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Abstract

Both molybdenum and tungsten are candidate materials for plasma-facing applications in fusion reactors. While

tungsten has a higher melting point and a higher threshold for sputtering, it is a brittle material that is difficult to

machine into shapes required for fusion applications. For this reason, molybdenum is now receiving serious consider-

ation as an alternative for tungsten. If molybdenum is to be used as a plasma-facing material, the hydrogen retention

and recycling characteristics must be known. In this report, we present experimental results on deuterium retention in

molybdenum after exposure to a Penning discharge at temperatures from 573 to 773K. Dþ
2 ions with energies of 1.2keV

were implanted into the 50mm diameter molybdenum samples at fluxes of 1020D/m2s. Thermal desorption spectros-

copy was used to determine both the amount of retained deuterium and the release kinetics. Low retention values sim-

ilar to those measured previously for tungsten were observed.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Molybdenum is one of several refractory metals

being considered for use in fusion reactors. With its

low erosion yield and very good thermo-physical prop-

erties, molybdenum is a candidate for divertor applica-

tions in next-step fusion devices. As a plasma facing

material, molybdenum will be subject to intense fluxes

of energetic deuterium and tritium ions and neutrals.

This implantation process leads to concerns about tri-

tium inventories in the molybdenum after long-term
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exposure to the DT plasma. The purpose of the experi-

ments reported here was to determine the fractional

retention of deuterium implanted into molybdenum

at moderate temperatures. Additionally, we sought

evidence of high energy trapping of deuterium in

microbubbles as seen in TEM experiments by Sakamoto

et al. [1].

In this paper, we report on experiments performed on

the retention of deuterium in molybdenum at tempera-

tures from 573K to 773K using a Penning discharge.

High purity molybdenum samples were exposed to

600eV deuterons at a flux of 1.5 · 1020D/m2s during

1-h exposures. The experimental results were modeled

using the DIFFUSE [2] finite element computer code

using accepted values for the hydrogen diffusivity and

recombination rate coefficient.
ed.
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Fig. 1. Deuterium fractional retention of implanted fluence in

molybdenum compared to that in TZM at lower fluxes (Wilson

and Pontau [5]).
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2. Experimental procedures

The plasma used in these experiments was generated

by a Penning discharge. The configuration consists of

two parallel plates at equipotential that serve as cath-

odes. Along the rims of the plates are electrically isolated

concentric shields that serve as anodes. There is a sole-

noidal magnetic field perpendicular to the set of elec-

trodes (see reference [3] for a more detailed description

of the system). A 25.4mm diameter button heater elec-

trically isolated from the biased sample by a 1mm thick

sapphire disk was used to heat the sample.

For all experiments, a discharge current density of

12.5A/m2 was used. With the ions being primarily Dþ
2 ,

the particle flux to the cathodes was 1.5 · 1020D/m2s

(not including neutrals, if present). A bias voltage of

1200V was required to maintain the Penning discharge.

Again assuming primarily Dþ
2 ions, the energy of the

individual bombarding deuterons was 600eV. The deu-

terium gas pressure in the system was held at 2.25Pa

and the magnetic field strength at 250G. Each plasma

exposure was conducted for 1h. After removal from

the implantation chamber, the samples were allowed to

sit in room temperature air for approximately 10 days

before placing them in a thermal desorption system.

The samples were then elevated from room temperature

up to 1373K on a linear ramp of 1.67K/s. A mass spec-

trometer was used to monitor the mass 3 (HD) and mass

4 (D2) peaks.

The samples used in this study were 99.95% molybde-

num from EagleAlloys. These sample were left in the ‘‘as

received’’ condition after cutting, but were annealed in

vacuum at a temperature of 1273K for 1h prior to plas-

ma exposure. The disk samples were 50mm in diameter

and 2mm thick.
3. Results and discussion

Before beginning a discussion of the experimental re-

sults and their interpretation, it is important to note that

the retention results include only trapped deuterium.

Hydrogen isotopes are mobile in molybdenum at room

temperature [4], and the small amount of non-trapped

deuterium remaining in the samples at the end of the

plasma exposure was either released from the surface

or migrated to traps by the time the thermal desorption

was performed. The fractional retention of the deute-

rium fluence retained in the sample as a function of tem-

perature is shown in Fig. 1, where they are compared to

the lower temperature results of Wilson and Pontau [5].

In their study, Wilson and Pontau performed their

experiments with TZM, an alloy of molybdenum con-

taining 0.5% titanium and 0.1% zirconium. Their deute-

rium was implanted with an energy of 3.3keV/D and a

flux of 1 · 1019D/m2s for 103 s. The new data, while hav-
ing a stronger temperature dependence than the earlier

results, follow the general trend of rapidly decreasing

fractional retention with increasing temperature. As will

be shown later, the change for the slope in the two data

sets is due to an apparent change in trapping energies.

Figs. 2 and 3 show the thermal desorption spectra for

the two samples implanted at 573K and 673K, respec-

tively, as well as the fits to the data using the DIFFUSE

code [2]. The code was used to model the plasma expo-

sure, the waiting time in air, and the thermal desorption.

The diffusivity given by Perkins [4] (D = 4.8 · 10�7

exp(�0.39eV/kT) m2s) was assumed for both samples.

Additionally, it was assumed that the recombination

rate coefficient was infinite (like that of tungsten [6]).

Many researchers have examined the trapping of hydro-

gen isotopes in implanted molybdenum [7–10], and an

energy of 1.4eV most accurately represents a consensus

of those studies. Using this set of parameters, it was not

possible to duplicate either the retention or release data.

The assumption of an additional trap of 2.1eV for the

573K sample and a 2.9eV trap for the 673K sample im-

proved the fit considerably. These traps were assumed to

exist only over the first 50nm of the samples (about 2.5

times the implant range of the deuterons). Assuming

both traps to extend beyond the implant zone was based

on the belief that mobile vacancies would extend outside

of that area. Overall, the fitting results were not strongly

affected by assumptions on the density or location of the

1.4eV traps. The trap energy of 2.1eV and trap density

of 1.5 · 10�2 atomic fraction for the 573K sample were

fitting parameters necessary to generate even reasonable

agreement between experimental results and computer
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Fig. 3. Thermal desorption spectra of deuterium from molyb-

denum implanted at 673K. DIFFUSE [2] results obtained using

trap energies of 1.4eV and 2.9eV with trap densities of 3 · 10�4

and 3.5 · 10�3, respectively.
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Fig. 2. Thermal desorption spectra of deuterium from molyb-

denum implanted at 573K. DIFFUSE [2] results obtained used

trap energies of 1.4eV and 2.1eV with trap densities of 3 · 10�4

and 1.5 · 10�2, respectively.
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results. A trap energy of 2.9eV with a trap density of

3.5 · 10�3 were the parameters necessary for the 673K

sample. It is interesting to note that the 573K sample re-

leased deuterium both at temperatures below and above

that of the main peak. It is hypothesized that perhaps
the release at temperatures below the peak is the transi-

tion away from the release controlled by the 1.4eV trap,

and the release at temperatures above the peak is the

transition to the higher 2.9eV trap seen for the 673K

sample. The samples implanted at 723K and 773K

showed only the 2.9eV desorption peak.

When the thermal desorption spectra of these sam-

ples are compared to earlier results [5,11–15], it is appar-

ent that the relatively intense deuterium implantation of

the samples at temperatures of 573K and above changed

the retention characteristics of the molybdenum. In

materials such as molybdenum, where all of the hydro-

gen isotopes remaining in the samples are trapped, the

temperature of release is a direct measurement of the

trapping energy. Other researchers examining the release

of implanted hydrogen isotopes from molybdenum have

reported the isotopes being re-emitted at temperatures of

300K up to 700K. The differences between those studies

and that reported here is either the implantation temper-

ature or fluence. Haasz and Davis [11] performed their

implantations at room temperature and reported low

temperature release. Several other researchers performed

their implantation at temperatures from room tempera-

ture to as high as 873K [12–15], but in every case the flux

and/or fluence were too small to permit a sufficient

amount of trapped hydrogen to be seen at elevated tem-

peratures during thermal desorption. In the experiments

reported here, the retention levels were of the order of

1019D/m2, an amount that is difficult but not impossible

to measure on most thermal desorption systems. A sam-

ple implanted with only 1% of this amount of deuterium

would not contain a measureable amount of deuterium

for laboratory-sized samples.

We are left with the task of describing what physical

phenomenon could result in such high temperature trap-

ping as well as what could shift the apparent trap energy

by 0.8eV when increasing the implant temperature by

only 100K. The first task is easier than the second. Saka-

moto et al. [1] observed microbubbles in samples im-

planted with 4 and 8keV protons at temperatures of

573K and above, but no such microbubbles at lower

temperatures. Based on the similarities of the implant

conditions for their experiments and ours, we conclude

that our samples also developed microbubbles during

the implantation. We have evidence from the work of

Van Veen et al. [15] that atomic hydrogen can be chemi-

sorbed on the surfaces of voids in proton irradiated

tungsten. In that case, the release of the hydrogen was

effectively controlled by a 1.8–2.1eV trap. The 0.8eV

shift in the activation energy is simply not understood.

Possibilities include changes in the void size or the move-

ment of impurities to the void wall surfaces.

While interesting effects were seen in these experi-

ments, it is important not to overlook the primary result.

The primary result is the very low retention fraction

noted for all of the samples. Retention fractions of
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10�4–10�6 as reported here will strongly limit the tritium

inventory of molybdenum in next-step devices. Molyb-

denum used in next-step devices such as ITER would al-

most certainly be operated at temperatures above the

773K maximum temperature used in these experiments.

The elevated temperatures would lead to tritium reten-

tion fractions in those applications being even lower

than the values measured in these experiments.
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