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SURFACE ANALYSIS OF IRON–CONTAINING
SAMPLES BY CEMS

AN OVERVIEW OF THE METHOD

Milan Sebeŕıni — Jozef Sitek
∗

Conversion Electron Mössbauer Spectroscopy (CEMS) is a dual method to the more commonly used transmission or
scattering Mössbauer spectroscopy. The same recoil-free nuclear resonance is the fundamental principle of the method;

however, different product of the resonance is utilized. Instead of 14.41 keV photons (for the case of 57Fe), 7.3 keV conversion

electrons together with 5.4 and 6.2 keV Auger electrons are detected. Comparison between natural vs. 57Fe enriched iron
measurement is mentioned briefly as well as advantages and drawbacks of Depth Selective CEMS (DCEMS). A possible
design of a gas-flow detector is presented.Three experimental results are presented in the paper, to demonstrate the power
of CEMS with measuring thin surface layers.
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1 INTRODUCTION

From among more than 100 Mössbauer transitions, the
14.41 keV 57Fe transition is most commonly used and a
vast majority (about 97 %) of all works is carried out
using this isotope. It is due to a relative simplicity of the
measurement and perhaps, due to a wide occurrence of
iron in all forms.

Apart from the transmission and scattering geome-
try where 14.41 keV photons are detected, there are also
other products of the 14.41 keV resonance, through which
the resonance can be recorded, ie conversion electrons, X-
ray photons and, eventually, Auger electrons. However,
the 7.3 keV electrons arising in the process of deexcita-
tion of the 14.41 keV level, together with the 5.4 and
6.2 keV Auger electrons provide the most efficient tool
for study of the sample surface.

The very principle of the method is presented in Fig. 1.
The penetration depth of 14.41 keV photons is about

40 µm, while the penetration depth of 7.3 keV electrons

reaches up to 350 nm. Thus, if the resonance occurred in

bulk (Fig. 1a), all electrons would be absorbed in the ab-

sorber material and they would be lost for measurement.

In the case when resonance occurs in upper surface layer,

some electrons can escape and be detected.

The 57Fe decay scheme and the resonance are depicted
in Fig. 2. The 14.41 keV excited level of 57Fe is populated
by decay of 57Co nucleus via 136.3 keV excited level of
57Fe. This 14.41 keV level goes down to the ground level

by a direct transition followed by emission of a photon

gamma (11 %) or via internal conversion (89 %). In a

resonance process, the emitted 14.4 keV photons can ex-
cite another 57Fe nucleus in an iron containing absorber,

which again deexcites in the same way. Thus, resonance

can be detected either by detection of emitted gamma

photon, or by detection of some of the products of inter-

nal conversion.

Fig. 1. The fundamental principle of the CEMS measurement

∗ Slovak Technical University in Bratislava, Faculty of Electrical Engineering and Information Technology, Ilkovičova 3, 812 19 Bratislava,
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Fig. 2. 57Co decay scheme and the 14.41 keV resonance

Fig. 3. 57Fe deexcitation scheme. Conversion electrons (bottom right), photons X (upper right quadrant), Auger electrons (bottom left)
and source of non-resonant radiation (upper left)

On the other hand, the advantage of being able to pick

up signal from the surface layer alone and suppress the in-

formation on bulk brings a considerable drawback in low

counting efficiency, which is inherent to the method. Since

only about 1 % of all resonance processes are registered,

the counting rates are low, which leads to long measure-

ment times till a spectrum with satisfactory statistics is

collected.

Naturally, if iron in the measured sample is contained

in a form of eg some chemical compound, it is further

“diluted” by other atoms that contribute fully to the non-

resonant background with their photoelectrons and cause

further prolonging of the measurement time.

The deexcitation scheme of 57Fe 14.41 keV level is

shown in Fig. 3. It should be stressed that internal con-

version is an electronic process and the whole atom takes

part in it. Here, internal conversion is put as internal pho-

toeffect for its instructiveness. This representation origi-

nates probably by J.J. Spijkerman [1, 2].

Besides a direct transition to the ground level (11 %),
there are three groups of products of internal conversion
(89 %). They are: conversion electrons (bottom right),
X-ray photons (upper right corner) and Auger electrons
(bottom left). As all of them are descendants of the
14.41 keV level deexcitation, resonance can be detected
through detection of any of them.

Sources of non-resonant radiation (photoelectrons,
Compton electrons and X-ray photons) are shown in
the upper left quadrant. Photons with energies 6.3 keV,
14.4 keV, 122 keV and 136 keV from the primary beam
impinging the atomic shell generate electrons, thus, they
create a non-resonant background to the measured spec-
trum (except for the 6.3 keV X-ray photons, which can
be easily filtered out of the primary beam).

The deexcitation products of 57Fe 14.41 keV level are
listed in Table 1. Though not resonant alone (except
for the 14.41 keV photons), their origin is the same pri-
mary resonance. However, detection of X-photons gives
only small additional information because of a compara-
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Fig. 4. (a) – An electron spectrum measured by a β -spectrometer. A – RA source electrodeposited on the surface of stainless steel. B –
The same after covering by 6.2 nm thick iron layer. (b) – An electron spectrum as measured on a real sample by a gas-flow proportional

CEMS detector.

Table 1. Products of deexcitation of the 14.41 keV level of 57Fe.

energy mean
Product

(keV)
probability* penetration

depth (nm)*

photon gamma 14.41 0.09–0.11 20 000–40000
photon X 6.3 0.23–0.24 10 000–20000
K-conversion

electron 7.3 0.77–0.81 40–400
L-conversion

electron 13.6 0.09–0.10 up to 1 300
M-conversion

electron 14.3 0.01–0.02 up to 1 500
Auger electrons 6.2; 5.4 0.57 25–350

* by different authors

ble penetration depth of the 14.41 keV gamma photons
and it is used rather rarely. The sum of all probabilities is
1.80, which is not surprising if cascade processes (X-ray
fluorescence) are considered.

Internal conversion coefficient αc is defined as output
ratio of conversion electrons to re-emitted gamma pho-
tons, ie

αc =

∑
e−out

hvout

∼= 8.2

(Auger electrons are not accounted for).

An interesting electron spectrum of 57Fe internal con-
version, shown in Fig. 4a was published in [3]. This, in
fact, is rather a rare result when separate discrete lines
in electron spectrum can be seen. The most frequent and
commonly measured shape of the spectrum is presented
in Fig. 4b. In real layers, the electron energy degrades
continuously as the electrons escape from varying depth,
which results in a continuous spectral shape.

Natural versus 57Fe enriched iron

A significant drawback, common to all 57Fe measure-
ments is that the natural abundance of 57Fe is only

2.17 %. The other isotopes (54Fe — 5.84 %; 56Fe —

91.75 %; and 58Fe — 0.28 %) are non-resonant, however,

they act as “waste rock”, ie they are meaningless to reso-
nance but they contribute fully with their photoelectrons,

which are hard to separate away. It results in increas-
ing of non-resonant background relative to the resonance

line intensity in measured spectrum and, consequently,
in substantial prolongation of measurement time. If say,
57Fe iron is used enriched to 97 %, then the non-resonant
background remains the same but the resonant portion

increases 45 times and the measurement time needed for
obtaining the same statistical deviation reduces by factor
∼ 452 ∼= 2020. It means that one-minute measurement
with enriched 57Fe is equivalent to a similar natural iron

measurement, which may last some days.

To avoid long measuring time or faint signal eg in cases
of very low iron content in the sample, 57Fe enriched iron

is occasionally used, especially in the cases when iron in
small amounts is introduced artificially into samples un-

der study as a “probe”. For example, when measuring a
single-line spectrum of a sample with 57Fe iron enriched

up to 97 % (Fig. 5a), the resonance line intensity rela-
tive to non-resonant background can reach values above

1000 % and a few seconds of measurement is enough to
acquire a spectrum with satisfactory statistics. On the

other hand, when measuring sample of the same com-
position but with natural iron (Fig. 5b), the resonance

line intensity reaches hardly more than 20 % relative to
non-resonant background and the time of measurement

for collecting a spectrum with equivalent statistics may

increase to tens of hours. When measuring samples with
low iron content, the measurement time may prolong to

some days.

The advantage of measuring samples with highly 57Fe

enriched iron is obvious. The only serious drawback is an
extremely high price of such iron (it moves somewhere

far above $1000 per gram) so that any such measurement

should be seriously considered.
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Fig. 5. (a) – A single-line CEMS spectrum with 57Fe enriched iron (enrichment 97 %), (b) – Spectrum of similar sample with natural
iron

Depth-selective CEMS (DCEMS)

An electron spectrum according to Fig. 4b can be fur-
ther split electronically to several parts by setting the
upper and the lower discrimination level, thus selecting
the requested energy regions. This leads to a further so-
phistication of measurement, known as DCEMS (Depth
Selective Conversion Electron Mössbauer Spectroscopy).
There are further problems, however [6]. Apart from nat-
ural requirements on high precision and long-term sta-
bility of all electronic equipment, there are at least two
drawbacks:

a) Using this method means further reduction of the
total pulse count, which may lead to an enormous prolon-
gation of the measurement time. This can be handled at
least partially by using more (eg two) discriminators and
simultaneous storing electron spectra with the selected
energies into two (or more) memory sectors. (The mea-
surement time extends either way but two or more sectors
can be recorded at the same time).

b) The depth information is heavily smeared due to
omni-directional path of electrons in sample (Fig. 1b).
Only electrons with the highest energy are likely to es-
cape from the uppermost sub-layer; the depth informa-
tion smearing increases towards lower energies.

Detection of electrons

Detection of low energy electrons in the range from 0
up to 7.3 keV (if we neglect the L- and M-conversion elec-
trons) runs on an intensive gamma background. There-
fore, the detector must be “blind” to gamma or at least,
detection of gamma photons must be heavily suppressed.

A gas-flow proportional counter is probably the most
widespread tool for this purpose, although there are some
other types (eg channeltron) [4]. To suppress sensitivity to
photons, helium is used as counting gas with admixture of
methane as a quencher. These detectors are usually hand-
made and despite their simple look, it takes some effort to
design a good one. Long-term stability and suppression of
non-resonant background are the most important require-
ments. The detector itself should produce as few photo-
electrons as possible so as not to contribute to the non-
resonant background. Further parameters to consider are
detector thickness, number of wires, wire diameter, gas
mixture, gas-flow rate, fixing the sample, charge drainage
when measuring non-conductive samples and some others
[4]. Determining of a proper time constant of a following
charge-sensitive preamplifier is rather important.

A possible design of such a detector is in Fig. 6.
The beam of gamma radiation (including 122 keV and

Fig. 6. A simple gas-flow proportional detector for CEMS.
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Fig. 7. Annealing of iron foil in air. Left column: transmission measurement. Right column: CEMS measurement

Table 2. Dependency of proportional band on methane content.

CH4 [%] 0 1 2.5 4 8 12

Proportional band (V) 440–445 670–720 850–925 955–1140 1000–1360 1145–1540

136 keV photons) first passes through the whole detector
volume and some portion of it is scattered back together
with X-ray photons. Therefore, the requirement on sup-
pression of gamma seems natural.

For this reason, helium is used as a detection gas with
admixture of 4–12% methane as a quenching gas. The
gas amplification decreases with increasing methane con-
tent (the electron spectrum shrinks a little), however, the
proportional band becomes wider and the measurement
is more stable and more comfortable, which can be ap-
preciated with long-lasting measurements. A few cubic
centimeters of gas flow per hour is enough for good mea-
surement, but increasing the flow rate to 0.5–1 l/h makes
the measurement less sensitive to possible temperature
changes.

The dependence of proportional band vs. voltage on
methane content (for a specific detector) is in Table 2 [5].

2 EXPERIMENTAL

Three experimental measurements are shown as ex-
amples to demonstrate the power of CEMS. The first one
depicted in Fig. 7 represents oxidation of Fe foil in air at

the temperature of 400 ◦C during 3 hours. In the left col-

umn, there are common transmission Mössbauer spectra

of the foil. Hardly any changes are visible; the sub spectra

of iron oxides are “drowned” in the spectrum of bulk rep-

resented by iron foil. In the right column (CEMS spectra),

the growth of iron oxides (magnetite and haematite) can

be clearly seen. There is characteristic paramagnetic sub

spectrum of wustite in the middle of the first spectrum of

non-annealed foil. After raising temperature, wustite de-

cayed and oxidized to higher oxides (no trace of it in the

next spectra). Similar work was carried out by Nomura

et al on stainless steel [7, 8].

Another example of CEMS measurement is presented

in Fig. 8. In this case, it was surface hardening of gears by

bombardment of the surface by glass or steel balls as a fin-

ishing step in gears production [9]. Again, in the left part

of the picture, there are common Mössbauer backscatter-

ing spectra measured via detection of 14.41 keV gamma

photons. No significant differences among them were

found. CEMS measurements, on the other hand, show

that a new paramagnetic phase was created in the sur-

face layer due to mechanical stress and it grows with

increased dose of bombardment (latent energy put into
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Fig. 8. Surface hardening of gears by bombardment with glass and steel balls: Left – Mössbauer backscattering measurement, Right –
CEMS measurement

the uppermost surface layer). It means that apart from
qualitative changes (creation of a new phase), quantita-
tive evaluation of dose is also possible.

In the third example (Fig. 9), there is a series of spectra
of as-quenched and annealing states for Fe79Mo8Cu1B12

rapidly quenched alloy measured in transmission and in
CEM mode [10]. It can be seen that the onset of crys-
tallization on the surface begins at lower temperature
(410 ◦C) than in bulk (430 ◦C). From a more detailed
look and repeated measurement on both sides of the rib-
bon it was even possible to determine that crystallization
begins on the wheel side of the ribbon.

3 RESULTS AND DISCUSSION

Conversion electron Mössbauer spectroscopy (CEMS)
is a supplement to the conventional transmission and
backscattering measuring techniques in Mössbauer spec-
troscopy. With its most characteristic feature, ie short
penetration depth of electrons up to ∼ 350 nm, it repre-
sents a powerful tool for measurement and investigation
of upper surface layers of iron containing materials.

There are drawbacks, however. It follows from the very
principle of the method that this enhancement goes at
the expense of loss of about 99 % of all resonance events
coming from the bulk. The situation is still worse if we
try to select some predefined portions of electron energy
spectrum by discrimination (DCEMS applications). In
other words: We intentionally give up 99 % of information
in order to obtain 1 % of selective information about the

surface of the sample. This, naturally, leads to reduced
counting rates and accordingly, to considerable extension
of measuring time.

However, the major drawbacks of this method are pho-
toelectrons. They are generated by all atoms of the sam-
ple including the 57Fe resonant isotope as a consequence
of intense gamma radiation. As they cannot be efficiently
separated from the conversion electrons, they increase the
non-resonant background of Mössbauer spectra. More-
over, the walls of the detection chamber produce pho-
toelectrons too. The only possible defense is somewhat
passive: to limit production of photoelectrons to some ac-
ceptable level by precise collimation of the gamma beam
and by proper choice of suitable material for detector
window and detection chamber, with small production
of photoelectrons.

This problem becomes less significant in those rare
cases when enriched 57Fe is used for measurement. With
enrichment up to 97 %, supposing all other parameters
are constant, the number of photoelectrons remains the
same but the number of conversion electrons descending
resonance increases by factor of 45.

The time of measurement for obtaining spectra of the
same quality is approximately inversely proportional to
the square of ratio of resonant to non-resonant counts.
So, if for example we set a reasonable requirement to ac-
quire a Mössbauer spectrum with certain standard devi-
ation, σ , then, with increasing this ratio by factor of 45,
the measuring time reduces by 452 = 2025 times. Thus,
if a measurement of Mössbauer spectrum with enriched
iron lasted 1 minute, we would need 34 hours to obtain
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Fig. 9. Transmission (a) – and conversion electrons, (b) – Mössbauer
spectra for the Fe79Mo8Cu1B12 specimen in the as-quenched (aq)
and annealed states. The transmisson spectra are vertically flipped

for the sake of better presentation.

a spectrum with the same standard deviation, σ , using
natural iron.

However, due to its high price, enriched iron is used
rarely, mostly in cases when samples are doped with iron
as a “probe”.

It is worth mentioning that similar CEMS technique
can be used relatively easily on tin surface layers utilizing
the 19.8 keV L-conversion electrons of 119Sn.
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