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Abstract Conversion electron Mössbauer spectroscopy (CEMS) is a surface-sensitive
technique because of the shallowness of the escape depth of conversion electrons. The
proportional counter with the sample built-in is usually used for CEMS with a flow of
He mixed with a quenching gas. This flow-type proportional counter with a mixed gas,
however, is not suited to high-temperature measurements. For high-temperature operation,
we fabricated a sealed-off proportional counter operated above 850 K for CEMS, which
is filled with pure He at a pressure of 1–8×104 Pa. The distribution of the output pulse
voltage revealed an inflection point suggesting that two multiplication mechanisms are
operative. The multiplication factor of the proportional counter was estimated to be about
104–105. By means of the fabricated proportional counter, we investigated the magnetic
phase transition of Fe3O4, whose Curie temperature is 858 K. We successfully observed the
ferromagnetic-paramagnetic phase transition without the reduction of the sample.
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1 Introduction

Conversion electron Mössbauer spectroscopy (CEMS) is a surface-sensitive technique for
investigation of the magnetic properties and chemical states of materials, because the prob-
ing depth of conversion electrons is less than 100 nm [1]. For the detailed analysis of the
sample, e.g. the critical phenomena of the sample surfaces, it is often required to measure the
temperature dependence of CEMS. For a wide-range-temperature operation, in-situ depth
selective CEMS (DCEMS) in ultra-high vacuum was developed [2, 3]. However, because
this method uses an electron energy analyzer with an acceptance angle of ∼ 0.2π and an
electron detector with a detection efficiency of ∼10% with respect to the FeK-shell con-
version electron of 7.3 keV, the detection efficiency of this method is a few percent of that
of the conventional CEMS by using the proportional counter with the sample built-in [4].
Moreover, the conventional CEMS by means of the proportional counter using mixture of
inert gas and hydrocarbon gas is not appropriate to apply to the system that suffers from the
reaction of the sample with hydrocarbon at high temperature [5]. A proportional counter
available to such reactive systems remains to be developed. For high-temperature opera-
tion, the proportional counter needs to be sealed off at a reduced pressure for the stability of
the sample temperature and to be filled with pure inert gas without quench gas because the
amount of the quench gas is gradually reduced due to dissociation

The characteristics of the proportional counter as a detector for photons and charged par-
ticles has been investigated in detail [6, 7]. The signal pulse is obtained by the multiplication
effect of the gas ionization, which is caused by the electric potential gradient in the detec-
tor. The proportional counter often uses mixture of host gas for ionization and a polyatomic
molecule gas for quenching metastable He atoms to avoid the discharge [8–12]. When He
is mixed with a polyatomic molecule gas such as CH4, the metastable He atom is quenched
by collision with CH4 without additional secondary-electron emission, because the dissoci-
ation energy of 4.5 eV for CH4 is lower than the energy between the metastable and ground
states of He [13, 14]. At low temperature, however, the proportional counter can be opera-
tive with pure He without the quenching gas [15, 16]. Below 20 K, He+

n (n=3–30) clusters
are formed, which dissociate by receiving an energy from the metastable He quenching it to
the ground state [17].

On the other hand, if the collector anode potential is kept sufficiently low to suppress
the generation of metastable He atoms, the pure-He proportional counter might be operative
[18, 19]. In exchange for suppression of the discharge, the gas-multiplication coefficient is
decreased because of the low electric field. The turning point whether the counter works
as a detector or not is that the required voltage applied to the collector electrode to obtain
the signal pulse electron is lower than the discharge voltage or not [15, 20]. In our previous
work, we confirmed that the CEMS spectrum can be measured with pure He at room tem-
perature preventing discharge [21]. Although the discharge voltage certainly decreased due
to the disappearance of the effect of the cluster, there is the region where the applied electric
field to obtain amplification is lower than the discharge voltage.

In this work, a sealed-off proportional counter with pure He at a reduced pressure is
designed in consideration of the threshold of the electric field near the collector electrode for
electron-avalanche multiplication and discharge electric field. The achieved multiplication
factor of the home-made proportional counter was estimated at 2–6x104. The output pulse-
height-distribution as a function of the voltage reveals an inflection, which suggests that
there are two multiplication processes. By means of the fabricated proportional counter, we
measured the temperature dependence of CEMS for Fe3O4. As a result, we successfully
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Fig. 1 Configuration of the fabricated sealed-off proportional counter. A: 3mm-thick lead aperture with a
diameter of φ5mm, B: copper base plate of the sample holder, C: main chamber of the proportional counter,
E: collector electrode of a gold wire with a diameter of φ100 μm, H: a ceramic heater, M: molybdenum
sample holder assembly, RI: 57Co radioisotope, ra : radius of collector, rc : distance between the collector
and the sample, S: sample, W: 125μm-thick polyimide window

measured the CEMS spectrum up to 871 K and observed the magnetic phase transition at
the Curie temperature [22] without the reduction of the sample.

2 Apparatus

Two key points for designing the pure-He proportional counter are the sufficient multiplica-
tion and suppression of discharge. Whereas the threshold of the electric field in the vicinity
of the collector electrode for electron-avalanche multiplication EA is ∼ 104 V/cm [23], the
discharge electric-field in He ED is lower than ∼ 8×103 V/cm [24]. The electric field E(r)

at a distance r from the center of the collector electrode is described as

E(r) = V/
(
r ln(rc/ra)

)
, (1)

where V , rc and ra are the voltage applied to the collector, the distance between the sample
and the center of the collector and the radius of the collector, respectively [23].

To avoid the discharge, the electric field V/rc should be smaller than ED . As a result,
rc and ra were set 3 mm and 0.05 mm, respectively, and the applied voltage was set in the
range from 240 to 680 V. The electric field is estimated in the range from 6×102 to 2×103

V/cm. The electric field near the collector electrode is, on the other hand, as large as EA,
which potentially allows for sufficient multiplication.

The configuration of the fabricated proportional counter is shown in Fig. 1. The detector
chamber is made of stainless steel whose size is 5x6x7 cm3 and the volume of the internal
space is 120 cm3. The window material to introduce the γ -ray from the 57Co source is
polyimide, which is stable up to 600 K and has the permeability for nitrogen and oxygen
of 1.3×10−15 and 5.4×10−15 mol·m−2 ·s−1 ·Pa−1, respectively (http://www.td-net.co.jp/
kapton/sort/hv type/chemical.html). Previous reports also used an insulator for the window
to measure CEMS although the reason is not specified [16, 25]. Since a slight increase in
the gaseous impurity of 0.1 at% in a proportional counter significantly decreases the gain of

http://www.td-net.co.jp/kapton/sort/hv_type/chemical.html
http://www.td-net.co.jp/kapton/sort/hv_type/chemical.html


 75 Page 4 of 9 Hyperfine Interact  (2017) 238:75 

the output pulse [26], the polymide films were carefully fixed with o-rings, where the leak
and outgas rate was estimated to be less than 10−10Pam3s−1. A lead aperture was placed as
shown in Fig. 1 to avoid the paramagnetic signal from the stainless steel.

After pumping with a turbo molecular pump, the chamber was filled with 99.995%
pure He at several pressures higher than 104 Pa. A ceramic heater set at the back side of
the sample was used for sample heating, and the sample temperature was monitored by a
thermocouple. The signal from the collector electrode was amplified by a charge-sensitive
amplifier whose sensitivity was -290 mV/pC and an amplifier whose gain was 200. To pick
up the signal, we reduced the noise level of the output from the preamplifier down to 1 mV.

3 Results

3.1 Output characteristics

The output characteristics of the proportional counter measured for an α-Fe foil at room
temperature with an acquisition time of 150 s are shown in Figs. 2 and 3. Figure 2a–d shows
the distributions of the output pulse voltage after amplification at several collector-bias volt-
ages and He pressures of 1–8×104 Pa. The signal below 0.2 eV in Fig. 2 is the background.
The output voltage increases with the elevation of the bias voltage applied to the collec-
tor electrode. In Fig. 2a–c, there is an inflection point where the slope largely changes, e.g.
at 0.4 V for +350 V in Fig. 2b and at 0.7 V for 450 V in Fig. 2c. This suggests that the
charge multiplication mechanism changes at this inflection point. The charge multiplication
is caused by either the Taunsent ionization or He ionization by collision between metastable
He atoms, and the multiplication factor due to the latter is expected to be larger than the for-
mer [18, 27, 28]. Therefore, it is considered that the component below the inflection point
is caused by Taunsend ionization, which is direct ionization of He by the impact of elec-
trons and contributes to the amplification factor from 104 to 105. On the other hand, it is
considered that the other component above the inflection point is caused by ionization due
to collision between the metastable He atoms, which contributes to the amplification fac-
tor of the order of 105. A previous study with a proportional counter using pure He at low
temperature observed the energy spectrum corresponding to the K conversion electrons and
Auger electrons. It is noted that there is a hump below the inflection point as indicated by
arrows in Fig. 2. Since the present detector is not designed for energy-resolved detection,
the K-conversion electron is not resolved from Auger electrons and might be observed as a
hump in the spectrum [29].

The multiplication factor is estimated by the mean value of these output-pulse-height
distributions in consideration of the gain of the amplifier and the charge-sensitivity of the
preamplifier as shown in Fig. 3. In Fig. 3, at each pressure of He, the amplification factor
is increased with increasing potential applied to the collector electrode. At all He pressures,
the amplification factor is estimated to be 2 − 6 × 104. The operation voltage becomes
high when the He pressure increases. In previous work, it is investigated that the customary
region of the proportional counter is E/p �1 V/cm·Pa, where E and p are the electric field
and the gas pressure, and that the gas-amplification factor is in the range from 104 to 105

[30]. In the present work, E/p is in the range from 10−2 to 10−1 V/cm·Pa, which is smaller
than the customary region of the proportional counter. On the other hand, the amplification
factor in Fig. 3 compares favourably with the customary proportional counter. At this stage,
the reason is not clear why the amplification factor is sufficiently large to detect the signal
in spite of small E/p. As a possible reason, it is considered that the ionization caused by the
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Fig. 2 Pulse height distributions
of the output pulse at He
pressures of a 1×104, b 2×104, c
4×104 and d 8×104 Pa. The bias
voltages applied to the collector
electrode are indicated in each
graph. The inset in c is the
close-up in the range of output
voltage from 0.1 to 0.8 V. The
accumulating time of each data
was 150 sec. The humps in the
spectra of c and d are indicated
by arrows
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metastable He atom contributes to the amplification under the condition that the discharge
is suppressed.

3.2 Measurement of CEMS

Figure 4 shows the CEMS spectrum of an α-Fe foil by means of the fabricated proportional
counter at a He pressure of 4×104 Pa. The internal magnetic field, the isomer shift and
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Fig. 3 Bias dependence of the
gas-multiplication factor at
pressures of 5×103 (�), 1×104

(�), 2×104 (�), 4×104(◦) and
8×104 Pa (•)
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Fig. 4 CEMS spectrum of an
α-Fe foil at a He pressure of
4×104 Pa and at room
temperature. The voltage applied
to the collector is 680 V, and the
accumulation time is 4 days

the line width are estimated at 32.69±0.01 T, -0.001±0.001 mm/s and 0.232±0.004 mm/s,
respectively. The velocity zero is defined as the center of the α-iron spectrum. The isomer
shift and the line width of 57Co in a Rh matrix are -0.11 and 0.234 mm/s, respectively.
Therefore, it is confirmed that the CEMS spectrum of α-Fe is successfully measured. The
relative intensity of α-Fe in Fig. 4 is comparable to that measured with a conventional
He+CH4 gas-flow proportional counter.

The CEMS spectra of Fe3O4(100) are shown in Fig. 5a–c. The surface of the Fe3O4(100)
sample used in the present study is 57Fe-enriched with a thickness of 20 nm by homoepi-
taxial growth on the Fe3O4(100) single-crystal surface. The procedure of the sample
preparation is described in our previous study [31]. In Fig. 5a, the spectrum at room temper-
ature clearly reveals the two sites of Fe3O4, whose hyperfine magnetic fields Bhf and isomer
shifts δIS are (Bhf 1=49.03±0.02 T, δIS1=0.277±0.003 mm/s) and (Bhf 2=45.87±0.02 T,
δIS2=0.659±0.003 mm/s). These values are in good agreement with previous data [32].
At 871 K, which is above the Curie temperature of Fe3O4 [22], a paramagnetic phase is
observed as shown in Fig. 5b. When the sample is cooled from 871 K to room tempera-
ture, the magnetic phase is restored and an additional paramagnetic component appears as
seen in Fig. 5c. The isomer shift of -0.209±0.059mm/s of the paramagnetic component in
Fig. 5c is different from that of +0.10±0.01 mm/s in Fig. 5b. It is considered that the addi-
tional component is different from FeO and might be attributed to the iron trapped at the
interstitial site in Fe3O4 [33–35]. It is worth pointing out that the reduction of the surface is
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Fig. 5 CEMS spectra of
57Fe3O4(20nm)/Fe3O4
as-deposited at a 293 K, b at 871
K and c at 294 K cooled from
871K at a He pressure of
5.5×104 Pa. The voltage applied
to the collector is 460 V. The
accumulation times are a 5 days,
b 17 hours and c 5 days. Solid
and broken curves in a and b are
the fits for the tetrahedral and
octahedral sites of Fe,
respectively
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not caused by heating at 871 K. The relative intensity of Fe3O4 in Fig. 5c is decreased com-
pared to that in Fig. 5a. This is probably because 57Fe in the 57Fe3O4 layer diffused into
Fe3O4 bulk [36]. Note that the background seems to be enhanced around 0 mm/s in Fig. 5c.
This is probably because the vertical scale is expanded compared to that of Fig. 5a and the
RI position is closest to the sample at 0 mm/s for the velocity modulation.

4 Conclusion

A sealed-off He-filled proportional counter is fabricated for CEMS with the sample built-in
by taking into consideration the threshold electric field for electron multiplication and dis-
charge. The proportional counter is found to be operative at a He pressure of 1–8×104 Pa
without a quench gas, and the multiplication factor is estimated to be 2–6×104. With this
proportional counter, the CEMS is successfully measured for Fe3O4 at a high temperature,
which reveals a paramagnetic phase above the Curie temperature of 858 K. It is also con-
firmed that the reduction of the surface did not occur upon high-temperature measurement
in the range of the probing depth of 100 nm.
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