated
spectra of flux density and linear polarisaion. The accuracy of these data
was tested by absclute measurements of the scattered intensity off a Kapton
foil. The results agree very well over the whole energy range within an
estimated maximum error ol 257, which is mainly due to uncertainties in

the peometry factors aund may be further improved.

This result enables absolute mass determination from X-ray fluorescence and
scattering spectra with synchrotron radiation. The dependence of the vertical beam
diamcter - on the beam current and its transition to the well-known value

in the "low current” limit is subject of further investigation.
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Fig. 6:

Fig, 7:

Figure Captions

Coordinate svstem lor the description ¢f the DORIS source.

Calculated (circles) degree of lipear polarisation of DORIS-Fi-
X-ray beam wilh 1,5 sm vertical aperture cenLered in the orbit
planc for different diameters Eyn of the clectron beam versus
photon energy. The calculaticn was done for the electronbeam
parameters Ee = 3.3 Gev, @ = C.08 and & = 8.0 m.

Tull line: result of measurement (see section 3).

Calculated tolal tlux speclra in phetonsfeV/s {(upper curves)
and vertically polarized component (lower curves) through

a 0.5 mm high and 2 mm wide slit centered ir the orbit plane
of DOR1S z2L beam Fl in 34 w distance freom the tangent point
for diilerent electron beam diameters 2yo. Otuer parameters

as in Fig, 2,

Sample chamber of polarisation measurement (drawing not to scale).

Original spectra of NZIXe mixture normalized to stored electron

current and livetime in x- and y-direction.
Schematic view of the XRF-experimeunt.

Calculated (circles) and cxperimental (solid line) scattered

intensity from a Kapton polyimid film in beam Fl.
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