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Scattering Processes

Synchrotron Radiation Induced X-Ray Emission (SRIXE) is an analytical technique for trace
element measurements^1'2'3'*'5'''7^. In short it is x-ray fluorescence with electron storage ring
generated x rays (i.e. synchrotron radiation). When used for fluorescence, synchrotron
radiation has many advantages over tube generated x rays. The advantages of synchrotron
radiation include extremetly high intensity and high degree of polarization of the x rays. The
polarization properties of the x rays can be utilised to reduce the amount of x rays scattered
into the detector therefore reducing the background in the spectra.

The energies of x rays that we deal with in SRIXE are in the keV and tens of keV
range. Therefore only x-ray interactions with atomic electrons need to be considered in this
work. When an x ray in the keV range interacts with an atom it can remove an electron, i.e.
the photoelectric effect, or it can scatter. Scattering is either a coherent or an incoherent
event. Coherent scattering can only result in a change of direction of the photon, that is
scattering without a change of either the phase or energy of the photon. Hence, the coherent
scattering is necessary for x-ray diffraction. The incoherent scattering results in a change
of phase of the photon and, in this energy range, a measureable energy shift. Incoherently
scattered x rays cannot result in x-ray diffraction. Since the scattering of x rays is a major
source of background in SRIXE spectra, the scattering affects the minimum detectable limits
(MDL's) available with the technique. Understanding the scattering processes and how far
the scattering can be reduced is important. Since we will always have some level of scattered
radiation, it is important to consider whether the scattered radiation can be utilized for some
aspect of the analyses. In many SRIXE applications, especially those biological in nature,
the thickness and mass of the samples are small so there is little attenuation of the x-ray
beam. Therefore fluctuations in the thickness need to be accounted for. It is proposed to
use the intensity of scattered radiation for this purpose.

As an example, a typical measurement made at our SRIXE beam line (X-26) at the
U.S. National Synchrotron Light Source at BNL with unfocussed "white" radiation (that is
no monochromation of the x rays) 20 meters from the storage ring uses an apertured beam
between 50x50fim to 250x250/tm. Biological samples are usually sectioned to thicknesses
between 10 and 30 fim. Such thin sections pose problems for normalization of fluorescent
peak areas since regional and sample to sample fluctuations in sample thickness may be
significant with respect to the nominal thickness of the samples. If the attenuation is small,
scattered radiation can be used to monitor the fluctuations in thickness since the number
of scattered photons is proportional to the number of incident x rays and the number of
electrons in the sample within the beam spot.

One of the assets of synchrotron radiation is that it has an inherently high degree of
linear polarization in the plane of the electron orbit. This simply means that there is a
net alignment of the electric field vectors in a particular direction. If the electron beam
in the storage ring would be a line source then the x rays would theoretically have 100%



of their electric field vectors in the plane of the electron orbit. The terms "parallel" and
"perpendicular" are actually determined by placement of a detector with respect to the net
polarization of the photon beam. For synchrotron radiation the "parallel" direction is defined
to be when a detector is placed in the plane of polarization. The "perpendicular" direction
is 90° out of this plane. By placing the detector in the plane of polarization the amount of
radiation scattered into the detector can be greately reduced. For linearly polarized x rays,
the basic equation ruling this behavior is:

da ,
- « co, a (1)

where cos(a) is the scalar product between the electric field vectors of the incident and
scattered x rays. For parallel scattering a is equal to the scattering angle so -^ = 0 directly
into 90°. For perpendicular scattering a is always 0° so the scattering is isotropic. Since we
can assume the photons are linearly polarized, the effective cross section is simply a sum of
(1) the cross section for "parallel" scattering weighted by the fraction of electric field vectors
projected onto the "parallel" plane, and (2) the cross section for "perpendicular" scattering
weighted by the fraction of electric field vectors projected onto the "perpendicular" plane.

The coherent scattering of x rays by free electrons is known as Thomson scattering and
the differential cross section is given by:

da it
—Th = K cos a (2)

Where r0 is the classical radius of the electron. The bound electron counterpart to Thomson
scattering is known as Rayleigh scattering and its cross section is given by the atomic form
factor approximation:

^ )2rlcos2a (3)

where f is the atomic form factor, q is the momentum transfer, q = " j* , 6 is the scattering
angle, and Z is the atomic number of the target. The true definition of f is:

f2 = W- (4)

Tables of f(q,Z) are generated from wave functions of the atomic electrons. When q= 0, f=Z,
and for large values of q, f approaches 0. Therefore the coherent scattering is strongly forward
peaked and becomes more so as the energy of the photon increases. Since the differential
Rayleigh cross section for 100% parallel polarized photons is 0 directly into 90°, we can
always improve our peak to Rayleigh scattering ratio as the detector aperture is reduced.
This is because the fluroescence radiation is isotropic and therefore is proportional to the
solid angle.

The incoherent scattering of x rays by free electrons is known as Compton scattering.
The cross section can be given by the Klein-Nishina formula:

+ 4 c o . a - 2] (5)



The Klein- Nishina formula is a modification of the Thomson formula. In the low energy
limit:

d(r(E = 0) da

~^r~KN = mTh (7)

The terms [-^- + -g H—2] are sometimes known as the "depolarization terms" since they
are independent of the polarization of the incident photons and result in a portion of the
scattered x rays being unpolarized. Because of these depolarization terms, the Klein-Nishina
differential cross section, unlike the differential Thomson cross section, is not equal to zero
directly into 90°. This means that in contrast to Rayleigh scattering, we will eventually
reach a limit in the improvement of the peak to background ratio as the detector aperture is
reduced. From equation (6) it can be seen that j£- is a slowly varying function of energy, and
decreases with energy. However, the sum of the depolarization terms increases as the squ&re
of the photon energy. The bound electron counterpart is sometimes known as " Compton"
scattering, "atomic Compton" scattering, "inelastic" scattering and "incoherent" scattering.
This cross section is given by the incoherent scattering function approximation, which is the
Klein-Nishina cross section modified by the incoherent scattering function S(q,Z):

5 ( Z ) ( 8 )

When the energy and momentum transfer is too small to excite an atom, the scattering
can only be coherent. When the energy and momentum transfer becomes large enough to
remove the electron, or move it to a more loosely bound state, the scattering becomes more
incoherent. Therefore the Rayleigh and atomic Compton scattering processes are competitive
processes. In calculating S(q,Z), the first order approximation is:

S = Z-f- (9)

The properties of S are such that S approaches 0 for small values of q and approaches Z for
large values of q. Tabulations of f and S can be found in references (8) and (9).

The main problem with this approach is that we have claimed that for any given Z,
the only variable needed to describe changes in f and S is the momentum transfer q. This
assumption is not valid in the vacinity of absorption edges and the errors introduced can
be large. The coherent scattering of x rays when the energy of the incident x ray is in the
vacinity of absorption edges is many times referred to as anomalous scattering^10'11'. The
problems of scattering when the energy is near an absorption edge also affects the incoherent
cross section.

One virtue of using synchrotron radiation for fluorescence is that the intensity of the
radiation is high enough that the radiation can be monochromated and still have useable
intensities of radiation. Therefore if we are analyzing a matrix which has major or minor
concentrations of elements that can be fluoresced, we can eliminate the characteristic radia-
tion of the major/minor element by tuning the monochromator to an energy just below the



absorption edge of that element. In this case, the photoelectric effect is not energetically
possible. However, the x ray can excite the electron into an unfilled bound state. We have
now created an excited neutral atom as opposed to an ion excited with an inner shell vacancy.
This results in an electronic transition that is the same as we observe in the photoelectric
effect, however, the energy of the photon is different due shifting of the electronic energy
states of the target atoms. This process is known as resonant Raman scattering. The x rays
emitted from this process are shifted to lower energies and have an apparently broad peaks.
The cross section for this scattering is large, larger than the Rayleigh or atomic Compton
cross section(12ll3).

As was discussed before, the scattered radiation can be greatly reduced by placement
of the detector at 90" to the x-ray beam in the plane of the electron orbit. Since the
scattering cross section is rapidly changing about zero with scattering angle in that plane,
the approximation, ;jfĵ > f°r * n e total cross section for scattering into a finite sized detector
aperture, is not valid. Therefore the cross section must be integrated over the solid angle
of the detector. The Rayleigh scattering cross section, integrated over the solid angle of a
circular aperture has been shown to be' \"

4 cos3* 2 cos st
o-fl = *»-2/2[(l - H2)( cost) + 2H2{~ + cos*)] (10)

° u A 3 3 3 3
where * = arctan(r/iZ), the detector aspect ratio, r = radius of the aperture, and R =
distance from the point of scatter to the aperture. The function H2 is determined by the
placement of the detector with respect to the point of scatter and with respect to the plane
of polarization:

1- H2 = 1- sin2 9* cos2 V-*

The angle 9* is the scattering angle and the angle V>* is includes the polarization of the
x rays and includes the placement of the detector with respect to the reference plane of
polarization.

As was illustrated in ref. (14), the integration of the atomic Compton cross section
over solid angle is not so easy since the integration is greatly hampered by the (-%-) terms.

However if we make the approximation that (jjf~) is a slowly varying function of angle, then
we can treat it as a constant with respect to the integration. In this case the atomic Compton
cross section can be approximated w i t h ^ :

°«C = r2
oS{q, Z)(eqn(12) + eqn(l3)) (11)

K 4 cos3 * 2 cos3 *
*(—) 2 [ (1 - H2)i cos*) + 2H2(- + cos*)] (13)

J\o 0 0 0 0



Using Scattered Radiation for Normalization

SRIXE measurements of trace elements do not determine elemental concentrations but rather
the number of atoms of a given element within the beam. In order to convert from the
number of atoms to concentration we must determine the total number of atoms in the
sample within the beam. This must be done either by calculating the number of atoms
on an absolute basis by or comparing to an appropriate standard. Since the amount of
scattered radiation is proportional to the number of electrons irradiated by the x-ray beam,
measuring the scattered radiation can be used to determine the actual sample mass in the
beam (thickness) or to monitor the fluctuations in the mass (thickness). Now we must
consider some of the pitfalls involved with attempting to measure and use the measurements
of the scattered radiation.

If we try to calculate the total number of atoms within the photon beam we must rely
on a measurement of both the amount of scattered radiation and the number of photons
that struck the target. For our particular beam line, the x-ray beam intensity is monitored
with a helium filled ionization chamber from which only current is measured. Helium is used
because it is the only gas that is linear with the beam intensity in this intensity region. While
ionization chambers are useful as relative intensity monitors it is very difficult to extract
exact white light "intensities" from them since white light implies a broad energy spectrum
of the photons. First problem is, each energy photon interacts differently with the gas in the
ionization chamber and we only measure a current from the chamber, but not a spectrum.
Second, helium itself is problematic since small amounts of contaminating gases can provide
contributions to the current signals that are significant compared to the contributions from
the helium itself. Third, we do not know the energy distribution of photons in the ionization
chamber, even if the theoretical calculations of the x ray emission from the electron beam
are exact. The photons in our beam line pass through two beryllium windows of 250 fim
nominal thickness. These windows, which are common in x-ray synchrotron radiation work,
separate the experimental vacuum system from the storage ring vacuum system. These
windows help protect our experimental system from what is happening on the other side of
the shielding wall. The uncertainty in the thicknesss of the beryllium windows are 10%. The
current from the ionizaiton chamber is proportional to the integral of the energy distribution
weighted by the cross section for the photoelectric effect and the incoherent scattering cross
section. The photoelectric cross section is highest where the uncertainty in the intensity,
due to the uncertainty in the thickness (and oxidation) of the beryllium widnows, is highest.
This aspect alone results in uncertainties in the absolute "intensity" of at least 20%. Fourth,
the accuracy of the absolute scattering cross sections (for scattering by the target) need to
be questioned. There is no "rule of thumb" as to a general level of accuracy of the cross
sections since there is energy, angle, and Z dependence on the cross sections. The estimates
of accuracy range from less than 1% to sometimes as high as 30%. The particular tables of
scattering functions give estimates of expected accuracies of the tables for several energy and
Z ranges. Fifth, in order to determine the scattering cross section we must assume both a
major and minor element composition of the target and the polarization of the x-ray beam.

From these arguments we must conclude that the errors in absolute calculations of the
number of atoms within our (white light) beam would be much larger than what would be
acceptable for normalization. Therefore normalization to scattered radiation should be on a
relative or comparative basis.



With equations 10 and 11 we can assess errors from our knowledge of the absolute
polarization (SP about P) and absolute placement of our detector (60* about 9* and Sip*
about V1*) • One significant source of error is from our knowledge of the polarization of
the x-ray beam. If the x-ray beam has a polarization of 98% i 1% then the uncertainty in
measuring the scattered radiation at 90° is 50%, just from the uncertainty in the polarization.
This is because the scattering is totally dominated by the perpendicular component of the x
rays. The total scattering cross section is determined by (0.02 ± 0 .01)^. Even if the beam
is 95% polarized a 1% uncertainty in knowing the polarization results in a 20% uncertainty
in the measurement of the scattered radiation. Therefore measurement of the scattered
radiation should not be made with the same detector that the fluorescence radiation is
measured with.

Measuring scattered radiation at forward angles is a measurement of the coherently scat-
tered radiation. Measurement of coherently scattered radiation from organic materials in the
forward direction should be avoided since there are problems with diffraction effects*17'. For
normalization purposes the incoherently scattered radiation should be measured at backward
angles in order to achieve the lowest level of errors^18'.

Conclusions

The scattering of x rays is the major source of background and hence is a limiting factor-
in the minimum detectable limits available with SRIXE measurements. The scattering can
be utilized for normalizing the net peak areas to fluctuations in sample thickness or mass
on a relative basis or on a comparative basis. Even then measurement of the scattered
x rays should be made at backward angles. Measurement at forward angles should be
avoided because of diffraction problems. The uncertainites in the measurement of an absolute
"intensity" of the x fays can be extremely large.
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