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Abstract: We developed an operando hydrogen microscope (OHM) to determine where in
materials hydrogen is trapped and causes embrittlement, and the location of hydrogen leak from
gas lines, by hydrogen visualization. In the OHM, hydrogen atoms that permeate through a
sample are ionized by incident electrons on the sample surface, desorbed into an ultra-high
vacuum environment, and then detected. We visualized the surface hydrogen distribution from
the hydrogen desorption position. It is also possible to visualize atoms adsorbed from gas phase,
as well as gases that leak rather than permeate. The probability that a gas will be adsorbed
depends on the substance. The amount of adsorbate increases at a site of locally high pressure.
We created guidelines for background evaluation and quantitative analysis of leakage amount
under the experimental conditions. Therefore, by visualizing the distribution of adsorbed
substances using OHM, we can identify the location of a leak. We visualized a controlled leak
of hydrogen in a sintered stainless steel body.
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1. Introduction

We measure hydrogen dynamics by using an ultra-high vacuum (UHV) “operando hydrogen
microscope” (OHM). The main component of residual gas in UHV equipment is hydrogen as a
fragment of water molecules. Hydrogen is released from the inner wall of the chamber into the
vacuum environment even after the water is removed by baking. Very small atoms such as
hydrogen can permeate through metals into the vacuum chamber and cannot be efficiently
removed by turbomolecular pumps and ion pumps. Outgassing in vacuum systems can be
reduced by new materials and by surface treatment techniques such as inner surface polishing,
coating, and surface oxidation treatment [ 1-4]. Outgassing rate is typically measured in samples
with a size of anywhere from mm? to m?, and does not take into account surface irregularities
due to geometry, structure, or local oxides and elements, or measure the effects of hydrogen
release from there.

With society’s need to become carbon neutral, hydrogen holds great promise as a clean
energy source. However, it has drawbacks, such as being easily explosive, and, from the
perspective of metallurgy, causing embrittlement in metals. To address the problem of hydrogen
leaks from pipelines and tanks, it is necessary both to detect the leaks and to investigate the
material itself: Where are the leaks? Where are they likely to occur? Has hydrogen
embrittlement occurred?

Visualizing the distribution of hydrogen is important for answering these questions but it
is difficult to pinpoint its location. It cannot be detected through the use of Auger electron
spectroscopy or x-ray photoelectron spectroscopy, techniques used to measure surface
composition. However, it can be detected through the use of hydrogen microprinting technology
[5, 6], secondary ion mass spectrometry [7, 8], Kelvin probe force microscopy [9], and 3D atom
probes [10, 11]. In addition, we developed a new(novel) method, the operando hydrogen
microscope (OHM), which visualizes hydrogen by using an electron-stimulated desorption
mechanism [12, 13], as explained in section 2.

The OHM can create images of hydrogen on the surface, and signals can be integrated over
time. We have measured the local diffusion coefficients of austenite-dominant and martensite-
dominant regions in stainless steel (cold-worked, dual-phase SUS304) from changes in the
amounts of hydrogen permeating over time [14, 15]. By using electron backscattering
diffraction to determine the martensite/austenite ratio of each region and quantitatively
calculating the diffusion coefficient in each region, we were able to create a model of hydrogen

diffusion through dual-phase regions [16]. We have also confirmed that a chromium oxide film



coating the surface of SUS316 steel more than halved the release of hydrogen from inside the
material, and found hydrogen release from hole-like defects where the chromium oxide was
incomplete [17], showing that the outgassing from the coated surfaces was not uniform, but that
hydrogen is released from specific locations. In this way, OHM measurements can be used to
identify local hydrogen release.

We thought that the OHM could be used to visualize leaks in vacuum environments, such
as gas leaks from cracks, weld interfaces, and porous materials. Here, we report the
visualization of hydrogen leakage through pores of sintered stainless-steel. A standard
conductance element (SCE), which allows an open-type reference leak and is based on a
sintered stainless-steel filter, was used as a sample [18]. To see when and where hydrogen exits
through the filter, we visualized its release from the surface of the filter by OHM. In addition,
we quantitatively determined ESD signals by comparison with the SCE from the relation

between the number of ESD ions and that of hydrogen molecules leaking through the SCE.

2. Experiment

2.1. Hydrogen visualization by operando hydrogen microscope (OHM)

An OHM is a special type of scanning electron microscope (SEM) that we developed to
visualize hydrogen directly and non-destructively. The device consists of an SEM with a
detector for ions desorbed by electron-stimulated desorption (ESD) (Fig. 1) [19, 20]. It uses
the electron gun, which is normally used for secondary electron images, as an excitation
source for ESD. SEM-like ion images are produced. The ion detection mechanism is the same
as the OHM device developed in the past [13]. Ions were collected into a detector by a lens
beside the sample and detected by a channel plate (F4655-14, Hamamatsu Photonics K.K).
The ESD technique can detect a wide variety of surface ion distributions, in particular, that of
hydrogen ions, which cannot be obtained with other methods. Hydrogen gas is continuously
supplied from the backside “H> supply chamber” into the sample, and quickly desorbs into the
UHYV environment from the other side, which faces the measurement chamber. The system
makes it possible to do the ESD measurement of hydrogen that permeates through the surface,
with no time limit. The permeation experiment used a hydrogen supply pressure of 100 Pa
and an SCE temperature of 373 K, and the ESD signals were integrated over 7 days from a
total of 3025 images.

As the OHM does visualize hydrogen focally, its spatial resolution is determined by the
electron source of the original SEM. We built three OHMs with different spatial resolutions



from three types of SEMs with different electron beam sources. The OHM used here (ERA
600FEH2, Elionix Inc.) is a modified field emission electron-gun scanning microscope (ERA
600FE, Elionix Inc.), can visualize the hydrogen release position with a spatial resolution of
<10 nm. The ERA 600FE detects secondary electrons from up to four directions, and can
accurately grasp the topographical shape of the surface, even though it is an electron
microscope. The OHM used here has secondary electron detectors in two directions, with
which we measured hydrogen images and topographic images of the surface at the same time.

In the experiment we used electron energy of 2 keV, and the current of 10 pA.
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Figure 1. Schematic diagram of high-resolution operando hydrogen microscope (OHM),
which uses a field emission (FE) electron gun. TMP, turbomolecular pump; IP, ion

pump; NEGP, non-evaporable getter pump; QMS, quadrupole mass spectrometer.

The measurement chamber was evacuated by turbomolecular pump (Edwards Ltd,
nEXT300D, 300L/s) and ion pump (Gamma Vacuum, TiTanTV, 240L/s) to 5.70 x 10~® Pa. The
hydrogen supply chamber was evacuated by turbomolecular pump (Pfeiffer Vacuum GmbH,
HiPace300, 260 L/s) to 1 x 107 Pa. The hydrogen pressure in the supply chamber, P, can be
controlled between 100 and 2000 Pa. The residual gas in the measurement chamber and the gas
molecules passing through the sample were also measured by a quadrupole mass spectrometer
(QMS; Pfeiffer, QMG220) using an electron multiplier, and the relation between ESD and QMS

signals is discussed. The system is commercially available from Elionix Inc.
2.2. Sample

An SCE (Puaron Japan Co., Ltd.), being a sintered stainless-steel filter used to introduce gas

into a vacuum chamber, was used as a sample [18] (Fig. 2). Hydrogen gas was supplied from



below and introduced into the measurement chamber. The electron beam was irradiated at the
top of the SCE to obtain the ESD and SEM images before and during hydrogen introduction.
The SCE was heated to 373 K by a halogen heater located in the H> supply chamber to reduce
the adsorption of water molecules to the surface.

The gas molecules pass through the pores of the SCE at the supply pressure of <10* Pa,
because the pore size of the SCE is <1 um. The molecular flux of H> through SCE, Om, is

calculated as:

_ Cn2Ps  |Mpa
Q. (molec./s) = A (1)

where Ci> is the molecular conductance of SCE for N», which was 4.88 x 10! m?/s measured
by the manufacturer at 7o = 298 K; Psis the hydrogen pressure in the supply chamber, which
was raised from 100 to 2000 Pa; k is the Boltzmann constant (= 1.38 x 1072 J/K); T is the
temperature of the supply chamber (= 373 K); and Mn> and My, are the molecular masses of

N> and Ho, respectively [21].
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Figure 2. Schematic diagram of standard conductance element (SCE) tested in this study.

3. Results

3.1 Comparison of ESD signal with QMS signal of hydrogen

Figure 3a shows changes in the ESD signal from the surface of the SCE and in the QMS signal
of hydrogen (m/z = 2) as the hydrogen supply pressure rises from 100 to 2000 Pa. The QMS
signal of hydrogen immediately increased to a constant value, rapidly responding to the step-
like rises in the supply of the hydrogen gas to a constant value (ESD signal in Fig. 3a). Such a
sudden rise in an ESD signal has not been observed in hydrogen permeation experiments

through the bulk, but instead leaked out through numerous pores.
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Figure 3. Relation between QMS and ESD signal. (a) QMS signal of hydrogen (m/z = 2) and
ESD ion counts at the same time. Inserted numbers are pressure of hydrogen gas in supply
chamber at the time. The background pressure in the supply chamber before hydrogen gas
was supplied was 107 Pa. That in the measurement chamber was 1.54x1077 Pa. The
background was not subtracted from the respective signals. The sharp peak in the QMS signal
that appeared at 4000 seconds has nothing to do with the essence of the experiment, as it was
caused by incorrect operation of the valve that introduced hydrogen into the hydrogen supply
chamber. (b) ESD counts and QMS signal in a, as a function of pressure in hydrogen supply
chamber. To exclude the influence of the background, the values at 107> Pa in a are subtracted
from each of the QMS and ESD values. (c) Relation between ESD counts and QMS signal

n a.



Figure 3¢ shows the relationship between the ESD ion counts and QMS signals. As the ESD
count changes with the width of the measurement area, the linear coefficient is not the same in
other sizes of measurement area. The QMS signal is an averaged value corresponding to the
number of all hydrogen molecules that passed through the SCE, regardless of the measurement
field of SEM view. The value does not change even if the SEM magnification is changed. On
the other hand, the ESD ion count is proportional to the number of hydrogen atoms present in
the SEM area. When the magnification is increased, the ESD count number differs depending
on the local structure, too. For example, it may differ such as when there are many pores in the

field of view, even if the field area is the same.

3.2 Background consideration for quantitative measurement

The main residual gas in any UHV environment, such as our measurement chamber, is hydrogen,
and the background should not be ignored. The nature of the background varies depending on
the target sample, pumps, vacuum equipment material, and test gas. However, it is essential for
evaluating the hydrogen passing through the SCE, so we mention it here. We considered
individual causes that affect the ESD signal.

Ion signals were observed even when the electron irradiation for ESD measurement was
turned off, owing other ion sources: the ion signal in the ESD measurement contains not only
hydrogen atoms ionized by electron irradiation on the sample surface, but also residual gas
ionized in the ionization chamber of the QMS and residual gas ionized by the ion pump for
evacuating the measurement chamber. Ion gauges may also be a source of hydrogen ions.
However, we use a cold cathode type ion gauge. There was no increase or decrease in the signal
due to turning the ion gauge ON/OFF.

Figure 4a shows the ion counts of ESD when the electron irradiation was turned on and off
while the hydrogen pressure in the supply chamber was kept constant at the SCE temperature
of 373 K. The number written in the figure as “H» leak” is the number of hydrogen molecules
leaking through the SCE in the ESD measurement area of 300 um % 400 um. The relationship
between hydrogen pressure in the supply chamber and ESD counts was measured as the electron
irradiation was switched on and off. Figure 4b summarizes it as a function of the number of

molecules leaking through the SCE in the ESD measuring area.
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Figure 4. (a) Schematic image of relation between hourly mean ESD ion counts desorbed
from the SCE surface and supply pressure in the supply chamber. (b) Ion counts at different

supply pressures as electron beam is switched on and off.
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Figure 5. ESD ion counts during desorption from the SCE as a function of hydrogen supply

pressure to the backside of the SCE after subtraction of ESD background signals. The SCE

temperature was 373 K.

We subtracted the total background (the ion signal when the electron irradiation is off) from the
ion signal data. The linear relationship between the ion signal and the amount of hydrogen
supplied was maintained (Fig. 5). This relationship shows that one H' ion corresponds to 2.67

x 10° H, molecules (or 5.33 x 10° H atoms) in the pressure range.

3.3 Visualize hydrogen passing through SCE

There was a difference in the ESD ion distribution between the part facing the measurement
chamber and that nearby the filter pores: hydrogen was highly concentrated on the pore edge
area of the particle surface that constitutes the SCE (Fig. 6¢). The daily measurements show the

distribution of desorbed hydrogen integrated over each 24 h: there was no significant change in



the daily ion distribution (Fig. 7b-h).

(b) (c)

Figure 6. (a, b) SEM images of the surface of the SCE downstream of the hydrogen
permeation (a, 300%; b, 2500x%); (c) ESD ion image (300 x 225 pixels) of desorption from
the same position as in b. Sample temperature was 373K, and the ion counts are integrated

7day’s data. The color bar shows the ion count from one pixel.
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Figure 7. ESD ion images (a) integrated over 1 week; (b—h) daily for 7 days.

4. Discussion

These results show that ESD ion signals come from hydrogen atoms on the metal surface of the
SCE. The increase in the ESD ion signal is not due to the hydrogen atoms dissolved within the
stainless-steel particles of the SCE or desorbed from the surface. Instead, hydrogen molecules
from the hydrogen supply chamber leak through the pores in the SCE and are released into the
measurement chamber, increasing the hydrogen pressure there (Fig. 8, Steps 1 and 2). At this
time, the pressure difference in the SCE pores between the hydrogen supply chamber and the
measurement chamber is 7 to 9 orders of magnitude. Hydrogen molecules in the measurement
chamber collide with the surface of the SCE as well as with the inner wall of the chamber, and

some are dissociated and adsorbed (Fig. 8; Step 3). The inner walls of the pores and the surface



of the SCE facing the measurement chamber are all made of stainless steel, so hydrogen is
adsorbed with the same probability. The local hydrogen pressure in the pores is much higher,
then that in the measurement chamber. Therefore, the surface number density of hydrogen
atoms is higher near the pores than at the top surface. As a result, ESD signals are greater around
a pore.

As shown in Figure 8, we believe that the hydrogen ion signal source comes not only from
the atoms that leaked from the pores of the SCE and were adsorbed after being released into the
measurement chamber. Another source is the hydrogen atoms dissolved into the stainless-steel
particles of SCE. These atoms can diffuse inside the stainless steel and permeate the metal (Fig.
8, “permeate in metal”). However, we consider the influence of these hydrogen atoms on the
ESD signal to be negligibly small, because there is no time delay in the ESD signal increase
(Fig. 3a); it takes several months for atomic hydrogen diffusion inside metal, as austenite
stainless steel, with a thickness of 9.0 mm from the hydrogen supply to the measurement

chamber at 373 K[16].
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Figure 8. Schematic diagram of hydrogen moving.

Another possible ion signal source is surface migration of hydrogen atoms adsorbed on the
pore walls. This hydrogen would be dissociated and adsorbed not only on the surface of the
sample after release into the measurement chamber, but also on the inner wall surface of the
pores of the leakage route. These atoms might also migrate by surface diffusion to the
measurement side surface of the SCE along the surface of the pore walls, at least if they are
near the pore exit and the length of diffusion is short.

Let’s try to correlate the number of ESD ions with the number of hydrogen molecules passing
through the SCE. The flow rate of hydrogen permeating the SCE was calculated based on the
data sheet of the SCE obtained from another experiment (see Supplemental S1). The data
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sheet shows the conductance when nitrogen gas leaks through the entire SCE, that is, through
a 5.5mm diameter opening in the sintered body involved in gas leakage, at a temperature of
298 K (25 degrees), versus the supply pressure (Ps). The molecular flux (Qm2) during the

experiment is given by equation (1) [21]. The value is the molecular flux for the entire

opening of SCE (Sscg: 2.37 X 10 °m?), so the molecular flux (Quzsm) from the microscope

field of view (S») is expressed as follows:

Sm
QHzgm = PSCHZ@ (2)

We associate this value with the number of hydrogen ions desorbed from the measurement
area. When Ps= 100 Pa and 7= 373 K, Qu> = 4.0 x 10'? molec./s. The H, molecular flux per
ESD measurement area of 300 um x 400 pm, Qua, is 2.00 x 10'° molec./s, and per 36 pm x
48 pum is 2.88 x 10® molec./s. In the ESD measurement in Fig. 7a, on the other hand, the total
number of ESD ions was 718 000 in one frame of view of the microscope (36 um x 48 pm)
over 7 days. The flux of ESD ions was 6.87 x 10® ions/(s-m?). With the above value of Qu2 for
the microscope view, the number of hydrogen molecules passing through the SCE per single
ESD ion corresponds to 2.43 x 10® molec./ion. With this information, it is possible to
quantitatively determine the number of hydrogen molecules released at a specific point from
the number of ESD ions at the other samples.

Of course, these numbers relate to only the current experiment, as the frequency of
hydrogen image capturing and the ESD desorption rate vary depending on the material of the
sample. In addition, the electron beam is scanned, so there are times and areas where electrons
for ESD are not irradiated. The yield of ESD also depends on the SEM magnification, that is,
the amount of incident electron current per unit area. However, here we tried to calculate the
relationship between the amount of hydrogen molecules permeated and the ESD signal under
our specific experimental conditions.

We also roughly estimated the hydrogen pressure near the pore exit. We assume the flat
part of the top surface of the SCE facing the measurement chamber to have surface adsorbed
hydrogen corresponding to 1.0 x 1077 Pa in the measurement chamber during the permeation
experiment. The ESD ion count in this area was 4.65 x 10'4/m? (Fig. 7). On the other hand,
that around the pore was 7.12 x 10'%/m?, 1.5% the number on the top surface. From the
relationship between hydrogen partial pressure and adsorption amount, we estimated the
hydrogen pressure near the pore to be 1.5 x 107 Pa.

When a sample has a uniform structure and a uniform element distribution, the

permeation rate of hydrogen passing through the sample per unit area would be constant, as
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we measured the rate of leakage through the SCE here. If the temperature and the hydrogen
supply pressure to the back of the sample are constant, the hydrogen flow rate does not
depend on the shape or size of the measurement area. However, the ESD signal of hydrogen
may depend on the sizes of the electron beam and the measurement area on account of the
balance between the real irradiation area, which comes from the spot diameter of the incident
electron beam, and the size of the measurement area. If the measurement area is narrow and
the electron beam spot size is large, the electron beam will overlap itself and repeatedly
irradiate multiple points on the sample. For this reason, to quantitatively analyze the amount
of leakage or permeation, we need to measure the relationship between the amount of gas

released and the number of ESD 1ons in each measurement condition and SEM magnification.

5. Conclusion

Using an operando hydrogen microscope, we imaged hydrogen gas leaking from a sintered
body. The hydrogen leaked predominantly from pores. The OHM allowed us to identify very
small points where gas leaked. Visualizing the location of local gas leaks from welded metal
joints and barrier films to prevent gas diffusion will greatly promote research. However, it is
not easy to quantitatively interpret the absolute amount of permeation from the ESD signal,
which is the desorbed hydrogen ion count. It is necessary to calibrate the signal and the
permeation flux every time the magnification is changed, even with the same material and
measurement conditions. By considering the individual effects in detail, it would be possible

to relate the signal locally to the molecular flux.
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