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 A B S T R A C T

Tungsten (W) is the most promising plasma-facing material candidate for future deuterium–tritium (D–T) fusion 
reactors due to its favorable properties, such as low sputtering yield, low chemical reactivity, high melting 
point, and low intrinsic fuel retention. However, highly energetic neutrons from DT fusion reactions can cause 
displacement damage in the W lattice and enhance fuel retention. This affects the tritium cycle requirements 
and nuclear safety, as a tritium inventory builds up in the vessel. Therefore, diagnostics are required to quantify 
the D and T content in-situ in the plasma-facing and structural materials. Laser-induced Ablation Quadrupole 
Mass Spectrometry (LIA-QMS) is a promising method for quantifying fuel content with good spatial and 
depth resolution. LIA-QMS can be simultaneously applied with Laser-induced Breakdown Spectroscopy (LIBS). 
Combining both techniques provides the high depth resolution of LIBS with the quantification capabilities of 
LIA-QMS. This study compares D depth profiles recorded with pico-second LIA-QMS with Nuclear Reaction 
Analysis (NRA) with 3He beam on a displacement-damaged W sample. The comparison reveals the depth 
profiling capabilities, strengths, and weaknesses of LIA-QMS using picosecond lasers. A set of similarly self-
damaged (10.8 MeV W3+ irradiated) ITER-grade W samples from PLANSEE was gently loaded with D in a 
low-temperature plasma at 370 K. The D concentration was varied by subsequent annealing of the samples at 
different temperatures in a vacuum after the D decoration. The ratio between D2 and HD, both contributing 
to the total D content, increases from 1:1 to 1:5, starting at the surface and extending to 4 μm, with increasing 
depth. LIA-QMS shows a similarly high sensitivity (<0.05 at% D at a 15 nm average ablation rate (AAR)) 
as NRA (around 150-400 nm resolution). ps-LIA-QMS can be calibrated via a known amount of reference 
gas injections and deviates from the NRA results by a factor of 1.7 across all samples, which also includes 
non-volatile species. The laser-induced crater surface stays relatively flat for up to 4 μm until surface structures 
start dominating the crater’s surface under the given laser parameters. 𝜇-NRA in and around the craters shows 
complete removal of D inside the laser crater. Thermal effects due to the ps-pulses within the crater floor are 
indicated, but could not be quantified yet. In conclusion, this study shows a good agreement between ps-LIA-
QMS, a potential in-situ method, and the reference ex-situ method NRA for D quantification. This paves the 
way for studies to investigate open questions about particle–wall interactions during the ablation process.
I This article is part of a Special issue entitled: ‘PFMC-20’ published in Nuclear Materials and Energy.
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1. Introduction

The hydrogen isotopes deuterium (D) and tritium (T) are the most 
promising fuel gases for fusion reactors due to their relatively large 
cross section and availability. These isotopes have been employed in 
experimental devices, such as the Joint European Torus (JET) [1], to 
investigate burning-plasma behavior and confinement improvements 
during operation with the metallic first wall. Although DT fusion 
exhibits superior performance compared to other fusion reactions, the 
use of 𝑇  poses significant challenges. While D has a natural occurrence 
of approximately ∼0.015% in water, 𝑇  has no natural occurrence and 
must be bred in dedicated breeding blankets within the fusion device, 
as it will be tested in ITER [2]. Therefore, efficient fuel usage is crucial 
for a closed fuel cycle and economical operation. Furthermore, the 
radioactivity of T, with a half-life of approximately 12.3 years, signifi-
cantly impacts reactor design and operation, necessitating compliance 
with radiation safety requirements. Given these properties, a closed fuel 
cycle is essential for efficient, safe, and long-term operation of a reactor. 
The closure of the fuel cycle is closely linked to fuel retention in the 
first-wall materials, which serve as the primary interaction area, and to 
breeding efficiency.

Tungsten (W) is envisioned as the primary material for the first 
wall of fusion devices due to its high melting point, high thermal 
conductivity, low activation potential, minimal chemical interactions, 
and favorable fuel retention properties. However, the microstructure 
of W undergoes significant changes during operation due to different 
types of particles, e.g., He ash and seed species such as Ne. The high 
flux of energetic plasma particles in the eV to keV range impinging on 
the surface causes, on the one hand, material erosion and, on the other 
hand, irradiation damage on a micrometer scale, increasing the likeli-
hood of incoming fuel atoms becoming trapped and thereby enhancing 
retention [3]. However, the primary contributor to irradiation damage 
inside the reactor is expected to be the 14 MeV high-energy neutrons 
generated by the DT fusion process, which can penetrate deep into 
the material [4]. This induces displacement damage much deeper than 
the penetration depth of plasma particles, thereby creating a potential 
retention volume, e.g., via voids. Collision cascades mainly drive the 
damage created by neutrons and cause degradation of mechanical prop-
erties to an extent that plasma particles or eroded material do not [5]. 
While neutron irradiation causes activation and its high penetration 
depth leads to a homogeneous damaging pattern, proton irradiation, 
used to mimic the damage of neutrons, creates blisters under certain 
conditions in the depth where the Bragg peak occurs and is limited on 
the micrometer scale [6,7]. Synergistic effects among neutrons, plasma 
ions, impurities, and wall temperatures also alter the microstructure 
and retention properties, unlike those of single damage sources. The 
observed types of lattice damage and synergistic effects are discussed 
in [3]. The fuel retention shows a strong dependence on the damage 
dose, quantified in displacements per atom (dpa), increasing rapidly 
at low damage doses and saturating at around 0.1 dpa. For ITER, the 
maximum dose is expected to be 0.25 dpa at the end of lifetime [8,9].

For these reasons, diagnostics are needed to investigate the 𝑇  stored 
in the first-wall components at certain time intervals to monitor the 
in-vessel fuel inventory, before component replacement, and finally 
during decommissioning. One common diagnostic to quantify hydrogen 
isotope retention is Nuclear Reaction Analysis (NRA), which uses nu-
clear reactions to analyze the composition of the surface and at depths 
of a few micrometers [10]. Although NRA is depth-resolved, non-
destructive, and highly sensitive, it is not applicable to fusion devices as 
an in-situ technique due to the extensive and costly facilities required 
for ion acceleration, the remnant magnetic fields that deflect the ion 
beam, and the limited analyzable depth. As an alternative, laser-based 
diagnostics are promising tools for determining the 𝑇  content in-situ in 
future fusion devices. In-situ experiments with laser-induced desorption 
quadrupole mass spectrometry (LID-QMS) at JET proved the extremely 
high sensitivity of mass spectrometry after laser-induced desorption of 
2 
hydrogen isotopes [11]. This technique allows fast analysis of the total 
amount of retained D and 𝑇  but offers no specific depth resolution. An-
other technique, which is already implemented in several devices as an 
in-situ technique, is laser-induced breakdown spectroscopy (LIBS) [12,
13], for example, in JET [14]. LIBS is a depth-resolved method that 
uses short-pulse laser ablation to create a plasma, whose optical spec-
trum is observed with a spectrometer to determine the composition 
of the plasma formed. Direct quantification requires separating the 
line emission from deuterium and tritium, which is challenging due 
to line broadening and photon-to-particle conversion. Normalization 
against reference samples, or so-called calibration-free LIBS, might 
be used for quantification. As a combination of ‘‘the best of both 
worlds’’ for hydrogen quantification and good depth resolution, laser-
induced ablation quadrupole mass spectrometry was developed, using 
residual gas analysis of the laser-ablated material with a quadrupole 
mass spectrometer. The first studies for LIA-QMS have already been 
carried out for carbon (C), with promising results in terms of sensitivity 
and depth resolution [15]. LIA-QMS now needs to be adapted to W 
and other fusion-relevant materials with low fuel content to account 
for the different properties of chemical compounds, their response 
to laser pulses, ablation behavior, and retention properties [16,17]. 
The interactions between the ablated plasma particles and the first 
wall materials need to be investigated, and depth profiling optimized. 
Since high-energy fusion neutrons at high fluence are not yet available, 
experiments with pre-damaged W are carried out using self-damaging 
or proton irradiation as a proxy for high-energy neutrons in the near-
surface regions. In the following, the capabilities of LIA-QMS utilizing a 
picosecond laser for analyzing D retention in self-damaged W as a proxy 
for neutron irradiation and fuel retention are demonstrated. Addition-
ally, the validation of ps-LIA-QMS against NRA, the reference method, 
is presented, and the potential for simultaneous and complementary 
measurements with LIBS is explored.

2. Methods

2.1. Sample preparation

To mimic the combined effects of plasma and neutron irradiation, 
two sets of four W samples were subjected to a self-ion irradiation and 
D decoration procedure by low-temperature plasma exposure at the 
Max Planck Institute for Plasma Physics (IPP) in Garching, Germany. 
Before exposure, all samples were recrystallized under UHV conditions 
(<5 × 10−9 mbar) at 2000 K for 3 min. As a result of this procedure, 
vacancies were eliminated and intrinsic hydrogen removed; hence, the 
structure within the samples was homogenized, which otherwise could 
lead to difficulties when evaluating the damage profile applied in the 
following step. Seven out of eight samples were self-irradiated with 
10.8 MeV W3+ ions at room temperature, to a fluence of 1 × 1014

W/cm2. The SRIM calculated damage profile is shown in Fig.  1 marking 
1.2 μm as the expected damage and hence implantation depth of D. 
Subsequently, all samples were decorated with D by the plasma source 
(PlaQ) at 370 K, with an energy of 5 eV per D atom, for 50.5 h. 
Then, six out of eight samples were outgassed in the quartz tube of 
the thermal effusion spectroscopy (TESS) facility. Following an empty 
ramp to 1010 K without samples to determine the background, the 
samples were heated with a temperature ramp (3 K/min) to different 
maximum temperatures, as detailed in Table  1. During outgassing, the 
mass spectrometer at TESS was employed to acquire thermal desorption 
spectroscopy (TDS) data as a secondary reference measurement [18].

After the outgassing procedure, all samples were analyzed with a 
1 mm × 1 mm 3He beam at an impact energy of 2.4 MeV, at 5–10 
locations with a 2–1 mm step width, to provide information on the 
lateral homogeneity of the D content. Eight different 3He energies were 
used, ranging from 4.5 MeV to 500 keV, yielding a depth resolution of 
about 150–400 nm. To derive the most probable D depth profile and 
the total D content within the information depth of 7.2 micrometers, 
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Fig. 1. Calculated displacements by the incoming 10.8 MeV W3+ ions, by the 
created recoils, and the sum of the two (green lines and axis). For the applied 
fluence of 1×1014 W/cm2, this corresponds to the shown primary displacement 
damage (red line and axis) and the implanted W concentration (blue line and 
axis). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)

all collected proton and alpha spectra were analyzed simultaneously 
with the NRADC software [19] together with SimNRA7.04 [20]. The 
5% error in the cross-section determines the absolute accuracy, whereas 
the cross-section data from Wielunska et al. were used [21]. Fol-
lowing these NRA measurements, the samples were shipped to the 
Forschungszentrum Jülich (FZJ) for LIBS and LIA-QMS analysis. After 
the LIA-QMS measurements, 𝜇-NRA was carried out to investigate the 
D content remaining in the crater floor. For the 𝜇-NRA measurement, a 
3He beam with 2950 keV and a 100 μm spot size was used, irradiating 
for 4–6 min per spot for a total dose of 3 μC.

2.2. Experimental setup

The experimental setup for the LIA-QMS and LIBS measurements is 
illustrated in Fig.  2. All measurements were conducted at a constant 
room temperature of 293 K. Before sample installation, the analysis 
chamber was baked out at 433 K for 48 h to minimize outgassing 
from the steel chamber walls. The samples were mounted after nitrogen 
(N2) flooding of the chamber to minimize the impact of air and other 
impurities. All samples were fixed on an x-, y-, 𝜙-stage within the 
vacuum chamber, which had a volume of 0.3 m3, and was operated 
at a base pressure of approximately 6 × 10−8 mbar. The position of the 
laser spot (around 700 μm in diameter) on the sample is controlled by 
the 𝑥 and 𝑦 coordinates; the angle phi describes the rotation about 
the manipulator’s center axis and hence the incident angle of the 
laser beam on the sample. A turbo molecular pump was connected 
to the analysis chamber via a pneumatic valve, allowing the pump 
to be isolated shortly before the laser pulses. The valve to the pump 
stayed closed during the laser pulses to increase the sensitivity. For the 
QMS measurements, a Pfeiffer HiQuad QMG700 mass spectrometer was 
employed. Two calibration leaks were used to calibrate the deuterium 
(D) content: a Laco H2 leak with a flow rate of 3.96× 10−6 mbarl/s and 
a D2 leak with a flow rate of 4.05 × 10−6 mbarl/s.

A Nd:YVO4 laser (EKSPLA) operating at a wavelength of 355 nm 
and a pulse duration of 35 ps was utilized for the measurements. The 
laser energy on the sample was measured to be (10 ± 1) mJ. The 
laser energy stability was determined to be 7% RMS over 200 pulses 
for a ramp of 25 amplifications from <0.2 mJ to 30 mJ. The initial, 
collimated 12 mm wide laser beam was guided towards the vacuum 
chamber using coated mirrors. The spot size was chosen by moving a 
500 mm lens in the beam line right in front of the chamber to shift the 
focal point away from the sample. The craters were visually verified to 
3 
Table 1
Sample list with pre-damage, D decoration and outgassing tem-
perature. The atomic percentage is taken from NRA and averaged 
over the first 1.2 μm.
 Sample damaged D decoration T𝑜𝑢𝑡𝑔𝑎𝑠𝑠𝑖𝑛𝑔 D[𝑎𝑡%] 
 I – Yes – 0.08  
 II Yes Yes 902 K 0.01  
 III Yes Yes 800 K 0.20  
 IV Yes Yes 655 K 0.79  
 V Yes Yes – 1.48  
 VI Yes Yes 629 K 0.87  
 VII Yes Yes 663 K 0.66  
 VIII Yes Yes 727 K 0.47  

Fig. 2. Schematic experimental setup of the LIA-QMS system reduced to the 
key elements: the laser, the beam path, the sample holder, the quadrupole mass 
spectrometer, the turbo molecular pump with isolation valve, and calibration 
leak path. [16].

be between 600 μm and 700 μm in diameter, plus an almost uniform 
edge of 50 μm and around 3 μm in depth, using a combination of 
CCD camera, confocal microscope, profilometer, and scanning electron 
microscope (SEM) measurements. A sample image of a crater and its 
characterization measured with a confocal microscope is shown in Fig. 
3.

2.3. Calibration of the QMS

Before measuring the deuterium content, the QMS was calibrated to 
enable quantification. The calibration procedure involved the following 
steps: the calibration leaks were closed, and the background signal was 
obtained by isolating the pump for 20 s. Afterwards, the procedure 
was repeated with both calibration gases (H2 and D2) by opening the 
corresponding valve, with 15 min of pumping before opening the other 
valve to clean the pipe between the leaks and towards the chamber. The 
background-subtracted slope of the QMS signal represents a measure of 
the atoms per QMS signal unit (atoms/A). In the end, the calibration 
factor, C𝑓 , was calculated after the experiments using the slope (S𝑙𝑖𝑛) 
of the signal increase, determined by both linear and quadratic fit 
functions as a cross-check. The calibration factor is defined as: 

C𝑓 =
S𝑙𝑖𝑛 (1)
L ∗ 𝑘𝑏T
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Fig. 3. Height map of a crater on sample VII measured with a confocal 
microscope relative to the surface. The crater bottom has an elliptical shape, 
with short and long axes of around 600 μm and 700 μm, and an almost uniform 
edge of 50 μm. Dark blue areas lack height information, mainly along the crater 
edge due to steep terrain and high reflectivity. The blue circle marks the area 
over which the mean depth of the crater bottom was averaged. The area within 
the two red circles was used to calculate the mean surface height. The depth 
value given is the difference between the computed surface and the crater 
bottom. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)

where L is the leakage rate, 𝑘𝑏 is the Boltzmann constant, and 𝑇  is 
the temperature. C𝑓  represents the signal per molecule. Thus, division 
by a factor of 2 is applied to obtain the D quantity. To determine 
the calibration factor for HD, which was expected to be present in 
significant quantities along with D2, the mean value of the calibration 
data from both H2 and D2 was used. A sample calibration curve for 
H2 and D2 is shown as an example in Fig.  4. The calibration data 
demonstrate a linear relationship between the QMS signal and the gas 
flow rate, enabling accurate quantification of the D content in this 
pressure range. Please note that deviations from a quadratic polynomial 
fit were negligible. Still, non-linear effects arising from the different 
orders of magnitude between the signal and calibration ranges might 
affect this calibration factor similarly across all samples.

2.4. LIA-QMS analysis

To determine the deuterium quantity in the LIA-QMS measure-
ments, two separate protocols were employed for the first batch of 4 
samples and the second batch of 4 samples. The difference between 
the two protocols was due to improvements in the valve system, 
which enabled faster and longer measurements after the first batch was 
already processed.

For the first batch, the valve to the vacuum pump was isolated 1 s 
before a train of 10 laser pulse salvos within 2 s. After a total of 5 s with 
the valve closed, it was reopened for 5 s. This procedure was repeated 
20 times to achieve a maximum ablation depth of 3 μm with 150 pulses, 
resulting in an average ablation rate (AAR) of approximately 15 nm 
per pulse on W. Simultaneously, the line emission of the laser-induced 
plasma was recorded by the spectrometer for spectral analysis. Details 
about the spectrometer system and the results can be found in [18].

In contrast, the second batch of samples was analyzed with single-
pulse resolution. A total of 200 pulses were fired, with a single pulse 
per cycle, 3 s of closing time, and 3 s of pumping time between cycles. 
This approach provided a 10-fold higher depth resolution compared to 
the first batch, while the total quantities remained unaffected. The D 
signal for all samples was extracted from the mass spectra at m/z = 3 
(‘‘HD’’) and m/z = 4 (‘‘D ’’). The peak heights after each set of laser 
2
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Fig. 4. Calibration curve for a 15 s calibration procedure with H2 and 20 s 
for D2 with the signal intensity on the 𝑦-axis and the measurement time on 
the 𝑥-axis. The black lines mark the start and end of the quadratic fit for D2, 
marked in a dashed red curve. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)

pulses were background-subtracted using the mass-spectrum signal 
during the pump-down phase and the zero measurement offset (ZMO), 
which is the D content measured by repeating the procedure on a non-
damaged, non-D-decorated W sample. The ZMO is discussed in detail 
in Section 3.5. The peaks were then quantified by using the calculated 
calibration factor, and relative D concentrations were determined by 
relating the absolute content to the ablated volume. This was achieved 
using the standard values for W bulk material (𝜌𝑊  = 19.3 g/cm3, 𝑀𝑊
= 184 u) and approximating the laser crater as elliptical.

3. Results

The results of this study are structured into three sections: First, the 
mean D inventories determined with LIA-QMS and NRA are compared 
for all samples. Secondly, the D depth profiles for the batch 2 samples 
are analyzed in detail. Thirdly, further analyses addressing discrepan-
cies between the results of both diagnostic techniques are provided. 
These include the impact of an oxide layer, the HD/D2 ratio, and the 
zero measurement offset.

3.1. Comparison of the mean D content between LIA-QMS and NRA

Quantification of the D inventory inside wall material is one of 
the key goals of LIA-QMS. In this study, the two batches of samples 
were investigated using a multi-step approach: Batch 1 samples were 
analyzed with manual valve control. The batch 2 D inventory was 
determined using an automated valve. Automating the valve allowed 
much more detailed depth profiling, which is discussed afterwards.

3.1.1. Batch 1 D inventory comparison
The D inventory of the W samples from batch 1, determined with 

LIA-QMS and NRA, is shown in Fig.  5. The D inventory is averaged over 
1.2 μm, matching the depth affected by damage. Using this batch, LIA-
QMS was tested for its ability to detect low quantities of D and how 
well the detected quantity matches NRA. Sample I was undamaged, 
decorated with D but not outgassed which explains that NRA can detect 
a low amount of D of 0.08 at%. In sample II which was damaged, 
decorated with D but also outgassed at 902 K, NRA measures less 
than 0.01 at%. In contrast, LIA-QMS does not detect D in both samples 
after subtraction of the zero measurement offset (ZMO). The ZMO is 
the signal obtained on an outgassed, non-decorated sample and will 
be discussed in Section 3.5. The D absence in sample II is consistent 
with NRA and expected due to outgassing at 902 K. Samples III and 
IV show measurable D content in both methods. 1.8 times to 2.2 times 
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Fig. 5. Comparison of the mean D content over 1.2 μm between LIA-QMS 
(orange) and NRA (blue) for batch 1. Sample I was not damaged, but D was 
decorated, sample II, III, and IV were damaged, decorated, and outgassed 
at different temperatures, correlating with the remaining inventory. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

the amount of the QMS measurements is detected via NRA. It should 
be noted that, due to inhomogeneities in sample IV, the uncertainty in 
the content is approximately 10%.

3.1.2. Batch 2 D inventory comparison
To evaluate the sensitivity and depth-profiling capability of LIA-

QMS further, batch 2 was analyzed using the automated valve and up 
to single pulse resolution. The maximum single-pulse resolution was 
15 nm AAR, given the available laser energy and a suitable crater 
diameter. The mean D content measured over 1.2 μm with LIA-QMS and 
NRA can be compared in Fig.  6. First, all samples show a similar trend: 
smaller D inventory at higher outgassing temperatures, which matches 
the findings of the batch 1 measurements and creates a database of 
8 different D contents in total. Similar to batch 1 the quantification 
differs by a factor of around 1.7 with more D content found in the NRA 
measurements.

3.2. Depth profile comparison

The depth profile of samples V for one measurement with 15 nm 
AAR and one shot per LIA cycle is shown in Fig.  7 for both LIA-QMS and 
NRA after calibration and scaling. The pattern in which D is distributed 
remains the same across different samples despite differences in mean 
content, which is expected given the similar treatment, except for the 
outgassing temperature. The corresponding profiles of samples V, VI, 
VII, and VIII for both NRA and LIA-QMS are shown in Fig.  8(a) and 
Fig.  8(b). In general, both LIA-QMS and NRA match well. Beyond 
700 nm, the D content decreases, and at around 1.7 μm, no D is 
detected with either method. At 250, 500, and 800 nm, small peaks 
are detected in the LIA-QMS profiles that were not resolved in the 
NRA measurements, which had around 150–400 nm resolution. The 
profiles deviate at the surface between 0 and 350 nm. In the NRA 
profile, a constant or increasing D content is measured, whereas in 
LIA-QMS, a high initial concentration with a substantial drop within 
the first 10 pulses is observed. Up to 6 at% are detected with the QMS 
on sample V, while NRA detects only 1.7 at%. Since differences in the 
ablation rate can cause large deviations in the detected quantity, the 
post-ablation surface was investigated. Unfortunately, no measurement 
method available was able to resolve the first 10 pulses for ablation 
5 
Fig. 6. Comparison of the mean D content of batch 2 over 1.2 μm between 
LIA-QMS (orange) and NRA (blue). (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this 
article.)

Fig. 7. LIA-QMS D depth profile (orange) compared with the first measured 
NRA profile (blue) on sample V, the sample of batch 2 with the highest D 
content. A substantial decrease in the LIA signal is noticeable in the surface 
region; 3 smaller peaks at 0.25, 0.5, and 0.8 μm are visible. In total, 200 cycles 
were carried out with 15 nm AAR. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

rate evaluation. SEM images, such as Fig.  9(a), show differences in 
the surface morphology within the first five pulses, which indicate 
changing ablation rates, but this effect is not visible afterwards, where 
LIA-QMS still detects a decrease of D content. The surface structure 
inside the crater does not undergo visible changes during the upcoming 
pulses; compare Figs.  9(a) and 9(b). In addition to the surface structure, 
the oxygen content in the craters was measured with EDX to indicate 
W oxide layers and hence different ablation rates, which are compared 
in the following.

3.3. Surface analysis of the oxygen concentration

To study the impact of potential oxygen contamination at the sur-
face on the ablation rates and fuel content, dedicated craters were 
analyzed as shown in Fig.  9(a). An increased oxygen content would 
indicate the presence of WO layers, which would lead to different 
ablation rates in comparison with bulk W, since LIA methods tend to 
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(a) 

  
(b) 

 

Fig. 8. D depth profiles of batch 2 for NRA (a) and LIA-QMS (b) after calibration of the LIA-QMS signal. With NRA, an initial rise in D concentration is observed 
within the first 300 nm, while a substantial decrease is observed with LIA-QMS. All samples show the same trend but with differing mean concentrations. 3 peaks 
are detected with LIA-QMS at 250, 500, and 800 nm in samples V, VI, and VII.
 
(a) 

  
(b) 

 

Fig. 9. (a) SEM image of the three reference craters after the first, the second 
and third laser pulse at 20 mJ laser energy. The reference point for the 
oxidation concentration comparisons is marked, assuming comparable initial 
surface conditions before laser impact. (b) Comparison of the surface structure 
of the W sample III, all with magnification 15000x.

remove layers with different compositions at different rates. Indepen-
dent surface composition analysis with respect to the laser methods 
and evaluation of the impact of O was done using EDX, as shown 
in Fig.  10. Between the reference point, an unperturbed area on the 
sample indicated in Fig.  9(a), and the first laser pulse, the difference 
in O content is the largest with ∼16%, decreasing to ∼4% between the 
first and second laser pulse and vanishing between the second and 
third laser pulse without a significant difference. The drop in O content 
within two pulses indicates a compositional change and the removal of 
a very thin oxidized layer at the top surface. The negligible amount of O 
and its constancy after the two pulses indicate that the possible impact 
of an oxidized layer on the fuel content is limited to the first two pulses 
and thus does not explain the substantial decrease in concentration over 
the first 10 pulses. Complementary to the EDX findings, the calculation 
of the O concentration for 𝜇-NRA, performed simultaneously with the 
D measurement, indicates a decrease in O concentration after laser 
ablation.

3.4. HD and D2 ratio

Besides the depth profiles themselves, the ratio between HD and 
D2 was analyzed to understand possible recombination processes at 
the chamber’s wall, which contain even after conditioning residual 
amounts of hydrogen at the surface. Fig.  11 highlights the different 
profiles for HD and D2 on sample V, which contain a higher deu-
terium content than the others. While atomic deuterium is expected 
6 
Fig. 10. EDX spectrum of all four marked points in Fig.  9(a) including a 
carbon peak at 0.25 keV, an oxygen peak at 0.5 keV, and two W peaks at 
1.35 KeV and 1.8 keV. The strong oxygen signal drops rapidly between the 
reference point and the first laser pulse, decreases towards the second pulse, 
and remains nearly the same concentration at the third pulse.

in the W sample, it certainly recombines during interactions inside the 
laser-induced plasma or with the chamber’s wall. The D content ratio 
between HD and D2 shows a lot more HD than D2. The shape of the 
D distribution is similar in both, but does not correlate entirely. While 
the D2/HD ratio at the surface-near region is 1:1, deeper inside the D2
ratio decreases to only 1:3 (450–600 nm) and 1:5 (900–1050 nm). In 
addition to the D2 to HD ratio, the H2 profile is shown in Fig.  11 to 
evaluate possible correlations of the three peaks in the D profiles with 
naturally abundant HD in hydrogen molecules. The H2 profile shows 
an increase in signal with depth, which might be caused by a slight 
increase in chamber pressure over the long measurement duration 
and the short pumping time between cycles. Nevertheless, the profile 
cannot explain the peaks appearing in both the HD and D2 profiles.

3.5. Zero measurement offset

The interactions with the chamber’s wall are not only determined by 
the recombination post laser ablation and fuel release, but they are also 
determined by the surprisingly high HD content in non-D-decorated but 
also D-decorated samples. Fig.  12 compares the H2 and HD signal on 
an annealed reference sample (1 h at 1300 K) without damage and 
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Fig. 11. Comparison of m/z = 2 (H2), m/z = 3 (HD), m/z = 4 (D2) and content 
for sample V. The ratio between D2 and HD decreases strongly with depth, 
showing a large peak at m/z = 4 in the first pulses. The H2 profile does not 
correlate with the three peaks visible in mass 3 and 4.

deuterium decoration. It is noticeable that the HD content is ∼0.1% 
related to H2, which is about 10 times higher than the natural abun-
dance of 0.015%. Besides that, the graph shows a correlation between 
HD and H2 signal, which would also represent the main contribution to 
the background of D-decorated samples. Nevertheless, there is a slight 
difference in the background HD signal between non-damaged W, non-
decorated W, and decorated W. The D content in decorated W is higher, 
most likely driven by the small amount of ablation of more superficial 
layers at the crater edge, where the ablation rate is lower due to lower 
fluence. The 𝜇-NRA measurements also indicate a remaining fraction of 
D in the crater edge, which represents ∼17% of the crater. A complex 
deconvolution of the signal for each laser pulse has been excluded due 
to the large ratio between the crater bottom and edge. Still, it should 
be considered in studies of maximum sensitivity and deeper craters, 
with a changing aspect ratio. Especially in the superficial region, the 
influence of the crater edge can lead to an overestimated amount of 
D or an underestimated ablated area, also indicating a higher D at 
the surface than in the NRA measurements. A 𝜇-NRA crater map on 
sample VII is shown in Fig.  13; the maps of the other craters look 
similar. The independent NRA method confirms that LIA-QMS removes 
all D out of the crater center with a steep and almost uniform edge of 
around 50 μm. The thermal influence at the sides appears very limited 
and negligible for the crater diameters applied here, at a minimum. 
500 μm. The edge width can be determined by the flat-top laser beam 
profile, which causes less ablation at the edge and leaves part of the 
D-containing layer.

4. Discussion

As demonstrated, ps-LIA-QMS can provide highly resolved and sen-
sitive H isotope depth profiles in absolute concentrations. However, the 
results presented above reveal additional requirements in the analysis 
procedure and uncertainties. Notably, the quantification requires a pre-
cise calibration setup and knowledge about the crater parameters, such 
as the depth, crater edge, and crater bottom area. Deviations in surface 
area have a significant impact on the calculated D content. They must 
be prevented by creating crater databases for different materials and 
laser parameters using ex-situ diagnostics, such as confocal microscopy, 
or by adding supplemental in-situ diagnostics later on. Regarding the 
consistently differing mean quantity of detected D relative to NRA by a 
factor of 1.7, multiple contributors could play a role. A potential cause 
of D signal loss was observed during implantation in the chamber wall, 
specifically in the glass window facing the sample, which is the primary 
target for ablated material. The 35 ps laser beam releases high-energy 
atoms from the target’s surface during the ablation process [18], which 
7 
Fig. 12. H2 QMS signal in blue compared with the HD signal in orange over 50 
cycles with one pulse on a non-damaged and non-decorated reference sample. 
Two 𝑦 axes were used to compare the time-resolved patterns, the left one for 
H2, the right one for HD. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

Fig. 13. 𝜇-NRA map of the D content on sample VII. Red to orange color 
represents the original D content where no LIA crater was created. Green color 
marks the 50 μm wide edge of the crater with a fraction of D remaining, and 
blue the 600 μm wide center with no D remaining. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.)

could potentially be implanted inside the chamber wall and remain 
undetectable. Studies with femtosecond lasers have reported even more 
significant losses of up to 97% [22]. Although this loss can be corrected 
using a reference sample with known D content, it is crucial to under-
stand this aspect for reliable operation in a fusion reactor, given the 
changing properties of interacting surfaces. Variations in distance to the 
target, incident angles of ablated material, and compositions may affect 
the signal. Therefore, incorporating a predefined first interaction area 
into the diagnostic setup may be necessary. Another possibility is the 
influence of the crater edge and local changes of the ablation rate to the 
depth localization of D. If some regions show a lower ablation rate. The 
D is seen in deeper layers, interfering with the contribution of the crater 
edge to deeply measured D. To clarify this in the future, areal densities 
could be determined after deeper measurements that also ablate most 
of the D-containing crater edge. Furthermore, the chemistry during the 
ionization and mass analysis within the QMS might cause pressure-
dependent isotope exchange, leading to non-linearities. These could 
affect the calibration factor for H2 and, mainly, D2 by contributing to 
the HD signal. Analyses using a smaller calibration leak are required to 
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validate this point. Regarding the D2 to HD ratios, molecular recombi-
nations on the sample or on the wall could explain the higher detection 
of HD compared to D2. Furthermore, the significantly higher presence 
of H compared to D increases the HD to D2 recombination ratio in the 
chamber.

The relatively constant, but high ZMO of H2 and HD, even when the 
sample is not damaged or loaded, strongly suggests isotope exchange 
and recombination. Another possibility is the desorption of surface 
water and H isotopes, which builds up between the cycles. Indications 
for the amount were found with simultaneous LIBS measurements 
showing a strong increase of the H signal in each first pulse of an 
LIA cycle after opening and closing the valve to the chamber. These 
findings are discussed further in a future publication. Although the 
HD content is 10 times higher than the natural abundance of HD in 
hydrogen molecules, this can be due to two factors: the experimental 
setup using D in the samples and the calibration influx, and isotope 
exchange in the mass spectrometer. The difference in background signal 
between non-loaded and loaded samples is likely caused by D emitted 
from the crater edge, where the ablation rate is lower. For the craters 
of the aspect ratio presented this effect is negligible. For craters with 
smaller aspect ratios (radius/depth) and depths greater than 10 μm, 
this deviation may change; this should be considered in future studies. 
Comparing the characteristics of QMS-measured profiles and NRA, the 
most significant difference is observed in the first ∼20 laser pulses, 
where QMS measures a higher D content than NRA. Previous studies 
on the same samples using LIBS showed similar effects [18]. This 
suggests that the cause lies in the ablation process. One possibility 
is a differing ablation rate over the first 20 pulses, as the AAR has 
a proportional influence on D content. However, SEM images of the 
crater structure indicate that such a change is unlikely. Other available 
methods were unable to reliably determine the ablation rate after only 
a few pulses, so the structure and EDX measurements are the only data 
available here. EDX analysis also revealed significant oxidation on the 
samples, but the oxide layer was ablated after 2–3 pulses, leaving no 
noticeable residue. To gain insight into the deviations more superficial 
than 300 nm, ultra-high-resolution crater analyses in the order of 
10 nm would be necessary for validation. The second possibility is 
the crater edge, whose formation could reduce the ablated area due to 
the decreasing incident angle of the beam on the edge. Deconvolution 
for this theory is ongoing. A third possibility that could affect the 
superficial region is thermal influence from the picosecond laser. As 
we are above the non-thermal ablation threshold of approximately 1 ps, 
thermal effects are expected. Thermal effects should mostly be visible in 
the QMS profiles, but not in LIBS, since LIBS requires plasma formation, 
which is much less likely when particles come from deep inside the 
material. Nevertheless, it cannot be excluded that the extremely high 
temperatures at the W surface are still sufficient to release the particles 
from deeper regions. Time resolved simulations of the D diffusion and 
trap annealing after ps laser irradiation are currently developed on to 
understand the QMS and LIBS profiles further.

Examining the depth profile in more detail, D content and distribu-
tion align well with NRA results after quantification and normalization, 
providing an even more detailed profiling than NRA revealing three 
smaller peaks at 0.3, 0.5, and 0.7 μm in sample batch 2. These peaks 
are only visible in the HD and D2 signal but also in LIBS profiles. Their 
appearance in all samples of batch 2 with decreasing total content 
cannot be explained by the typical damage type and density distribu-
tion in self-damaged W [23,24]. Regarding batch 1, sample IV could 
have shown these peaks too, but due to the low resolution with which 
these measurements have been done, and TDS measurements done 
afterwards, this cannot be checked anymore. Fluctuations during the 
measurement, such as changing room temperature or focus, can be 
excluded since the temperature is permanently controlled and the peaks 
would appear in different positions and not so consistent at certain 
depths. The release of D at grain boundaries can be excluded in these 
samples, since the grains are much larger than 300 nm. A possible 
8 
reason for the peaks might be the ablation of surface structures, such 
as W micropillars that build up at certain fluences. Since the peaks 
appear approximately at depths multiple times the laser wavelength, 
interference and a higher ablation probability at these depths cannot be 
excluded and require further investigation. The peaks do not negatively 
impact the study; instead, they provide additional reference points 
that prove the reproducibility of the experiments and high-resolution 
similarities between LIBS and LIA-QMS.

5. Summary and conclusion

In total, our findings demonstrate that the use of picosecond lasers 
for LIA-QMS yields high-resolution D depth profiles with a comparably 
high penetration depth in 4 μm range, primarily limited by structures 
formed on the bottom of the craters causing roughness in the current 
setup. The thermal effects of the picosecond laser appear to have a 
significant impact on the surface region, but a minor impact on large 
scales, leading to an overestimated concentration at the surface and a 
slight shift of the D towards the surface. Characteristic features such as 
the rapid fall-off or the end of the D decoration can be accurately deter-
mined using this method. The D content, compared to the reference, can 
be reproduced using a scaling factor of 1.7. With an average ablation 
rate of 15 nm, ps-LIA-QMS is competitive with LIBS and NRA in depth 
resolution and, especially compared to NRA, offers a simpler setup 
without an accelerator, making it suitable for in-situ studies. Com-
bining simultaneous LIBS and LIA-QMS measurements seems to be a 
practical approach to optimize diagnostic versatility and independently 
validate the acquired profiles, which will be explored in future studies. 
Although LIA-QMS exhibits promising depth profiling capabilities for 
future fusion reactors, specific findings, such as the significant m/z = 
3 HD ZMO when ablating material, the constant deviation from the 
NRA quantity and the thermal effects, necessitate further investigation 
to ensure reliable and versatile in-situ application under diverse condi-
tions. In terms of detection limits, ps-LIA-QMS already demonstrates 
sufficient sensitivity, which can be further enhanced by optimizing 
ZMO analysis. In conclusion, ps-LIA-QMS provides quantified, well-
reproducible, high-resolution, and sensitive depth profiles in a compact 
setup.
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