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Abstract 

Deuterium (D) interaction with vacancies in tungsten (W) was studied using thermal 

desorption spectroscopy (TDS). In order to obtain a TDS spectrum with a prominent peak 

corresponding to D release from vacancies, a special procedure comprising damaging of a 

recrystallized W sample by low fluences of 10 keV/D ions, its annealing, and subsequent low-

energy ion implantation, was utilized. This experimental sequence was performed several times 

in series; the only difference was the TDS heating rate that varied in the range of 0.15-4 K/s. The 

sum of the D binding energy (Eb) with vacancies and the activation energy for D diffusion (ED) 

in W was then directly determined from the slope of the Arrhenius-like plot  2ln mT  versus 

1 mT , where  – heating rate and Tm – position of the respective peak in the TDS spectrum. The 

determined value of Eb + ED was 1.560.06 eV. 
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1. Introduction 

Tungsten (W) will be used as a plasma-facing material in the divertor region in ITER, and 

its use in future fusion devices is currently likely. Due to a very low solubility of hydrogen (H) 

isotopes in W, the presence of various lattice defects (vacancies, vacancy clusters, voids, 

dislocations, grain boundaries, impurities) strongly influences H isotope retention in W [1]. 

Therefore parameters of trapping, particularly hydrogen trapping/detrapping energies and 

detrapping attempt frequencies, are essential for predicting H isotope transport and retention in 

W plasma-facing components. So far, however, there is no general agreement about these values. 

For instance, the value of the detrapping energy for the first trapped H atom in a single vacancy 

in W varies among researchers in the wide range of 1.29-1.79 eV [2-11].  

Calculations of the hydrogen-defect interaction are often performed by using the density 

functional theory (DFT) [5-11]. Experimental investigations of the hydrogen-defect interaction 

are often performed by thermal desorption spectroscopy (TDS), and the parameters of the 

interaction are obtained by fitting numerical calculations based on diffusion-trapping codes to 

experimental thermal desorption spectra [3, 4, 12-17]. Aside from the uncertainties of the 

thermal desorption measurements [18, 19], a large uncertainty in the determination of 

characteristics of trapping sites in this approach is given by the fact that a result of a TDS 

spectrum simulation depends on many input parameters in the numerical model (H detrapping 

energy, H diffusivity in the material, trap concentration profile, initial distribution of trapped H, 

recombination rate at the surface). As a result, one experimental spectrum can be fitted by using 

many combinations of fitting parameters [4]. However, under the condition of a high H-H 

recombination rate at the surface, the H binding energy with a defect can be directly determined 

from the shift of the desorption maximum in a series of TDS measurements performed with 

identical samples but with different heating rates [20, 21]. 
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The most common problem of TDS experiments is the interpretation of the types of defects 

responsible for particular peaks. Therefore it is essential to investigate samples having only one 

dominant and well-known defect type. In the case of irradiation of metals by light ions with 

energies in the keV range, mainly point defects (Frenkel pairs  single vacancies and interstitial 

atoms) are formed as the energy transfer from an incident ion to a metal atom is relatively low; 

thus, dense collision cascades are not formed [22]. At low irradiation fluences (corresponding to 

low damage levels), the concentration of created vacancies is small; therefore, at the 

temperatures when their mobility is low, the fraction of vacancy clusters is small [3, 23, 24].  

In the present contribution, this approach is used for direct determination of the deuterium 

(D) binding energy with single vacancies in W from TDS measurements with different heating 

rates. 

 

2. Theory 

The energy state of a H atom near a trapping site is schematically shown in Fig. 1. Here, by 

the binding energy Eb we denote the difference in the potential energy of a H atom in a trap and 

in a solution site. By the activation energy for trapping Etr we mean the energy barrier for a H 

atom to enter a trap. By the detrapping energy Edt we mean the energy barrier for H escape from 

a trap, which is defined as Edt = Eb + Etr. In the particular case when the activation energy for 

trapping Etr is equal to the activation energy for H diffusion ED, the sum Eb + ED is equal to the 

detrapping energy Edt. The activation energy for trapping in Fig. 1 is shown to be less than the 

activation energy for diffusion Etr < ED, but the opposite case of Etr   ED is also possible. 

As the surface effects can retard hydrogen release and thus complicate TDS analyses, we 

will assume and consider only the case of a very fast H-H recombination at the surface, so that 

the surface effects do not influence both the TDS peak position and its shape. In this case two 

limiting H release regimes were identified: detrapping-limited regime and retrapping-limited 
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regime [20]. In the former case, the concentration of traps Nt (in atomic fractions) is so low 

(

2

tN
 

  
 

, where  - lattice constant,  - characteristic location depth of trapped H) that a H 

atom after release from a trap diffuses to the surface without being retrapped by other traps. In 

the latter case, the concentration of traps is high enough (

2

tN
 

  
 

), so a H atom released 

from a trap can be retrapped many times by empty traps before reaching the surface.  

 

Fig. 1. Potential energy diagram for a H atom near a defect in a metal, where Edt – the detrapping 

energy, Eb – the binding energy, Etr – the activation energy for trapping, ED – the activation 

energy for diffusion, and Ex – the difference between the activation energy for trapping and the 

activation energy for diffusion. 

 

In the case of the detrapping-limited regime the relation between the H detrapping energy 

Edt from a defect, the heating rate  during TDS, and the respective peak position Tm in a TDS 

spectrum, is expressed in the following way [20]: 
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where dt – the detrapping attempt frequency, k – Boltzmann constant.  

In the case of the retrapping-limited regime, the equation is the same, but the sum Eb + ED 

appear instead of Edt: 
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where eff – the effective detrapping attempt frequency, which depends both on the properties of 

the trapping sites and of the bulk. 

Thus, depending on the release regime, either the detrapping energy Edt or the sum Eb + ED 

can be directly determined from the slope of the Arrhenius-like plot  2ln mT  versus 1 mT  in a 

series of TDS measurements performed using identical samples and different heating rates (the 

so-called Kissinger method [25]). One should note that in this approach no prior knowledge of 

the trap profile, the initial distribution of trapped hydrogen, and the material properties is 

required – the only requirement is a sufficiently high recombination rate at the surface [21]. In 

addition, this method allows to determine either Edt or Eb + ED independently of the detrapping 

attempt frequency dt, while this is not possible in fitting of numerically simulated TDS spectra 

to experimental ones where the value of dt has to be assumed (typically assumed to be of the 

same order of magnitude as the lattice vibration frequency, i.e. 10
13

 s
-1

). 

Although all the considerations described above were made for a metal containing only one 

type of trapping sites (characterised by the values of Eb and Etr) and each trap can accommodate 

only one H atom, the same dependences are valid for every trap type in the metal as long as they 

do not evolve during the TDS measurements. The same dependencies should be also valid in the 
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case of trapping of several H atoms by each trap since it can be approximated by several distinct 

trapping sites [20]. From the experimental point of view, in the case of a material with several 

types of trapping sites, TDS peaks must be well-resolved to determine their positions accurately. 

 

3. Experimental details 

3.1.  Experimental setup 

The experiments were carried out in the MEDION ion-beam facility (MEPhI, Moscow) 

[26]. An ion beam is extracted from a duoplasmatron ion source, passes through an einzel lens, is 

mass-separated in a 60 deflection magnet, and then directed onto a sample. The rather broad 

beam is restricted by a 3 mm diaphragm at the entrance of the target chamber. The measurement 

of the ion current on the sample during irradiation is performed without suppression of the 

secondary electron emission. Real ion currents are controlled in independent measurements 

using a Faraday cup with a negatively biased electron-suppressor lid. 

The target chamber is separated from the ion source by several differential pumping stages 

and has a base pressure below 5×10
-7

 Pa with mass 2 (H2) as the main component; the 

contributions of masses 18 (H2O) and 28 (CO) are more than one order of magnitude less. 

During ion implantation, the pressure increases to about 10
-6

 Pa mainly due to leaking of D2 gas 

from the ion source. A quadrupole mass-spectrometer (QMS) is installed in the target chamber, 

which allows in situ TDS analysis. The QMS is located not in the line-of-sight of the sample, 

thus, only the rise of the partial pressures of monitored gases (ten masses) is measured by the 

QMS during TDS. The QMS signal for mass 4 (D2 and He) is calibrated by using a helium leak. 

The relative QMS sensitivities for D2 and He, as well as for masses 3 (HD) and 4 were 

determined by using procedures described in [27].  
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The sample in the shape of a thin strip (15×50 mm
2
) is mounted on two water-cooled 

electrical feedthroughs and can be resistively heated by DC current. Only a small central part 

(3 mm in diameter) of the sample is subjected to irradiation to minimize the influence of non-

uniformity of the temperature over the sample surface during TDS. The sample temperature near 

the beam strike area is measured by a spot-welded tungsten-rhenium thermocouple. The error in 

the temperature measurement induced by a current passing through the sample is 1 K at the 

temperatures of interest (<900 K). The linearity of the sample heating during TDS is controlled 

by a loop feedback system based on a proportional-integral-derivative (PID) control. 

3.2.  The sample 

The sample was cut from a 25 µm thick hot-rolled polycrystalline W foil with the purity of 

99.97 wt.% produced by Plansee. It was successively cleaned in an ultrasonic bath with gasoline, 

acetone, and ethanol. In order to minimize the concentration of intrinsic defects in the sample 

(dislocations, grain boundaries), the sample was annealed at 1800 K for 30 min; and this led to 

the full material recrystallization [28]. SEM investigations revealed that the recrystallized sample 

had isotropic grains with dimensions in the range of 10-25 m. Long preliminary annealing 

reduced possible influence of repetitive heating procedures during TDS measurements. 

3.3.  Experimental conditions 

The first step of the experimental cycle was the production of defects (mainly Frenkel pairs) 

by irradiation with 10 keV D
+
 ions to the fluence of 3×10

19
 D/m

2
. Calculations with SDTrimSP 

[29] using the threshold displacement energy of 90 eV [30] demonstrated that approximately one 

vacancy per incident ion was produced under the conditions of the experiment. The damage 

profile was approximately Gaussian with a maximum located at a distance of 23 nm from the 

surface, and the corresponding maximum damage level was 6.3×10
-3

 dpa (taking into account the 

reflection coefficient of the incident ions of 0.27). The irradiated sample was then annealed at 

550 K for 5 min. Such conditions were sufficient to remove a substantial part of D from 
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vacancies, but growth of vacancy clusters is not expected, as vacancies in W are still immobile at 

550 K [23, 24]. Afterwards, the sample was implanted with 2 keV D3
+
 (0.67 keV/D) ions to the 

fluences in the range of 0.5-6×10
19

 D/m
2 

in order to fill the created vacancies with D without 

producing additional displacement damage. Both damaging and low-energy ion implantation 

were performed at normal ion incidence, and the sample temperature did not exceed 313 K. The 

ion flux on the sample was in the range of 3-610
16

 D/m
2
s. In 3 h after D implantation, when the 

signals of all monitored masses returned to their initial values before the implantation, TDS 

measurements were performed. Numerical simulations indicate that this time is large enough to 

release a substantial part of interstitial D from the sample in the case of a clean W surface. 

According to [31], such experimental procedure allows to obtain a TDS spectrum with a 

prominent peak corresponding to D release from single vacancies in W.  

The experimental sequence with damaging of the sample with 10 keV/D ions, annealing at 

550 K, and subsequent implantation with 0.67 keV/D ions to the fluence of 1×10
19

 D/m
2
 

followed by TDS measurements was performed several times in series, and the only difference 

was in the TDS heating rate. Obviously, the heating rates should be varied in a wide range for 

accurate determination of detrapping energies. However, at very low heating rates the 

measurements are limited by a low signal/noise ratio, whereas at sufficiently high heating rates 

the non-linearity of the heating ramp starts playing a role. Therefore in the present experiments 

the variation of heating rates was limited to the range of 0.15-4 K/s. All heating ramps exhibited 

a good linearity: even at the highest heating rate of 4 K/s the heating was nonlinear only until 

400 K, i.e. far from the peak of interest, as it will be shown later. At the temperatures above 

400 K the deviation of actual heating rates from the programmed ones was within 3%. 

As the same sample was used for all measurements, it was annealed at 1700 K for 1 h before 

every new experimental sequence. Such annealing is effective for elimination of all existing 

vacancies and vacancy clusters [23, 32]. Since the implantation fluences were very low, no 

irreversible material modifications (growth of pores, blister-like structures) are expected [32, 
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33]. The fact that there was no accumulation of radiation damage in the sample after its multiple 

use was checked in the end of the experimental campaign by implanting the annealed sample  

with 0.67 keV/D ions to the fluence of 1×10
19

 D/m
2
 which resulted in appearance of a single 

low-temperature peak near 400 K (see Fig. 2 in [31]), which corresponds to the D release from 

the intrinsic defects. 

The measurements presented in this paper were carried out after approximately 20 cycles of 

irradiation and annealing of the sample, which should result in removal of surface impurities 

which are expected on the virgin sample. In addition, since all the experiments were carried out 

in ultra-high vacuum conditions without exposure of the sample to air between implantation and 

TDS measurements, adsorption of impurities (like oxygen and carbon) on the sample surface 

was strongly reduced. Consequently, it is assumed that under the present experimental conditions 

the concentration of impurities on the sample surface was low, thus, the recombination rate was 

high enough not to affect the TDS spectra (at least for the release temperatures above 550 K, 

when the delay caused by retrapping by surface sites of D released from the traps is negligible 

[3]). Therefore, the above mentioned method of determination of detrapping energies should be 

applicable in the present case.  

Although in the present experiments the damage level was relatively low (maximum 

6.3×10
-3

 dpa), the maximum concentration of vacancies (2×10
-4

 at. fr. as estimated from the 

amount of D trapped in the TDS peak corresponding to vacancies) is close to that required for 

the retrapping-limited regime (

2
53 10tN

  
   

 
 at. fr. with  = 0.316 nm and   60 nm). 

Even though in simulations of TDS spectra it is commonly assumed that the activation energy 

for trapping Etr is equal to the activation energy for diffusion ED, the DFT calculations indicate 

that Etr < ED for vacancies in W [8, 11]. In that case (Etr  ED) numerical calculations using the 

TMAP7 code [34] indicate that under the present experimental conditions (using the estimated 

concentration of vacancies and their depth distribution taken from the SDTrimSP calculations) 
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the sum Eb + ED will be determined from the Arrhenius-like plot  2ln mT  versus 1 mT . 

Therefore it is assumed that in the present experiments the sum Eb+ED for vacancies in W is 

determined. 

 

4. Experimental results and discussion 

Fig. 2 shows TDS spectra (heating rate 2 K/s) from the 10 keV/D damaged samples 

implanted with different fluences of 0.67 keV/D ions. All the spectra consist of at least two 

peaks: around 400 K and around 600 K. The first rather broad peak near 400 K is suggested to be 

composed of several more narrow peaks [26], which can be attributed to the D release from the 

natural bulk defects (grain boundaries, dislocations) [13, 32] and from the adsorption sites on the 

surface [3, 35]. It may be also suggested that multiple population of vacancies with D atoms can 

give a contribution to the 400 K peak since the detrapping energy decreases with increasing the 

number of trapped atoms in a vacancy [5-11]. According to our previous results and the results 

of other researchers, the second peak (600 K) in the spectra corresponds to the D release from 

radiation defects (presumably vacancies) [3, 31, 36, 37]. It should be noted that, apart from 

single vacancies, W self-interstitials are also formed during irradiation, which can either 

disappear on the surface as the ion range is very small or agglomerate to form dislocation loops 

[33]. However, DFT calculations demonstrate that the D binding energies to these types of 

defects are lower than that to a single vacancy [5, 38], therefore the peak near 600 K can be 

attributed to the D release from single vacancies in W. As it has been analysed above, defect 

production conditions are favourable for production of vacancies. 

It is important to mention that most of the DFT studies predict that a single vacancy in W 

can trap several D atoms, and the binding energies of the first and the second D atom are almost 

equal, whereas for the third and subsequent atoms they are considerably lower [5, 6, 9, 11]. As a 

result, the 600 K peak may be in principal composed of two closely located peaks corresponding 
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to the release of the first and the second trapped D atom from a vacancy. Consequently, the 

determined sum Eb + ED corresponding to the 600 K peak may comprise the energies for both the 

first and the second D atoms in a vacancy. 

 

Fig. 2. Thermal desorption spectra of D2 molecules from recrystallized W irradiated by 

10 keV/D ions to the fluence of 3×10
19

 D/m
2
, subsequently annealed at 550 K for 5 min, and 

then implanted with 0.67 keV/D ions to the fluences in the range of 5×10
18

-6×10
19

 D/m
2
. The 

TDS heating rate was 2 K/s. 

 

Up to the fluence of 510
19

 D/m
2
, the amplitudes of both peaks increased with increasing 

the fluence. However, at the fluence of 610
19

 D/m
2
, the amplitude of the second peak is only 

slightly increased with respect to that at the fluence of 510
19

 D/m
2
, whereas the amplitude of 

the first peak increased significantly. This may indicate that vacancies are almost filled with the 

first (and probably the second) D atom at the fluences above 510
19

 D/m
2
. In addition, the 

second peak shifted towards lower temperatures with increasing implantation fluence. This can 

be attributed to increase of the number of filled vacancies resulting in decrease of D retrapping 
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after release from a vacancy and respectively faster release from the target [4]. In addition, 

overlapping with a 400 K peak at high implantation fluences can also result in a peak shift 

towards lower temperatures. 

A small shoulder near 720 K could be also noted in the spectra, which corresponds to the D 

release from vacancy clusters, as a relatively small number of them is also formed during the 

irradiation [23, 32, 39]. Formation of vacancy clusters during the heating and subsequent D 

retrapping in them during the TDS measurements is also possible. In addition, all the spectra 

demonstrate the presence of long high-temperature tails extending to 900 K, which were also 

observed in our previous investigations [26, 32]. These tails can be either attributed to D release 

from traps with higher binding energies or to the D release from the back surface of the specimen 

or from the non-irradiated parts of the front surface.  

As it can be seen from Fig. 2, the second peak gets worse resolved with increasing fluence, 

which makes the accurate determination of its position difficult. Therefore the fluence of 

110
19

 D/m
2
 was chosen for TDS experiments with different heating rates. Obviously, in that 

case not all the existing vacancies are filled with the first (or the first and the second) D atom. 

However, TMAP7 simulations indicate that the fraction of traps filled with D has no influence 

on the experimentally determined value of the sum Eb + ED. In addition, although the presence of 

the low-temperature peak near 400 K indicates the existence of additional trapping sites in the 

material with lower binding energies, numerical simulations indicate that their presence will not 

affect the determined binding energy, since at the temperatures close to the position of the 

second peak, these low-energy traps are already weak and almost do not retard the D transport to 

the surface. The same line of argumentation is valid for the case of trapping of several D atoms 

by vacancies. Numerical simulations indicate that the presence of a small fraction of trapping 

sites with higher binding energies (e.g. vacancy clusters) also does not influence the 

determination of the sum Eb + ED for vacancies. This is because the high-energy traps are still 

holding the trapped D at the temperatures around that of the second peak. 
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Fig. 3. Thermal desorption spectra of D2 molecules from recrystallized W irradiated by 

10 keV/D ions to the fluence of 3×10
19

 D/m
2
, subsequently annealed at 550 K for 5 min, and 

then implanted with 0.67 keV/D ions to the fluence of 1×10
19

 D/m
2
. The TDS heating rates were 

varied in the range of 0.15-4 K/s. Note that all the spectra are plotted not in scale. 

 

Fig. 3 shows the results of TDS measurements performed with different heating rates. For 

convenience, all the spectra are plotted not in scale. As it can be seen, the second peak 

corresponding to D release from vacancies clearly shifts towards higher temperatures with 

increasing heating rate (from 584 K at 0.15 K/s to 649 K at 4 K/s). However, no clear shift of the 

first peak was observed. Moreover, the ratios of amplitudes of the two peaks were also different 

at various heating rates. The origin of these variations is not completely clear. Important factor, 

possibly, is release of heteronuclear molecules (HD, HDO, D2O) [40, 41]. For example, the HD 

contribution decreased with increase of the heating rate (from 40% at 0.15 K/s to 22% at 4 K/s). 

The release of HDO and D2O molecules at different heating rates also slightly varied, but, 

anyway, was much smaller compared to that of D2 and HD molecules, which indicates the 
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presence of only relatively small amount of oxygen on the sample surface [41]. Such variations 

may be due to adsorption of different amounts of impurities (e.g. hydrogen, water) on the sample 

surface from the residual gas during TDS performed at different heating rates due to the 

difference in duration of the measurements (from several minutes at the highest heating rate to 

more than one hour at the lowest heating rate). One can also notice a contradiction between 

Fig. 2 and Fig. 3: in Fig. 2 the 400 K peak is higher than the 600 K peak at all fluences, whereas 

in Fig. 3 the 600 K peak always dominates. These figures were obtained in different 

experimental campaigns, and the background level of hydrogen was slightly higher in the 

experiments represented in Fig. 2, which resulted in higher release of HD molecules, especially 

near 600 K. 

 

Fig. 4. A comparison of thermal desorption spectra of D2 molecules obtained in different 

experimental campaigns from recrystallized W irradiated by 10 keV/D ions to the fluence of 

3×10
19

 D/m
2
, subsequently annealed at 550 K for 5 min, and then implanted with 0.67 keV/D 

ions to the fluence of 1×10
19

 D/m
2
. The same sample was used in both experiments. The TDS 

heating rate was 2 K/s. 
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Fig. 4 shows a comparison of TDS spectra obtained after identical (as technically 

achievable) implantation conditions for the same sample but in different experimental 

campaigns. Despite the non-perfect reproducibility of the shapes of the peaks and their relative 

amplitudes, the positions of the peak near 600 K are the same (within the uncertainty of the 

measurements) for both experiments. The amounts of D released as D2 molecules differ only 

within 14%. This gives additional confidence about the reliability of the experimental procedure 

and rather good reproducibility of the results, which is always limited in the case of very low 

amounts of trapped D [13]. 

 

Fig. 5. Semilogarithmic plot of 2
mT  versus m1 T  for the peak corresponding to the D release 

from vacancies in W. The best linear fit according to the least squares analysis is also shown. 

 

Fig. 5 shows the semilogarithmic plot 2
mT  versus m1 T  for the peak corresponding to the 

D release from vacancies. The best linear fit according to the least squares analysis taking into 

account the experimental uncertainties is also shown. The sum of the D binding energy (Eb) with 

vacancies (for the first and probably the second trapped D atom) and the activation energy for D 
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diffusion (ED) in W, calculated from the slope of the fit according to Eq. (2), is Eb + ED = 

1.560.06 eV. The fact that all the data points fit well by a straight line indicates that the present 

results are presumably not influenced by the recombination rate at the temperatures used; 

otherwise we would observe a crook on the curve discussed in [21]. 

The value of Eb + ED = 1.56 eV is in a good agreement with that obtained by Fransens et. al. 

[2] (1.55 eV) using the perturbed angular correlation technique, and also close to that obtained 

from DFT calculations by You et. al. [9] (1.57 eV both for the first and the second H atom in a 

vacancy) and by Heinola et. al. [5] (1.6 eV and 1.57 eV for the first and the second H atom in a 

vacancy, respectively). However, it is higher than the commonly accepted value of 1.43 eV 

obtained by Eleveld and van Veen [3] from simulations of TDS spectra. 

 

5. Conclusions 

Experiments on thermal desorption of D from W were performed in conditions when single 

vacancies give a well resolved peak. A series of TDS spectra was measured at different heating 

rates in identical conditions of defect production and D infilling . Experimental data on the shift 

of the TDS maximum with the heating rate were analysed using the analytical formulas obtained 

for the condition of a high D-D recombination efficiency at the surface. The functional 

Arrhenius-like dependence plotted using experimental data was perfectly linear as the analysis 

predicts. By using this method the sum of the D binding energy with vacancies (for the first and 

probably the second trapped D atom) and the activation energy for D diffusion in W (Eb + ED = 

1.560.06 eV) was directly determined without any assumptions and prior knowledge of trap 

parameters. 
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