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Abstract. The KL,3 (o),,-lines of YK, the LiM,s (a)2-lines of ®Cd, and the M5Ng 7
(o), 2-lines of 2U are lines of comparable energy in the region of approximately 3 keV. In
none of these cases were we able to resolve the three doublets when recording the spectra in
first order Bragg spectrometry using a PET crystal as the dispersing element. For the purpose
of enhancing the resolving power of the spectrometer, the three o spectra were recorded in
second order reflection, thereby transferring the lines into another spectral region dominated by
X-ray quanta of half the energy. In order to achieve high net peak intensities as well as a high
peak-to-background ratio and, consequently, a high level of detection capability, the
discriminator settings should be optimized quite carefully. In this manner, we were able to
resolve the three o doublets and estimate op/o; intensity ratios. Inexplicably, current
monographs, e.g., by Goldstein et al, do not contain any indications about the rational use of
high order spectrometry. Only a few rather old monographs contain some hints in this regard.

1. Introduction

Compared to energy-dispersive X-ray spectrometry (EDS), wavelength-dispersive X-ray spectrometry
(WDS) provides a better energy resolution and, consequently, a higher sensitivity for the detection of
trace elements. However, WDS measurements are more time-consuming and also more complicated
than EDS measurements because the measured WD intensities depend on a number of circumstances
which can be neglected in ED measurements. For example, EDS spectra are completely free of
influences caused by high order reflections. Most of the aspects described in connection with high
order reflections focus on their disturbing effects. Here, the interference possibility of a given
characteristic X-ray line with one originating from high order reflections is discussed initially. In fact,
this aspect is problematic, particularly in the field of light element analysis, because often only one
usable X-ray line is available. To give an example: In the analysis of boron doped silica, the boron
KL; (a)-line at 183 eV interferes with the third order reflection of the oxygen KL; (a)-line with an
energy of 525 eV. Normally, the high order reflections can be efficiently discriminated by using the
pulse height analysis mode. However, especially in the example mentioned above, it is sometimes
tricky because of the spread pulse height spectrum of the soft boron K-radiation [1].

On the other hand, there are quite useful applications of high order reflections. For instance, a
precise calibration of wavelength-dispersive X-ray spectrometers can be achieved using one and the
same element and measuring the spectra in first, second, and third order reflection. Furthermore, in
the simultaneous quantitative analysis of trace and major elements, the strong line intensities and
subsequent high count rates of the major elements can be reduced by falling back on high order
spectra, the intensity of which is only a fraction of those of the first order. But perhaps the most
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important reason for using high order reflections is the possibility of improving the resolving power of
a given WD spectrometer and consequently enhancing the line separation.

Unfortunately, information about useful aspects of high order WD spectrometry can only be found
in a few rather old specialized books, e.g., by Miiller [2] or Jenkins [3]. In the current monographs by
Reed [4], Scott ef al [5], or Goldstein et al [6] this topic is completely lacking.

In two previous works, we studied the M-spectra of ®Er [7] and **U [8], and have already briefly
reported on the potential of high order spectrometry. In the present work, we aim to illustrate the
resolution enhancement in particular. We will propose a strategy to determine optimized discriminator
settings, which are a basic requirement to achieving high peak-to-background ratios and a level of
detection capability which is comparable to that provided by first order spectrometry.

2. Experimental method

The measurements were carried out using a JEOL JXA-8800L microprobe analyzer (Jeol Ltd., Tokyo,
Japan). The take-off angle of this instrument is 40°. All spectra were recorded using a PET crystal
with a periodicity of 2d = 8.742 A as the dispersing element. The L-value range of the WD
spectrometer used is 55 mm < L < 255 mm. Thus, the detectable energy with the PET crystal ranges
from 1550 eV to 7200 eV according to equation (1).

o _12398-R
©d-L (1)

The numerical equation (1) was derived from Bragg’s law and the Rowland circle conditions for the
WD spectrometer used. Here, E [eV] is the radiation energy, L [mm)] is the L value, R [mm)] is the
diameter of the Rowland circle, and d [A] is the periodicity of the dispersing element. For the
spectrometer used, the diameter of the Rowland circle is 140 mm.

The energy of the exciting electrons, E¢, was set to 20 keV in all measurements. The probe current
used was, depending on the sample and the reflecting order, in the range between 10 nA and 1 pA. In
order to reduce the sample strain, the probe diameter was widened to 100 um. The effect of beam
widening concerning potential spectra deterioration was carefully proofed previously by a series of
measurements with different probe diameters. Here, spectral changes are vanishing for probe
diameters below 200 pum.

If the PET crystal is used, the X-rays in our microprobe are detected by a sealed Xe-filled
proportional counter (XPC). Nearly all WDS spectra were recorded in the differential pulse height
analysis mode. But in order to determine optimized measuring conditions, spectra were initially
recorded in the integral mode. The XPC voltage and the gain of the pulse amplifier were selected in
such a manner that the mean pulse height of the detected X-ray quanta was 4 V.

As standard samples we have selected the three elements potassium (’K), cadmium (*Cd), and
uranium (**U), which exhibit intensive (K, L, M)a,,-doublets of nearly comparable energy. The
relevant line energies, taken from the compilation tabulated by Bearden [9], are summarized in
Table 1.

With the exception of potassium, pure element metal standards were used. Nearly all metals have a
more or less strong tendency to oxidize. By grinding the samples immediately before the
measurement, we were able to strongly reduce the *O Ko-intensity to a negligible level. For the
potassium measurements a polished KBr sample was used. This sample was, in order to avoid
charging effects, coated with approximately 20 nm of carbon.
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Table 1. a,,-line energies for the K-radiation of K, the L-radiation of
Cd, and the M-radiation of U (values are rounded to full eV; data
taken from [9]).

Transition/Line " Potassium BCadmium *?Uranium

KL; (o) 3314 eV - -

KL, (o) 3311 eV - -
L;M;s (o) - 3134 eV -
LsMy (o) - 3127 eV -
M;sN7 (o) - - 3171 eV
M;Ng (o) - - 3160 eV

3. Results and discussion

3.1. Resolution enhancement

In figure 1 the energy difference AE = E(a;) - E(a,) for K-, L-, and M-radiation versus the atomic
number Z is shown. In the classic compilation by Bearden [9], separated energies for a,;- and o,-lines
are listed first for Z > 12 (K-radiation), Z > 36 (L-radiation), and Z > 73 (M-radiation). As illustrated
in figure 1, AE rises rapidly with increasing Z. The elements used in this work are marked by dotted
lines. Here, the energy difference ranges from 3 eV for potassium up to 11 eV in the case of uranium.
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Q! : ‘ " * o . . .
. &  *a My number Z. AE rises rapidly with
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o 10 20 s 40 s e 70 s s 10 Increasing Z. The line energies were
atomicnumberz  taken from reference [9].

In none of these cases were we able to resolve the (K, L, M)a, ,-doublets into their components
when recording X-ray spectra in first order reflection with our setup. The resolving power of a given
WD spectrometer is mainly determined by the crystallographic perfection of the dispersing element
used. Furthermore, a high dispersion, D = A0/AX, of this element is crucial for sufficient line
separation. More details in this regard can be found e.g., in the monograph written by Reed [4].

Nevertheless, using a given setup, it is possible to enhance the spectrometer resolution
significantly. For instance, one can narrow the entrance slit of the detector in order to exclude
reflections originating from the parts of the crystal which are outside of the Rowland circle plane.
Another, more powerful way involves the use of the nonlinear resolving power of Johannson-type
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WD spectrometers. In order to illustrate this point initially, one has to consider the spectrometer
position of the radiation of interest. The energy of the (K, L, M)a, »-line doublets of the three elements
used in this work is comparable in the range slightly above 3 keV. According to figure 2, the
spectrometer position of the radiation of this energy is — using our spectrometer setup — between
120 mm <L £ 125 mm.

©
L

energy / keV
o ~
1 n 1

PETJ energy: range vs. L-value 3
2d(PETJ): 0.8742 nm

54
44 .
1* orde
I TSI T ! - L L B
2_- E \ - Figure 2. Dependency of the detectable
] i T energy range versus the spectrometer
1 i © position. The curve was calculated using
o : equation 1. The  approximate
0 10 10 20 o280 spectrometer position of the lines of

L-value/mm interest in first order reflection is marked.

By recording the X-ray spectra in second order reflection, they will be transferred to twice the
initial L value of the first order into a region in which X-ray quanta of half the energy are normally
detected. This means that we will find the second order reflection of the three line doublets between

240 mm < L <250 mm. In order to better understand the advantageous consequences of this, one has
to differentiate Eq. 1.

AE —~397099
Ab _ T2 2
AL L’ @

In this manner, one is able to calculate the energy difference, AE, for one fixed increment, AL. In
figure 3, this has been done for a typical interval of AL = 100 um.

f(L)
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AL was set to 100 ym

Figure 3. Dependency of the energy
difference, AE, from the spectrometer
position, calculated for a fixed interval
; of AL = 100 um. The lines of interest
5 10 e a0 Ty In first (dashed-dotted) and second
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The curve shown in figure 3 makes it clear that the theoretical energy resolution of the lines of
interest in the frame of the measurement conditions in first order reflection cannot be better than
nearly 3 eV. In contrast, by changing to second order spectrometry and thus shifting the spectra
towards larger L-values, the resolution limitation can be lowered to approximately 0.5 eV.
Consequently, in second order reflection a given X-ray spectrum extends a much larger L-value range
than in first order reflection and the line separation is greatly improved. In practice, the measured
energy resolution is — as already mentioned — determined by several additional aspects. It is generally
much worse than the theoretical considerations. One option for an experimental approach to
estimating the real spectrometer resolution as a function of the L-value is to measure one and the same
element in first, second, and third order reflection. Then, one can determine the full width at half
maximum (FWHM) of a given X-ray line as a measure of the resolving power. Suitable lines for this
purpose are K-lines initially because they are narrower than both L-lines and M-lines. Figure 4 shows
the natural KL; (a,)-line widths (FWHM) of the elements 10 < Z < 30. These values were taken from
reference [10].
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atomienumber2  data were taken from Krause et al [10].

One element usually used to specify the resolving power of energy-dispersive X-ray spectrometers
is Mn. Mn is also suitable for the specification of a WD spectrometer. The energy of Mn-Kao, is
5899 eV, and that of Ka, is 5888 eV. Using the PET crystal our spectrometer is able to detect the
Mn KL, 5 (o ,)-radiation in first, second, and third order reflection. In this connection, it is assumed
that the actual spectrometer resolution is always worse than the natural *’Mn KL,3 (04)-line width.
Figure 5 shows the experimentally estimated FWHM values for the three reflection orders versus the
L-value.

The natural line widths of the *Mn K-lines were given by Krause to 1.48 eV and 1.50 eV,
respectively. The energy difference, AE = E(a;) - E(ay), is about 11 eV, and the relative line intensity,
ap/0y, is shown in White and Johnson [11] to be about 50 %. Consequently, the overall FWHM of the
unresolved Ka, »-line is expected to be significantly broader than the values for each single line.

In first and second order reflections we were unable to resolve the Mn K, ,-doublet. Here, we
have estimated the FWHM to 75 eV in the first order and to 10 eV in the second order. In third order
reflection we were able to separate the Ka,- and Kay,-line; thus, we have estimated the Ka; FWHM to
be approximately 3 eV. Here, one can directly compare the measured and the “true” line width and
thus estimate the resolving power at that spectrometer position. For the first and second order
measurement, the uncertainty is greater because of the unknown line width. Nevertheless, the second
order measurement, in which the Mn Ka, ,-doublet is still unresolved, indicates an overall FWHM of
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no more than 10 eV and this value seems to be mainly determined by the energy difference
AE =E(0;) - E(ay)

3.2. Discriminator settings

By changing from first to second order spectrometry, the lines are transferred to twice of the initial
spectrometer position. Here, normally X-ray quanta of half the energy are detected. In the case of our
standard measurements this concerns solely continuous bremsstrahlung and consequently the second
order spectrum involves now bremsstrahlung reflected in both the first and the second order. This fact
leads to a worsening of the peak-to-background ratio.

In order to enhance the detection capability of the second order lines, the counter settings must be
optimized quite carefully. For this purpose, we initially choose a sufficient gain according to the
energy of the detected X-ray quanta. Then, a so called high-voltage scan was performed to determine
the optimal detector high voltage. Thereby, a lower gain requires a higher voltage and consequently a
higher gain a lower voltage to achieve one and the same pulse height of the detected X-ray quanta. An
optimal combination of gain and high voltage for a given X-ray quantum energy leads in our
microprobe always to a mean pulse height of 4 V. A corresponding base level scan is shown in
figure 6. Here, the base line is set to 3 V, and the window width amounts to 2 V. Consequently, only
pulse energies within this window will contribute to the differential mode measurement.

e e e b by
168 B
120 r
80 - r
48 - i
S L O I O B
e ———————s Figure 6. Base level scan for second
Base Level Scan CH= 1 order ’K KL; (0)-quanta. The gain
Present 9.98 V @ count and the high voltage of the XPC were
Peak 4.0 V 156 count selected so that the mean pulse height

Base L. 3.88 (Y¥) Hindow H. 2.8@ (Y) High ¥. 1716 (¥} was4 V.
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In order to determine the optimized discriminator settings in the first step, we used the so-called
integral detection mode. In this step, a base line is set and all pulses above this base line contribute to
the measured X-ray spectrum. In our experiments we started at a low base level of 1 V.
Consequently, the resulting (K, L, M)a,; 2 second order spectrum exhibited a poor peak-to-background
(P/B) ratio because a broad bremsstrahlung spectrum (reflected in both the first and second order)
contributes to the measurement. Then, we increased the base level step by step and recorded X-ray
spectra after each single step. By doing so, we excluded radiative contributions step by step starting at
the low energy side of the incoming spectral range. This applies in particular to background radiation
of half the energy detected in first order reflection.

As a measure of optimisation, the product of P/B times net peak intensity (PBNP) was used. The
dependency of this value as a function of the base level setting is shown for the potassium
KL; (oy)-radiation in figure 7a. In addition, figure 7b shows the corresponding detection limit (DL)
for "K KL; (o,)-radiation in potassium bromide (KBr).

1000

8x10°

£ K Ka,; 2" order § K Ka,; 2" order /II
3
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> PN = 800 '
% ex10° . \ € /
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g /S Y % ®----l ) /
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o
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Figure 7a. P/B times net peak intensity Figure 7b. Corresponding detection limit of
(PBNP) versus the base level setting. The K-Ka, in KBr. Also here, an optimized setting
chart exhibits a maximum at a lower level of around 3 V can be observed.
3V.

The detection limits for each single step and for each single spectrum were estimated using
equation 3.

DL=3-\BG 3)

Here, BG is the background intensity [counts], and DL is the calculated detection limit [counts] which
is then converted into a concentration. To do this, the K-Ka,; net intensity is measured in relation to it
and normalized concerning the KBr stoichiometry. Both the PBNP chart and the DL curve indicate an
optimum lower level around 3 V. By further increasing the base level, a progressive discrimination of
the actual peak signal is carried out. Consequently, the PBNP course drops, whereas the detection
capability gets worse and worse.

In the second step of optimisation, the base level was set to the ascertained value of 3 V as done in
the first experimental step. Then, the window width was reduced step by step, and again here spectra
were recorded after each step. This strategy leads to a step-by-step suppression of the high energy
spectral part of the incoming radiation. The subsequent effect is expected to be much smaller than the
base level adaption implemented in step one because the high energy contributions belong mainly to
the second order spectrum. The results of this series of measurements are shown in figure 8a. At a
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decrease in window width, an increasing tendency can be observed in the PBNP value.
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This

behaviour can mainly be explained by a lowering of the background intensity and thus an
enhancement of the P/B ratio. When the window width becomes even narrower than 1.5 V, the PBNP
value drops immediately due to the progressive discrimination of the actual peak signal. Here, too,
detection limits were estimated for the K Ka,-radiation in the KBr compound. The course of the curve
mirrors inversely those of the PBNP value as shown in figure 8b.
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|2}
£ K Ka,; 2™ order
=3 L]
3 < differential mode
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> A NN lower level =3 V
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Figure 8a. P/B times net peak intensity
(PBNP) versus window width. The course
exhibits a maximum at 1.5 V.

3.3. Measurements

w
o
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Figure 8b. Corresponding detection limit for
K-Ka; in KBr. Again, the best detection
capability is achieved at a window width of
1.5V.

The KL, 5 (at);,-lines of 19K, the Ls;M, 5 (a); »-lines of 48Cd, and the MsNg 7 () »-lines of 2U recorded
in first (a) and second (b) order reflection are shown in figures 9, 10, and 11. The second order
measurements were carried out using the optimized discriminator setting procedure described in

section 3.2.
£ 1,8x10° m
5 1" order
3 KKL, (o, )
= 1.5x10° A
c
Qo
£ 1,2x10° / \
9,0x10° /
6,0x10* /
3,0x10*
KKO‘“
0,0 — —— —— —_—
3280 3300 3320 3340 3360
energy / eV

Figure 9a. Unresolved KL, (a);-lines of K
recorded in first order reflection. On the high
energy side of Ka, , the weak satellite line Ko 4
is observable.
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Figure 9b. KL, (a);,-lines of YK recorded in
second order reflection. Here, the Ka, line can
be clearly observed.
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Figure 11a. Unresolved MsNg 7 (o), 2-lines and Figure 11b. °’U M-lines recorded in second
MyNg (B) of U recorded in first order order reflection. Here, the MsN¢ (ap)-line is
reflection. visible as a low energy shoulder of MsN; (o).
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In the case of the second order measurements, we were able to resolve the (K, L ,M)a,; ,-doublets of
all three elements into their components o, and a,. This enabled us to estimate o,/a,; intensity ratios
and to compare these values with the established literature. Furthermore, we estimated FWHM data
for the unresolved o;,-doublets in the case of the first order measurements and for the separated
a;-line in the case of the second order measurements. All results are summarized in Table 2.

The FWHM data compiled in Table 2 show the resolution enhancement connected with the
transition from first to second order spectrometry. By shifting the spectrometer position to twice the
first order L value, we observed a FWHM decrease by a factor of approximately 3. The estimated
FWHM values agree for potassium and cadmium qualitatively well with the spectrometer performance
curve shown for Mn K-radiation in figure 5. For these two elements as well as the manganese, the
natural line widths are in a comparable range. Some data available in the literature are shown in
Table 3. Due to the lack of reliable data for Cd L-lines, we have used those of the neighbouring
element silver.
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Table 2. a;,-spectrometer position for first and second order, line widths (FWHM) and relative
intensities for the K-radiation of K, the L-radiation of Cd, and the M-radiation of U.

o,/ay intensity ratio [%]

X-ray line Order L value [mm]* FWHM ™ [eV] P\f:cfrelg t ht(e)rg}uelrrec
K-KL, 5 (1) 1 120 10 ;

K-KL,; (0t12) 2 240 3 50 50
Cd-LsMy s (042) 1 127 10 -

Cd-LiMys () 2 254 3 10 10
U-M;5Ng 7 (aLi2) 1 125 14 -

U-M;Ng 7 (1) 2 250 6 5 100!

* For second order spectra, the o-data are shown; ® values are rounded to full eV; °relative
intensities shown in [11].

Table 3. Natural line widths for selected K- and L-lines
found in the literature.

Natural line width

Element/line [eV] Reference

K-KLj (o) 0.89 [10]

K-KL,; (o) 0.89 [10]
Mn-KL; (o) 1.48 [10]
Mn-KL,; (o) 1.50 [10]
*Ag-L;Ms (o) 2.34 [12]
"Ag-L:;My (o) 2.20 [12]
U-MsN; (o) - -
U-M;5Ng (o) 3.40 [13]

? Instead of the Cd L-line widths, those of the
neighbouring element silver are shown.

In the case of K and Cd we can conclude that the spectrometer resolution limits the measured
FWHM values because the natural line widths are significantly smaller. It has to be said that in the
case of the first order spectrum of potassium, the relatively intensive KL, (a)-line contributes to the
line width of the unresolved doublet; therefore, it is expected to be somewhat broader than the single
a;-line. Because of the low relative intensity of La, and, in particular, Mo, the influence of these lines
on the FWHM of the unresolved a,; ,-doublets can be neglected.

In the case of U M-lines we have determined slightly broader FWHM values, which can mainly be
explained by the generally broader line width of M-lines. Unfortunately, we were unable to find a
reliable line width for the U MsN; (o,)-line in the literature. If one uses the energetic spread of the
participating subshells as shown in [13], one can estimate the FWHM for U-Ma, to be also
approximately 3.5 eV. For U MsNg (a,) a FWHM value of 3.4 eV is shown in the same reference.

Through the evaluation of the second order spectra we have estimated o,/a; intensity ratios which
are also shown in Table 2. However, according to the close energy proximity the determination of the
o, net intensity can only be a rough approximation. Nevertheless, our values for potassium and
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cadmium correspond well with literature references. In contrast, a great discrepancy was observed in
the case of uranium. We reported in a previous work about the possible causes of this [8]. A rough
prediction of relative intensities of characteristic X-ray lines can be made applying the Burger-Dorgelo
rule (Burger and Dorgelo, 1924). This approximation leads to a,/0; intensity ratios of 50 % for K,
11 % for *Cd, and 5 % for **U, which corresponds well with our experimental results. A short but
instructive example of such a calculation was presented in Reed (p. 300) in his monograph [4].

4. Concluding remarks

The resolving power of a given wavelength-dispersive X-ray spectrometer exhibits a strong L-value
dependency. If an X-ray line is detectable in first and second order reflection as well, one can reach a
significantly improved energy resolution by choosing the second order. It was possible in this manner
only to resolve the (K, L, M)a, ,-doublets of the elements potassium, cadmium, and uranium into their
components and to estimate op/a; intensity ratios. Except for the Ma,,-radiation of uranium, our
ay/a-intensity values correspond well with the data shown in the literature.

A significant loss of intensity is connected with the transition to the second order reflection, which
can, at least partially, be compensated by increasing the probe current. In addition, the background
intensity is increased because the bremsstrahlung reflected in first as well as in second order reflection
contributes to the measurement. Therefore, it is of great importance to optimize the discriminator
settings in order to maintain sufficient peak-to-background ratios and, consequently, sufficient
detection limits. By doing so, we were able to reach nearly the same detection limit for
K Kay-radiation in KBr in the second order spectra as in first order reflection. Consequently, it can
be concluded that the strategy of second order spectrometry can be a helpful performance gain for the
solution of tricky analytical tasks.
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