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Abstract

The interaction of nitrogen ions with carbon ®lms is investigated in view of the nitrogen recycling behavior on

carbon divertor targets during plasma operation with nitrogen gas pu�ng. Nitrogen ion implantation is carried out in

the energy range between 0.75 and 20 keV and at irradiation temperatures between room temperature and 800°C.

Nitrogen retention and release are analyzed in situ, using elastic recoil detection and time-resolved residual gas analysis,

respectively. It is found that the nitrogen contents inside the implanted near-surface layers saturate at large ¯uences,

and that the temperature and energy dependence of the saturation level is qualitatively di�erent from the behavior

found for the bombardment of graphite surfaces with hydrogen ions. The di�erent behavior is mainly attributed to the

formation of N2 bubbles in the implanted near-surface layers. The N2 formation is also identi®ed as the driving force

for nitrogen saturation and release at large ¯uences. It is concluded that nitrogen interacting with carbon surfaces

cannot be regarded as a non-recycling gas under high-dosage irradiation conditions. Ó 1999 Published by Elsevier

Science B.V. All rights reserved.

1. Introduction

In divertor tokamak experiments, nitrogen gas in-

jection is used during the discharges to achieve a con-

trolled radiative cooling of the divertor boundary layer

and a detached state of the divertor plasma with

strongly reduced energy ¯uxes onto the target [1,2]. In

the case of short discharges lasting a few seconds, it was

found that nitrogen is gettered by the carbon walls, with

the result that it is considered as a non-recycling gas [3].

However, this may not be valid for long-lasting dis-

charges where the near-surface layers of the walls be-

come saturated with nitrogen, and the nitrogen recycling

coe�cient is close to one. It is the topic of the present

work to investigate the nitrogen retention and release

behavior of carbon surfaces during irradiation with

energetic N ions.

In the past, ion-beam irradiation studies have made a

signi®cant contribution to understanding the interaction

of high-temperature hydrogen plasmas with graphite

surfaces [4,5]. Compared to the irradiation with plasmas

[6], the use of mass-separated and monoenergetic ion

beams o�ers the advantage of a su�cient control over

the dependence of the retention and release behavior of

the implanted species on individual irradiation param-

eters, such as particle mass, ¯ux and energy, respectively.

In this work, ion-beam studies are presented on the

dependence of the nitrogen retention on irradiation

¯uence, temperature and energy. Retention data were

obtained using a dual ion-beam setup with a keV ion

implanter for N ion irradiation and a MeV heavy-ion

beam for in situ compositional analysis of the irradiated

material via the elastic recoil detection analysis (ERDA)

technique [7,8]. While most of the measurements were

carried out at a ®xed implantation energy of 20 keV and

on diamond-like carbon (ta-C) ®lms, it is also discussed

to what extent the nitrogen retention may be di�erent if

lower irradiation energies or other carbonic materials

are used. The nitrogen release during bombardment was
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investigated using residual gas analysis (RGA). Target

erosion rates are given for di�erent irradiation condi-

tions. A brief discussion addresses possible implications

for nitrogen-pu�ed divertor plasmas.

2. Experiment

Thin ®lms of ta-C of typically 250 nm thickness were

prepared by the ®ltered cathodic arc technique on

sputter-cleaned Si substrates [9]. Although the material

relevant for fusion devices is graphite, ta-C thin ®lms

were used for the following reasons:

1. Compared to graphite, the ®lms display smooth sur-

faces which are mandatory for ion-beam analyses

techniques using glancing angles, such as ERDA [10].

2. The ®nite thickness of the layers allows an easy mea-

surement of the target erosion rates by analyzing the

changes in the total carbon areal densities.

3. In low-density carbon materials such as graphite, ni-

trogen bulk di�usion was observed for irradiation at

elevated temperatures [11,12], while the diamond-like

atomic structure of ta-C, with a high density of 3.0 g/

cm3, ensures con®nement of the nitrogen inventory

within the implanted subsurface region. This is im-

portant for studies of the saturation and release

mechanism at large irradiation ¯uences [13].

Ion-beam irradiation and analysis were carried out in

the Rossendorf dual ion-beam facility [13]. Mass ana-

lyzed N� ions of typically 20 keV were used for the ir-

radiation at ion ¯uxes of about 1 ´ 1014 cm2/s. This

energy is much higher than typical particle energies in

divertor plasmas, but generates ion penetration depths

su�ciently large compared to the depth resolution

achievable with the analyzing 35 MeV Cl7� ion beam of

5±7 nm, to obtain reasonably analyzable nitrogen depth

pro®les. In few cases where N ions were used at lower

energies, this is mentioned in the text. The two beams

were operated at angles of 6.5 (N�) and 83.5° (Cl7�)

relative to the surface normal of the carbon targets. The

¯ux associated with the MeV analyzing beam was about

1 ´ 1011 cm2/s.

Time-resolved RGA measurements were carried out

during N� implantation using a quadrupole mass

spectrometer. To discriminate nitrogen re-emitted from

the target surface from signals originating from residu-

al-gas nitrogen, the implanter was operated with 15N2

gas. The RGA analyses were carried out separately from

the dual-beam measurements. Target erosion studies

were made at di�erent temperatures using a Kaufmann

ion gun operating at 1.5 keV and about 5 ´ 1014 ions

cm2/s, with N�2 as the predominating species in the ir-

radiating beam. After irradiation, the residual carbon-

®lm thickness of the respective samples were analyzed ex

situ using Rutherford backscattering spectrometry

(RBS).

3. Results

The nitrogen inventory buildup inside the carbon

®lms during implantation at room temperature (RT)

and 400°C is shown in Fig. 1. Total nitrogen contents

were obtained by integrating the depth pro®les mea-

sured while operating the MeV analyzing beam simul-

taneously with the implanting 20 keV N� ion beam. At

RT, the nitrogen content shows a saturation behavior

similar to that found for hydrogen or helium implanta-

tion into graphite [5,14], with a linear increase and 100%

retention at small ¯uences (<1.5 ´ 1017 N�/cm2) and

100% re-emission at large ¯uences (>3 ´ 1017 N�/cm2).

The ERDA probing depth is larger than the C ®lm

thickness of 240 nm, compared to a thickness of the

implanted sublayer of about 45 nm, so that nitogen

di�usion into the bulk can be ruled out.

Implantation at 400°C leads to nitrogen saturation at

a smaller ¯uence, compared to RT. At 1.6 ´ 1017 N�/

cm2, an `overshoot' 10±15% of the nitrogen content is

observed with respect to the saturation level, which is

not present at RT. Depth resolved analysis shows that at

this ¯uence, the local nitrogen concentration in the

depth region near the implantation maximum (20±30

nm) is 80% higher than in the saturated case, and close

to the maximum RT nitrogen concentration at satura-

tion corresponding to a nitrogen-to-carbon ratio of [N]/

[C]� 0.35. At both temperatures, the nitrogen contents

remained constant when the implanting beam was

turned o�, indicating that no `dynamic' component

exists in the inventory.

Nitrogen saturation is determined by a maximum

local [N]/[C] ratio inside the implanted depth range. This

is concluded from the observation that the maximum

Fig. 1. Total nitrogen contents vs. N� ¯uence during irradiation

at room temperature and 400°C. Di�erent symbols represent

di�erent samples.
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concentration (saturation level) seems not to vary over a

wide range of irradiation energies (see below). However,

the [N]/[C] saturation level shows a characteristic de-

pendence on irradiation temperature. For 20 keV N�

bombardment of ta-C, a comparatively sharp drop of

more than 50% of the saturation level is observed at

about 150°C, with only a weak temperature dependence

for T > 200°C (Fig. 2). A similar curve is obtained for

the total nitrogen contents. Low temperature implanta-

tion data into graphite [12] indicate that only slightly

higher nitrogen concentrations are achieved at temper-

atures below RT (dashed line in Fig. 2).

The `discontinuous' temperature characteristics with

a ``transition temperature'' Tc of 150°C is indicative of

a structural phase transformation inside the implanted

N:C sub-layer of the ®lms. In recent work, it was

shown that the higher saturation level below Tc is

correlated with the formation of N2 gas bubbles during

N irradiation which serve as an additional nitrogen

reservoir inside the ®lms, while these bubbles were not

observed at 400°C [15]. It was found that about 50% of

the nitrogen inventory at saturation consists of bubble

N2, and can be thermally desorbed at 900°C. The re-

maining part formed covalent bonds with the C matrix,

and proved to be thermally stable at this temperature

[15,13].

The temperature dependence of the nitrogen con-

centration at saturation as measured for 20 keV N� ir-

radiation of glassy carbon is di�erent from the ta-C

curve only above 200°C (Fig. 2). The stronger decrease

of the nitrogen concentration at elevated temperatures,

compared to ta-C, is attributed to nitrogen di�usion into

the depth region adjacent to the implanted sub-layer (see

depth pro®les, inset Fig. 2), which has a low density of

1.4 g/cm3. In ta-C ®lms which have a very high density

of 3.0 g/cm3, the unimplanted depth region acts as a

nitrogen di�usion barrier. Structural analyses in recent

work have shown that the implanted sub-layer in ta-C

transforms into a material with graphitic properties, at a

density of about 1.7 g/cm3 for implantation at both RT

and 400°C [13].

The RT saturation level of [N]/[C]� 0.35 does not

signi®cantly depend on the irradiation energy in the

range 4±50 keV. This is inferred from the depth pro®les

given in Fig. 3 and from data available from existing

work on nitrogen implantation into glassy C, graphite

and diamond ®lms, respectively [16±18]. It is assumed

that in this energy range the RT saturation level is

identical for the three di�erent carbon modi®cations,

which is supported by the ta-C and glassy C data in

Fig. 2 and studies in Refs. [17,18]. However, at an ir-

radiation energy of 3 keV, the present authors found a

drop of the maximum nitrogen concentration at satu-

ration by about 50%, compared to 4 keV (see Fig. 3).

This is an indication that di�erent physical processes

determine the nitrogen retention and release behavior at

lower energies.

From transmission electron microscopy analyses [15],

the authors assume that the N� ion range at 4 keV is

comparable to the minimum dimension of stable N2

bubbles which may not form at even smaller energies,

leading to smaller nitrogen saturation levels below this

`threshold' energy. Another di�erent nitrogen retention

and release scenario seems to be present at even lower

irradiation energies and elevated temperatures: A ta-C

®lm implanted at 400°C with 1.5 keV N�2 ions, using the

Fig. 2. Temperature dependence of the maximum local nitrogen

concentration at saturation for 20 keV N� implantation into ta-

C and glassy C, respectively. The inset shows saturated nitrogen

depth pro®les obtained at 400°C after irradiation with a ¯uence

of 4 ´ 1017 N�/cm2 in the two di�erent materials. The depth

scales of the two pro®les are normalized to an identical C

density of 3.0 g/cm3.

Fig. 3. Saturated nitrogen depth pro®les for di�erent N� irra-

diation energies at RT. The respective ¯uences are 4 ´ 1017 N�/

cm2 (20 keV), 0.7 ´ 1017 N�/cm2 (4 keV) and 0.3 ´ 1017 N�/cm2

(3 keV).
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Kaufmann ion source, showed a maximum [N]/[C] ratio

of 0.4. This is almost three times as much as obtained at

20 keV (see Fig. 2).

The nitrogen saturation and release at RT and large

irradiation ¯uences are governed by the formation of N2

molecules inside the implanted sub-layer and their sub-

sequent migration to and re-emission from the surface,

respectively. This was concluded from RGA measure-

ments during 20 keV N� implantation into ta-C [13].

Fig. 4 shows the evolution in time of three di�erent ni-

trogen-related mass signals during 15N� irradiation.

Di�erently from the mass-28 signal (M28) and from

M14, M18 and M29 (not shown), the M30 signal has a

characteristic time dependence which is anti-correlated

to that of the nitrogen inventory of the implanted ®lms:

An increase from the background level of 5 ´ 10ÿ8 mbar

after about 5 min implantation time, corresponding to a

¯uence of 1 ´ 1017 N�/cm2, is followed by saturation on

a signi®cantly higher level after another 10 min of irra-

diation. The same behavior is observed after shifting the

beam to an unexposed target region, as shown in the

®gure.

Additional experiments have demonstrated that the

rise in the M30 signal corresponds indeed to the re-

emission of N2 from the irradiated samples, and that the

implanted N atoms recombine to N2 molecules inside

the implanted sub-layer and not at the surface of the

®lms [13]. This behavior is comparable with observa-

tions made for hydrogen irradiation of graphite [5,19],

and ®ts qualitatively with the Local Saturation Model

developed by M�oller et al. [20]. In the case of N� irra-

diation at 400°C, indications for the re-emission of

atomic nitrogen have been found [13], similar to obser-

vations made by Franzen et al. during hydrogen bom-

bardment of graphite et elevated temperatures [21].

Also, a signi®cant re-emission signal is observed on mass

54, compared to RT irradiation (see Fig. 4) which is an

indication of a `chemical' erosion of the ®lms through

the formation of volatile C2N2 at elevated temperatures

(see Ref. [22]).

Measurements of the N� sputtering yield at 20 keV

did not show a signi®cant temperature dependence in

the range between RT and 700°C, which is consistent

with the relatively weak M54 re-emission signal in

Fig. 4, compared to M30. Obviously, the `chemical'

component of the target erosion is negligibly small at

this energy, compared to the physical sputtering yield of

0.25 C atoms per incident N� ion [13]. At lower irradi-

ation energies, the formation of C2N2 would be con®ned

to smaller depths, and chemical e�ects should be more

important for the target erosion than at 20 keV.

Irradiation experiments on ta-C ®lms using ¯uences

of about 2 ´ 1018/cm2 of 1.5 keV N�2 ions showed indeed

a signi®cant increase of the sputtering yield at elevated

temperatures. Fig. 5 shows data obtained from RBS

analyses of the C-®lm thickness before and after irradi-

ation at di�erent temperatures. Between 180°C and

800°C, the sputtering yield increases from 0.54 to 0.75°C

atoms per incoming N atom, assuming that N�2 accounts

for 100% of the species emitted from the ion source. The

temperature dependence is indicative of a chemical

Fig. 4. RGA trends for di�erent N-related masses recorded

during irradiation of ta-C with 20 keV N� ions at RT and

400°C resp. 4.8 min irradiation time correspond to 1 ´ 1017 N�/

cm2. The M30 signal represents the absolute partial pressure of

this mass while the other trends are vertically shifted for clarity.

Fig. 5. Sputtering yield for irradiation of ta-C with 1.5 keV N�2
ions at three di�erent temperatures.
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component in the sputtering process. Such e�ects have

been found and extensively studied in hydrogen irradi-

ation experiments on graphite [23,24].

4. Discussion

The results in Fig. 1 show that at large irradiation

¯uences of about 1017 N�/cm2 on carbon surfaces, the

implanted near-surface layers get saturated with nitro-

gen, and 100% of the implanted atoms are re-emitted

into the vacuum. At energies below 20 keV, the thresh-

old ¯uence for re-emission will be lower since the satu-

ration is a local e�ect, and nitrogen penetration depths

are smaller. As a result, when injected into a divertor

with carbon targets during plasma discharges, nitrogen

cannot be regarded as a non-recycling gas at large ex-

posure times. Although downstream transport may lead

to a recycling factor < 1 in low-density carbon at typical

divertor operation temperatures, it is unlikely that the

recycling will be small enough to control the nitrogen

content in the plasma by the N2 injection rate.

Since it was found that a high percentage of the re-

tained nitrogen cannot be thermally desorbed at least up

to 900°C [13,15] sputtering seems to be the most e�cient

method to get rid of unwanted nitrogen inventories that

build up in the near-surface layer of the divertor target

during plasma operation.

If N2 bubble formation occurs under the more

complex irradiation conditions in the plasma boundary

layer, i.e. broad energy and angular distributions of the

bombarding species, as it was observed for a 20 keV ion-

beam at RT and normal incidence, this could result in

irregular re-emission processes (spikes), which were

found during He-ion bombardment of graphite [25].

However, since bubbles were only observed within a

layer very close to the surface, and seem not to form at

irradiation energies < 4 keV (see discussion Fig. 3), it is

expected that the continuous co-bombardment of the

target surface with high ¯uxes of low-energy nitrogen

and hydrogen will inhibit the formation of the bubbles

through high-rate sputtering.

As a consequence of the discussion of Fig. 3, it is

obvious that the experimental data given in the present

work cannot directly be extrapolated to the irradiation

conditions in a nitrogen-pu�ed divertor plasma, where

the mean particle energies are in the range of 50 eV and

broad distributions of both irradiation energy and di-

rection exist, plus a high-¯ux co-irradiation of hydrogen

ions and neutrals. It is therefore desirable to perform

quantitative analyses of the nitrogen depth distribution

in carbon samples that have been exposed to nitrogen-

pu�ed single-run divertor plasmas at di�erent discharge

lengths. As a second route, nitrogen ion irradiation ex-

periments should be performed at very low energies, and

possibly with alternating eV and keV exposure, to ®nd

out if N2 bubble formation is a relevant problem under

conditions closer to divertor plasma scenarios.

5. Conclusions

The nitrogen retention and release behavior of dia-

mond-like carbon ®lms during irradiation with energetic

N ions have been studied in situ. It is found that the

nitrogen content inside the ®lms saturates at large irra-

diation ¯uences on a concentration level that depends on

both irradiation temperature and energy. At room

temperature and a N� ion energy of 20 keV, nitrogen re-

emission sets in at a ¯uence of 1.5 ´ 1017 N�/cm2 and

reaches 100% when the nitrogen content inside the car-

bon layer is saturated at 2 ´ 1017/cm2. For irradiation at

temperatures in the range of 200±700°C, a reduction of

the saturated nitrogen contents by more than 50% is

found compared to RT. Under RT irradiation, N2

bubbles form in the implanted layer and lead to an in-

crease of the nitrogen retention. No spontaneous release

of nitrogen is observed at any temperature when the

implanting beam is turned-o�.

With increasing temperature, thermally activated

transport of nitrogen towards the bulk is observed in

low-density glassy carbon, an e�ect also reported for

graphite in previous work.

While the maximum RT nitrogen-to-carbon ratio at

saturation seems to be constant at about 0.35 for irra-

diation energies between 4 and 50 keV, a signi®cantly

smaller level is found at 3 keV, indicating that the 20

keV results cannot be extrapolated to very low energies.

The predominating nitrogen release pathway during

high-¯uence irradiation with 20 keV N� is the formation

and re-emission of N2. At elevated temperatures, indi-

cations are found of the formation of volatile C2N2.

High-¯uence irradiation of the ®lms with 1.5 keV N�2
ions at temperatures between 180°C and 800°C result in

temperature dependent sputtering yields, giving further

con®rmation for the existence of a chemical erosion re-

lated to the formation of C2N2.

Further systematic irradiation studies at lower ion

energies and compositional analyses of plasma exposed

divertor±target segments are necessary to obtain quan-

titative predictions for the nitrogen recycling behavior in

tokamak experiments.
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