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Abstract
We examined the X-Ray fluorescence of zinc (Z = 28), copper (Z = 29), indium
(Z = 49), gadolinium (Z = 64), erbium (Z = 68), and lead (Z = 82) and 3 unknown
samples. After calibration we determined the samples to be iron, brass, and stainless
steel using the characteristic X-rays and well established X-ray data tables. We then
took our data tables and plotted the energies as a function of Z. Just as Moseley did
we fit the data to the fit function E(Z) = A(Z − σ)2 for the Kα lines. We looked into
two different cases for the electron screening term σ = 1 or σ is free parameter. For
the former we found the best fit was when A = 11.7 ± 0.1eV . The latter case gave a
fit of A = 10.40 ± 0.03eV and σ = −0.99 ± 0.04eV . In the appendix we also present
the fit for the Lα lines.
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1

Introduction

This experiment is designed to emulate the discovery of Moseley’s Law. We will first determine the X-ray spectra of six known and three unknown elements and verify them against
our data tables. Then we will use our data tables of the binding energies to find the best
parameter values for our fit function (see Eq. 1).

1.1

Historical Background

British physicist and chemist Henry Moseley first used X-ray fluorescence to make sense
of the periodic table of elements in 1913. By shooting X-rays at certain compounds he
observed unique spectra lines of the outgoing X-rays for each compound. He noted that the
characteristic X-rays for each element had an order to it. This order was already well known
by Dimitri Mendeleev’s periodic table of elements. Moseley was able to mathematical and
give physical description of the order of almost all available elements at the time, including
nickel and cobalt1 in the periodic table and predict two elements that had not been discovered
yet (Z = 72 and Z = 75).
Unfortunately, Henry Moseley was shot in the head by a sniper during World War I.
Moseley was 28 years old. Ernest Rutherford[2] and many others have said that he surely
would have been given the Nobel prize for his work2 . Neils Bohr commented that Moseley’s
work is truly what sparked the significant progress made in understanding the atom and not
the work of Ernest Rutherford. His work was significant proof that quantum mechanics of
atomic physics was indeed true. For it showed that all atoms of a specific element had the
same quantized binding energies for its electrons.

1.2

Physics of X-Ray Fluorescence

Electrons exist in orbital clouds around a nucleus. The larger the nucleus the more electrons
there are around it. Each orbital has a distinct potential or binding energy of the atom.
All atoms have the same orbitals 3 , but due to different number of electrons and protons,
orbitals of dissimilar atoms have different energies. If an electron makes a transition between
these states energy is released in the form of photons. These photons have a specific energy
for each transition so we can exploit this to determine the electronic composition of different
substances.
To do this we must first create a vacancy in an inner orbital. This is done by shooting
X-rays at the substance of high enough energy to fully eject the electron from the atom
(photoelectric effect), which can be seen in Fig. 1(a). After the high energy photon ejects
an inner electron the remaining electrons naturally want to transition into the vacant orbital
1

Nickel (Z = 27) and Cobalt (Z = 28) would have been incorrectly swapped if blindly placed by atomic
mass (instead of atomic number) on the periodic table. However, Mendeleev knew that would be the case
and correctly placed them and Moseley was able to physically describe why they must be swapped.
2
Nobel prizes are not given post-humously. One exception is that of Immunologist Ralph Steinman for
Medicine. He died hours after getting the call that he had won the Nobel prize. He has been the only
post-humuous Noble prize recipient.
3
By this statement, we mean that atoms of say Z = 2 and Z = 3 both have the 1s2 orbital in common.
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because it is of lower energy. During the transition the characteristic X-ray is released. The
type of X-ray is categorized by what orbital the vacancy is and what orbital the replacing
electron started in. Referring to Fig. 1(b) we see that there is two possibilities shown, either
the Kα or Kβ X-rays. The letter states what the final orbital of the electron (that produced
the X-ray) is and the subscript tells you how many orbitals it crossed to transition to the
vacancy. The subscript is given a Greek letter but it corresponds to α = 1, β = 2, γ = 3,
and so on.
Figure 1(c) shows the “waterfall effect” or the possibility of the original photon not
ejecting the inner most electron(s). We see that once the original vacancy is filled by an
electron it creates another vacancy. It therefore will have an even higher energy electron
transition into its vacancy and create another characteristic X-ray. However, these X-rays
are the L lines because the final orbital of the transitioning electron is the L orbital. The
vacancy will propagate itself until it is in the valence orbital. Analyzing the spectrum of
these characteristic X-rays shows one how the electron cloud orbitals are distributed around
any substance.
Figure 1: Diagram of X-ray fluorescence. [5] (a) A high energy photon ejects one of the inner
electrons creating a vacancy. (b) The vacancy is then filled by electrons of higher energy
orbitals. The transitions produce X-rays characteristic of to that element because of the
unique energy differences between orbitals in each atom. (c) The filling of vacancies cause
a waterfall effect. The vacancy is now in the next highest orbital (L) and higher orbital
electrons will transition into the new L vacancy and produce more characteristic X-rays.
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2

Procedures and Setup

The schematic of our experimental setup is shown in Fig. 2 below. We controlled both
the X-ray source (Mini-X X-Ray Tube) and detector (Amp-Tek XR-100CR X-Ray Detector
System and PX2CR Power Supply) through a desktop computer. The computer used MultiChanel Analyzer (MCA) Emulator software (MAESTRO) instead of using a standard pocket
MCA. We controlled the number and the energy of the X-rays by adjusting the current
and accelerating voltage, respectively. The source X-rays were then released through an
aperture giving the X-rays an outgoing angle of approximately 120◦ . These X-rays then
bombarded the samples and knocked out the inner electrons which consequentially produced
the characteristic X-rays described in the introduction. These X-rays are then detected by
the XR-100CR and then amplified by the PX2CR. The analog signals are also converted to
digital signals for the computer to understand. [5]

Figure 2: The schematic of our experimental setup. The connectors were BNC or LEMO.
The Mini-X X-Ray Tube was USB controlled. We did not use the PU Gate or the ICR. [3]
[5]

2.1

The X-Ray Source

According to the user manual the Mini-X X-Ray Tube is essentially a capacitor with a hole in
one plate (a cathode and an anode with a small hole in it). We adjust the voltage across the
capacitor to increase the momentum of electron. The higher the electron momentum when
5

it collides with the cathode filament (tungsten), then the higher energy X-ray is produced.
The X-ray is produced in a vacuum so the window of its aperture is beryllium because it
is very transparent to X-rays. Other materials would tend to absorb or scatter the X-rays.
For the higher atomic number elements we increased the accelerating potential to produce
energetic enough energies to knock out the tightly bound inner electrons. However, we did
not increase the amperage to get more source X-rays.[3]

2.2

The X-Ray Detector

The Amp-Tek XR 100CR is a semiconductor-scintillator X-ray detector. The specifications
can be found in the user manual. The scintillator is used to convert and multiply the incoming
X-rays to visible light so that the photo-diode can register it as seen in Fig. 2 below. Once the
X-ray is “softened” into lower energy light it passes through the pure silicon detector. X-rays
by themselves do not create electron-hole pairs in the silicon detectors. However, they do
knock out some electrons from their ground-state orbitals and it is the interaction between
these electrons that create electron-hole pairs. Electron-hole pairs then separate (hole to
n-type, electron to p-type) and create a voltage across the diode and current increases. This
analog current is measured and converted to a digital signal for the computer to register.
For the energies we observed the photoelectric effect is the main mechanism for converting
photon energy to electron energy and hence analog voltage. [4]

Figure 3: Schematic design of the semiconductor scintillator detector. Left is front illuminated and right is back illuminated. The reflector is made to trap the light created from
the scintillator and focus it onto the silicon detector. The XR 100CR detector uses the back
illuminated chip size package (CSP) photodiode to decrease the dead space. [4]
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3

Data and Analysis

We have two types of data for our experiment. The first is the data that we collect from
the MCA emulator during our X-ray fluorescence experiments. The second type is X-ray
spectra data that has been collected previously and long been accepted as correct. We will
use the “accepted” data as a reference for determining our known (mainly for calibration)
and unknown samples. The finite bin size introduces an error on the order of the size of the
bin. The bin size is dependent on the amplifier gain. We tried to keep the same gain to have
as consistent results as possible. A few of the larger elements we had to increase the gain to
get a stronger signal. However, this introduced more noise as you can see in our lead data.
For more information on the transitions see appendix B.

3.1

The Known Samples

We had approximately ten known samples to choose from. We chose the following because
of the high quality spectra we were observing. We observed significant noise specifically for
the zirconium (Z = 40) and molybdenum (Z = 42) samples. At around 20 keV the signal
of the X-rays also decreased significantly. Increasing the gain of the signal amplifier tended
to just increase the noise and not the actual signal. This is why we began measuring the L
lines with indium. The unknowns consist of one pure substance and two alloyed compounds.
We present our X-ray spectra of all samples below by increasing atomic number.
3.1.1

Nickel (Z=28) and Copper (Z=29) Kα , Kβ Lines

Nickel and copper are commonly found elements in nature. Their atomic numbers are 28
and 29, respectively. This means nickel has 28 electrons and copper has 29 electrons. Both
elements orbitals are filled up to their M shell (in spectroscopic terms its [Ar]4s2 3d8 and
[Ar]4s2 3s9 ). The larger peak of both elements X-ray spectra is the Kα peak while the smaller
one is the Kβ peak. Note that there was 3 times as many counts for the α transitions as there
were for the β transitions. This is because of the shielding due to the L orbital electrons
making a potential barrier for the M orbital electrons to cross to get to lower energy orbitals.
We had nearly the exact spectra of the XRF Research Inc. X-ray fluorescence graphs.[6]
The bin size of nickel was 83eV . This means the true value of the peak could be within
±83eV giving our predicted values of the Kα = 7480±83.0eV and Kβ = 8230±83.0eV . Comparing our nickel peak values to the established data (see appendix C) of Kα = 7478.15eV
and Kβ = 8264.66eV , we find we are within approximately 2eV and 34eV , respectively, of the
measured values. Our copper values were Kα = 8048 ± 98.00eV and Kβ = 8833 ± 98.00eV ,
which were within 0.12eV and 72eV , which was well within the bin size values. We notice
for both nickel and copper the Kα values are much closer to established values than the Kβ
peaks. This could be due to the relative amplitudes of the peaks, as mentioned above. We
have fit each of the tallest peaks to a gaussian and presented the data in the analysis section
for further error analysis.
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Figure 4: K line X-ray spectra of Nickel.

Figure 5: K line X-ray spectra of Copper
8

3.1.2

Indium (Z=49) Lα , Lβ Lines

Indium is an important element, especially in solid state lighting. Since it belongs in III
column of III-V semiconductors it is often used for doping in gallium nitride (GaN) based
devices. It has a unique X-ray spectra because of its relatively close peaks. We compared
our spectra to the XRF Research Inc. [6] data as seen in Fig. 6 below. The K lines are more
distinct in the XRF Research Inc. data but we were unable to probe those energies without
introducing significant noise. Comparing to the data tables given to us in the lab manual [1]
as can been in appendix C and the XRF Research Inc. data we see that our data is within
our accepted error (bin size= 82eV ) The taller peak (E = 3.286 keV) is the Lα line and the
smaller (E = 3.450keV) is the Lβ line.
Our values are then given as Lα = 3286 ± 82.00eV and Lβ = 3450 ± 82.00eV , which are
within 3eV and 37eV , respectively, of the established data values (see appendix C). Analysis
of the peak shape is given in the Further Analysis section.

Figure 6: L line spectra of Indium. The smaller spectra is from XRF Research Inc. [6]
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3.1.3

Gadolinium (Z=64) and Erbium (Z=68) L` , Lα , Lβ , Lγ Lines

Figure 7: L line X-ray of Gadolinium .

Figure 8: L line X-ray spectra of Erbium.
Both Gadolinium and Erbium are lanthanide or rare earth elements. However, this name is
a misnomer created in the late 18th century, because lanthanide’s are relatively common on
earth. These elements fill up 4f electron shell or N orbital. This means that M , L, and K
lines occur. The K lines are very high energy and was not observed for both elements. The
first peak (lowest energy peaks) of both erbium and gadolinium are the L` lines. The next
10

lines are are in order of increasing energyLα , Lβ and Lγ . Here is a table of the peak values
and corresponding expected values for the first lines gadolinium:
Gadolinium
Line
L`
Lα
Lβ
Lγ

Emeasured (eV )
5453
6220
7243
7925

Eestablished (eV )
5360
6057.2
7102.8
7785.8

∆E(eV )
107
162
140
140

Here is a table of the peak values and corresponding expected values for the first lines of
erbium:
Erbium
Line
L`
Lα
Lβ
Lγ

Emeasured (eV )
6122
6950
7777
9018

Eestablished (eV )
6150
6948.7
7810.9
9089

∆E(eV )
28
1.3
44
71

We see that the gadolinium values are almost double the bin size. We believe this is
due to being slightly uncalibrated, since it is approximately the same value off for all of our
values. If we average the ∆E values we get approximately 137eV , which is roughly the value
that each peak is shifted from expected value. For the erbium values we see that the peak
values are well within the bin size of the established data values. See the next section for
analysis of peak shape.
3.1.4

Lead (Z=82) L` , Lα , Lβ and Lγ Lines

Lead is a unique element. It is the largest non radioactive element. We use it for shielding
from radioactivity in numerous applications. For Lead we began having issues getting rid of
the noise. We present the background noise here as a reference. The peaks labeled in Fig. 9
are in order of increasing energy are L` , Lα , Lβ , Lγ . Here is a table of the peak values and
corresponding expected values for the first lines of lead:
Lead
Line
L`
Lα
Lβ
Lγ

Emeasured (eV )
9094
10550
12732
14551

Eestablished (eV )
9180
10551.5
12613.7
14764.4

∆E(eV )
86
1.5
119
213

These values are well within our bin size of 364eV . The Lγ line is the farthest off but
this is due to the larger noise level in the higher energy data as can be seen in Fig. 9. The
11

rest of the noise is due to high level of amplification (hence large bin size). We took the lead
data for the longest amount of time but had the lowest counts (approximately 80 for lead
and closer to 2000 for other elements). We believe this is due to the inability of X-rays to
penetrate and eject the inner electrons as easily as the lower Z elements. This allowed for
more noise, as seen in Fig. 10, to be observed rather than actual signal.

Figure 9: L line X-ray spectra of Lead.

Figure 10: The noise without a sample.
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3.2

The Unknown Samples

We found unknown materials in our laboratory and used X-ray fluorescence to determine
the chemical composition of each substance.
3.2.1

Unknown Sample 1: Iron

Our first sample was a shiny piece of metal that was given as an unknown in the lab sample
box. Comparing our peak positions to the given data tables we were able to quickly recognize
this spectra as iron’s. The first taller peak of Fig. 11 is Kα = 6456 ± 83.00eV and the second
labeled peak is Kβ = 7043 ± 83.00eV . The sample was small so we can see that noise was
introduced in our data. Notice that the peak near 3300eV corresponds to the same peak as
the first peak in the noise data (Fig. 10). We believe this 3300eV peak is due to the sample
holder and/or stray X-rays from the X-ray source. Notice that it shows up consistently in
almost all samples which would be indicative of either predicted sources of noise.

Figure 11: K line X-ray spectra of iron.
Comparing the measured value to the data tables (Kα = 6403.84eV and Kβ = 7057.98eV )
we see that the discrepancy in values is 53eV and 14eV . These values are well within the bin
size of this trial. There is a curious peak to the right of the Kβ line which is rather diffuse
and slightly double peaked. We could not pinpoint this peak as actual XRF signal. However,
if it were it would most likely be the Kα , Kβ lines of either nickel, copper, or cobalt.
3.2.2

Unkown Sample 2: Brass

This sample was a piece of a pipe connector. From the X-ray fluorescence spectra of Fig. 12
of the sample we saw four peaks. Comparing to our known sample data we determined the
pipe was composition of copper and zinc. This is commonly known as the alloy brass. Note
the small peak at 3200eV , which is the due to background, because of the small dimensions
of the sample. Our measured values are: 8050 ± 84.00eV , 8636±84.00eV , 8888pm84.00eV ,
13

and 7043 ± 84.00eV . Since we measured both copper and nickel as our known samples one
can compare peak values here with the values of the previous section. We see that all peaks
are within the bin size of the data table values.

Figure 12: K line X-ray spectra of brass.
3.2.3

Unkown Sample 3: Stainless Steel

Our last unknown sample was a razor blade. The four peaks of X-ray fluorescence spectra
indicated that it too was an alloy composed of two elements. Comparing the peak positions
to our data tables we see that these peaks correspond iron and chromium. Steel is an alloy
of multiple elements, but mainly carbon. Carbon however, does not have X-ray fluorescence
lines above 2keV . Due to the rise time discriminator of the amplifier carbon’s peaks did
not show up. Chromium is used to keep it from getting “stained”. We see that the iron
peaks in Fig. 13 are nearly identical to iron peaks of Fig. 11. The chromium values are
Kα = 5450±84.00eV and Kβ = 5953±84.00eV which are within 35eV and 9eV of established
peak values, respectively.

Figure 13: K line X-ray spectra of stainless steel.
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4

Further Analysis

We used a data analysis program based in C and Python to fit the function
E(Z) = A(Z − σ)2

(1)

Where A is the energy scaling factor and σ is the screening term in Eq. 1. The quantity
(Z − σ)2 can be thought of as the effective atomic number. Since we only plotted the Kα
lines we would expect that σ = 1 for the one electron still in the K shell. This function is
called Moseley’s Law after it’s discoverer Henry Moseley. We assume that σ is not constant
since for increasing Z amounts to increasing the number electrons around the atom. We plot
two cases: σ = 1, and A a parameter, then both are parameters. For the latter we found
the values of A = 10.4 ± 0.03 and σ = −0.99 ± 0.04 for the Kα lines. These sre intriguing
values, especially the σ value. A negative σ value implies that the effective atomic number
(total positive charge in nucleus) is actually increased by the presence of electrons in outer
orbitals. This result is not intuitive and we do not have an adequate explanation of it, so we
merely present here. However, comparing the free σ parameter result to the fixed one shows
very little difference in the actual fits as can be seen in Fig. 14 and Fig. 15. This is because
for large Z the difference between Z − 1 and Z + 1 is negligible, hence the reason that both
fit the data very well.

Figure 14: Moseley’s law parameter
fit with σ = 1. The red line is the
fit function. The points are the data
from the known tables. The light red
is the difference between the fit and
data points.

Figure 15: Moseley’s law parameter fit
with. The red line is the fit function. The
points are the data from the known tables.
The light red is the difference between the
fit and data points. We found that σ is
negative.

In regards to the A parameter we have found in both cases it has an approximate value of
10. This indicates that the K lines have a simple relationship to the atomic number which is
E(Z) ≈ 10Z 2 . In reference to Fig. 14 and Fig. 15, they both have two solid lines, the (light
red) line which is near the E(Z) = 0 represents the difference between the other solid line
15

(red) and the data points. See appendix A for some of our data analysis programs functions
and parameters.
We have noted that there is huge discrepancy in peak values of the same elements. This
goes against the our expected result that almost all peaks should have the same relative
amplitude, since the transitions should produce a “waterfall effect” as mentioned previously.
We have concluded that either β or Lα lines are less likely to occur because of the shielding
effect. The inner electrons produce some sort of potential barrier that the outer electron has
to overcome to make the transition.
All of our samples peak values have fallen within our bin size error estimate except for
gadolinium. We reconciled this because eachpeak value was roughly off by the same amount,
namely 140eV . We assumed this was due to human error of our calibration of the MCA
emulator, since it seemed like a systematic error. For all other peak values we were very
pleased with the proximity to the established data table values. We noticed that the α peaks
were often more accurate than the β peaks because the energy levels have slightly shifted
once electrons have been ejected. This also leads to spread in the energy distribution in
the peak energies. The changing of the bin sizes was due to the variance of the gain of the
amplifier. We tried to keep the bin size around 85eV but for small signal samples like lead
we increased the gain by more than a factor of 2. This is why the lead bin size is 283eV .
We believe this fact will have a correspondence to the Gaussian fits of the peak shapes. The
larger the bin, the larger the standard deviation of the Gaussian distribution.
We present here the half width half maximum (HWHM)values (standard deviation of a
Gaussian distribution) for a select number of our peak values:
Element

Line

HWHM

Iron
Iron
Nickel
Nickel
Indium
Erbium
Erbium
Lead
Lead

Kα
Kβ
Kβ
Kβ
Lα
Lα
Lβ
Lα
Lβ

120
100
120
140
250
175
250
350
300

Maximum
Amplitude
(counts)
1360
305
15000
3500
2800
2000
1350
68
30

Bin Size
(eV )
83
83
83
83
82
85
85
364
364

Examining the HWHM (or standard deviation) we found that there is a correspondence
to bin size. Going back to our real time data (Fig. 16) we noted that most peaks had
one bin as maximum value and two (on either side) as its roughly HWHM value. The plots
presented above are the averages of these binned plots. Due to the large bin sizes the HWHM
are inherently linked. Notice that the HWHM of most of the elements are approximately
one and half times the bin size of the data. This means the center of the maximum bin is
the peak and the adjacent bins outer edge is the point of HWHM.

16

Figure 16: The bins of our histogram data for copper, indium, iron and lead.

From here we assumed that HWHM may not be the best way to estimate to the extrapolation of the plots presented from the raw data. Since the measured HWHM were inherently
tied to the bin size and we could not determine the extrapolation algorithm we believe it is
best to use bin size as our error bar. The precision of our peak positions (generally being
well within the bin size of true value) confirm our bin size for error bar assumptions.

5

Conclusion

We have used X-ray fluorescence to confirm the energy spacings of various elements electron
orbitals. We then calibrated our data to known samples and used X-ray fluorescence to
determine the chemical composition of three unknown substances: iron, brass, stainless
steel. Finally, we confirmed Moseley’s Law by taking the known Kα lines and fitting them to
Eq. 1 (See appendix A for the Lα line fits). We thought that the screening constant would
be σ = 1 for the one electron in the K shell, however, we saw that σ goes as low as −1.34.
We conclude that Moseley’s discover was indeed an amazing leap forward for science and
that his untimely death was horrific lost to society as a whole.
In regards to the experiment, we should have taken more XRF data and tried to fit our
own data to the model. This would have been more insightful and rewarding because that
is what Moseley did. We would also have liked to been able to understand the relationship
between gain of the detector and the current and voltage of the source more completely. We
17

believe there is a delicate balance between the number of electrons and there acceleration
in the X-ray source and the amplifier gain setting. However, we could not pinpoint the
exact settings to maximize the signal and minimize the noise for all samples as can be seen
in comparing lead to copper or gadolinium. This could have also been why we could not
pick up the larger atomic number K lines, since as one can see for indium and up we only
observed the L lines. For our unknown samples we picked objects with rather simple and
bland chemical structure. If we could have redone the experiment we would have chosen
more interesting unknown samples. Lastly, we would have liked to had a more diverse
spread in atomic numbers of our known elements. We chose groups of elements due to
limited resources. If we had done this we could have tried fitting our own data to Moseley’s
fit function (Eq. 1).
Due to the relative ease of the experimental setup, procedure, and analysis of the XRF
lab we would have liked to seen a further inquiry into Moseley’s fit function. As you can see
in appendix A, we did go slightly further to investigate if the L lines had a similar fit. We
could have also looked at α or β lines independently and investigated orbital transitions in
more detail.
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A

Fit Functions Using Privately Developed C and Python
Data Shop Program

Figure 17: Screen shot of programs GUI. Final parameter values for K line fits with a = A,
b=σ

Figure 18: Moseley’s law parameter fit with unconstrained parameters. The red line is the
fit function. The points are the data from the known tables. The light red is the difference
between the fit and data points. This is for L lines of elements 46 < Z < 82.
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Figure 19: Screen shot of programs GUI. Final parameter values for L line fits with a = A,
b=σ

B

X-Ray Fluorescence Figures and Lines

Here are some nice figures from the Amp-Tek’s Characteristic X-Rays documentation [7].
The first shows a detailed schematic of each possible schematic.

Figure 20: Diagram of electronic transitions. [7]
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The corresponding X-ray fluorescence plots from Amp-Tek’s Characteristic X-Rays documentation [7].

Figure 21: X-ray fluorescence plots of electronic transitions. [7]
Here is an easy to read figure of transitions with some extra information from Amp-Tek’s
Characteristic X-Rays documentation [7].
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Figure 22: All Electronic transitions with X-ray emission lines. [7]

C

X-Ray Emission Data

The following data has collected and compiled by researchers at Lawrence Berkeley’s National
Laboratory Center for X-ray Optics and Advanced Light Source. [8]
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