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a b s t r a c t 

Sputtering properties of F82H and CLF-1 RAFM (reduced activation ferritic/martensitic) steels are investi- 

gated under exposure to high-flux He plasmas ( �i ∼ 2–4 ×10 22 m 

−2 s −1 ) in PISCES-B with a low incident 

ion energy of ∼80 eV and sample temperature, T s , ranging from ∼573 K to 1053 K. Both steels are pri- 

marily alloys of Fe, Cr, and W. While sputtered W atoms were not detected during the exposure, sput- 

tered Fe and Cr atomic fluxes were spectroscopically quantified using S/XB values of Fe I and Cr I emis- 

sion lines, which were experimentally determined in this study. Sputtering yields of F82H obtained from 

spectroscopy agree well with those from mass loss measurements. The He + fluence-integrated sputtering 

yield of F82H and CLF-1 does not depend on T s in the range of ∼573–873 K, but starts to increase at T s 
∼900 K. Sputtered Fe and Cr atomic fluxes are found to drop during the plasma exposure. The reduction 

of sputtering yield is explained by surface enrichment of W and development of surface morphology. The 

surface enrichment of W was measured with Auger electron spectroscopy, and is due to the observed 

preferential sputtering of Fe and Cr. Cone-like structures were observed with a scanning electron micro- 

scope, which become larger with increasing T s , and W fuzz is formed on top of the cones at T s ≥ 973 K. 

© 2016 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

While reduced activation ferritic/martensitic (RAFM) steel is a

romising candidate for structural material in future fusion reac-

ors, its use as a first wall material is also considered an attractive

ption. Thus, investigations of RAFM steel as a plasma-facing ma-

erial have been recently initiated [1–5] . In previous studies [1,2,5] ,

puttering properties of RAFM steel by deuterium (D) plasma were

xplored, using EUROFER, F82H, and Fe-W layers as a surrogate.

he sputtering yields, inferred from mass loss, were found to de-

rease with an increase in D 

+ fluence because of W enrichment

n the surface, likely due to preferential sputtering of the lower Z

lements. Since the sputtering yields were determined only from

ass loss, details such as the time evolution of sputtered flux of

ach element and the elemental composition of the sputtered flux

emain unclear. 

Optical emission spectroscopy has been commonly used to in-

estigate sputtering properties of plasma-facing materials. Line-of-
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ight integrated emission intensity of sputtered atoms, I a , can be

onverted into sputtered atomic flux, �spt , [6] with the parameter

/XB defined by, 

spt = 4 π
S 

X B 

I a . (1) 

Here, S and X are the ionization and excitation rate coefficients,

nd B is the branching ratio. It is noted that this relation is valid

nly when the geometrical loss flux from the observation vol-

me is negligible. The main elements in RAFM steel are iron (Fe),

hromium (Cr), and tungsten (W). The atomic fraction of each el-

ment can vary somewhat depending on the specific steel being

nvestigated, as mentioned below. Thus, S/XB values of these el-

ments are necessary to quantify �spt from the surface of RAFM

teel. Both experimental [7–11] and theoretical [12] values of S/XB

re available for W. The ADAS database [13] provides theoretical

alues of S/XB for Cr I lines, while no experimental verification has

een done. For Fe I lines, neither experimental nor theoretical data

re available. To address this need, we report the first S/XB val-

es of both Fe I and Cr I lines ( Section 3 ) using the technique de-

eloped in Ref. [14] . The sputtering properties of F82H and CLF-

 RAFM steels are further investigated with these experimentally
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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He plasma
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(z ~ 25 mm)

Sample

Thermocouple

Fig. 1. Schematic view of the PISCES-B target region. The target surface is de- 

fined as z = 0 mm. The line-of-sight (LOS) of the spectroscopic system is indicated 

with the horizontal dashed line. The reciprocating single probe system is located at 

z ∼ 25 mm. 
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Fig. 2. S/XB values of (a) Fe I 422.7 nm and (b) Cr I 427.1 nm (425.4, 427.4, and 

428.9 nm). Closed circles show measured values in this experiment. In (a), a fitted 

curve is shown with a dashed line, while ADAS data (llu) are presented with solid 

lines at different n e in (b). 
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determined S/XB values of Fe I and Cr I lines. The sputtered flux of

each species is quantified during the course of plasma exposures.

The time- (He + fluence-) integrated sputtering yields are compared

with those from the mass loss technique. Furthermore, the sample

temperature, T s , dependence of the sputtering yield is explored in

the range of T s ∼ 573–1053 K. Surface analyses are also conducted

to support the spectroscopic data. 

2. Experimental setup 

The experiments were performed in the PISCES-B linear plasma

device [15] , the target region of which is schematically presented

in Fig. 1 . The background pressure was around 1 ×10 −8 Torr for

these experiments. All plasma exposures were done with a work-

ing gas of He at ∼3 mTorr. Axial profiles of line emission intensi-

ties from sputtered particles and background He plasma were mea-

sured in front of the target surface ( z = 0 mm). The spectroscopic

line-of-sight is shown with a thick dashed line. A 0.5 m Czerny-

urner type spectrometer (Acton SP2560) is used with a 2-D CCD

camera detector (Princeton Instruments PIXIS:400B). Plasma light

emission is delivered to the entrance slit of the spectrometer via a

plane mirror, a Dove prism, and a focusing lens. The Dove prism is

employed to rotate the plasma image to align the plasma axis with

the entrance slit. The plasma column spatial resolution is 1.34 mm

per CCD channel. The ion flux, �i , the electron density, n e , and

temperature, T e , are measured with a reciprocating single Lang-

muir probe system located at z ∼25 mm. The incident ion energy,

E i , is controlled by negatively biasing the target, V t , with respect to

the plasma space potential, V s , which is also obtained with the sin-

gle probe. The sample temperature, T s , is measured with a thermo-

couple attached to the rear of the sample, and is controlled with

forced air cooling. 

Disk F82H samples with a diameter of 25 mm and a thickness

of 1.5 mm were made of a plate [F82H-IEA (Heat#9741) Plate ID

2–20], supplied from QST, Japan. The surface of F82H samples was

sanded (150 grit). Mirror-polished CLF-1 disk samples (25 mm di-

ameter and 1 mm thickness) were provided by ASIPP, China. This

grade has been developed by SWIP, China, for Chinese TBM (test

blanket module) in ITER. The nominal bulk composition of F82H

and CLF-1 is Fe-8Cr-2 W and Fe-8.5Cr-1.5 W in wt% for the main el-

ements, respectively. Although oxide layers are formed on the sur-

face, those are quickly removed under the high flux plasma expo-

sure [16] . 

Before and after the plasma exposures, the surface composi-

tion was measured with Auger electron spectroscopy (AES) be-

fore exposing the samples to air. A scanning electron microscope

(SEM) was used to observe surface morphology. The samples were
Please cite this article as: D. Nishijima et al., Sputtering properties of RA

and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.08.019 
eighed before and after plasma exposure with a microbalance

10 μg resolution) to derive the mass loss. For comparison with

pectroscopy, the sputtering yield is calculated with the mass loss

nd the incident ion fluence from single probe measurements. 

. S/XB measurements of Fe I and Cr I lines 

S/XB values of an Fe I 422.7 nm line and a multiplet-averaged

r I 427.1 nm line (425.4, 427.4, and 428.9 nm) are experimentally

etermined using the technique described in Ref. [14] . Here, only a

rief explanation is given. 

From Eq. (1) , S/XB = �spt /(4 π I a ) = ( Y �i )/(4 π I a ) is derived, where

 is the sputtering yield. The sputtering yield of Fe and

r bombarded by He at E i ∼ 80 eV was determined to be

(1.5 ± 0.3) x 10 −3 and ∼(3.0 ± 0.6) x 10 −3 , respectively, from mass

oss in a dedicated plasma exposure to each pure material. The line

mission intensity of sputtered Fe/Cr atoms from each pure mate-

ial was measured during various plasma conditions, and converted

nto the local emissivity, simply divided by the horizontal length

f the emission zone (10 mm) [14] . The local emissivity was then

xially integrated to obtain the total intensity, I a . At each condi-

ion, the incident ion flux, �i , as well as T e were evaluated with

he single probe. In this way, S/XB values of Fe I and Cr I lines are

etermined using only measured parameters. 

The measured S/XB values of Fe I 422.7 nm are plotted against

 e in Fig. 2 (a). Since there is no theoretical data available for Fe,

he experimental data is fit to a simple function, S/XB = β × exp(-

 ioni / T e )/exp(- E ex / T e ), with the ionization energy ( E ioni = 7.90 eV) of

e, the excitation energy ( E ex = 6.26 eV) of the upper state, and β
 fitting parameter. This fit function is a natural choice from the

efinition of S/XB . Because of the proximity between E and E ex ,
ioni 
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Fig. 3. Time evolution of (a) and (d) �spt (Fe) and �spt (Cr), (b) and (e) �spt (Cr)/ �spt (Fe), (c) and (f) the He I 438.7 nm line intensity and T s , during He plasma exposure to 

F82H samples. (a)-(c): F82H-01 at T s ∼ 573 K. (d)-(f): F82H-07 at T s ∼ 1053 K. 
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Fig. 4. Comparison of the time- (fluence-) integrated F82H sputtering yields be- 

tween the spectroscopic ( Y spec ) and mass loss ( Y mass-loss ) techniques. 
he fit function is nearly flat at T e ≥ 2 eV, and the measured data

lso show the weak T e dependence. The nonlinear curve fit gives

= 70.8 ± 6.7, where the uncertainties of the measured data were

ot taken into account in the fit. Fig. 2 (b) shows good agreement

f the T e dependence of Cr I 427.1 nm S/XB values between experi-

ental and ADAS theoretical data [13] . 

The ionization mean free path, λmfp , for all the data in Fig. 2 is

valuated to be ≤10 mm from an exponential fit to the observed

xial intensity profile. This confirms that most of sputtered atoms

re ionized in the plasma column, i.e. the geometrical loss flux is

egligibly small [14] . 

. Sputtering behavior of RAFM steels 

In this section, sputtering behavior of RAFM steels exposed

o He plasmas with �i ∼ (2–4) x 10 22 m 

−2 s −1 and E i ∼ 80 eV is in-

estigated in the range of T s ∼ 573–1053 K. In addition to spec-

roscopy during plasma exposure, mass loss measurements and

ost-mortem surface analyses (AES and SEM) were performed. 

In Fig. 3 , the time evolution of sputtered fluxes of Fe, �spt (Fe),

nd Cr, �spt (Cr), from F82H evaluated with spectroscopy is pre-

ented for two different flat-topped T s cases: (a) ∼573 K and (b)

1053 K. The plasma discharge started with V t = -60 V to avoid arc-

ng on the target surface, and V t was then increased from −60 V to

90 V ( E i ∼ 80 eV) during the first ∼10–20 s, so that �spt is lower

t the beginning. As shown with the He I 438.7 nm line intensity

n Fig. 3 (c) and (f), the plasma reached the steady state condi-

ion within ∼10 0–20 0 s. It should be first noted that no W I lines

ere observed in this experiment, indicating that W was not sput-

ered because of the low E i . This means that Fe and Cr are pref-

rentially sputtered. At T s ∼ 573 K, both �spt (Fe) and �spt (Cr) are

ound to rapidly drop with increasing the plasma exposure time,

.e. the He + fluence, by a factor of ∼5–8, and to reach the satu-

ation level within 10 0 0 s. On the other hand, during the ramp-

p phase of T s for the high T s case (1053 K), there is a minimum
Please cite this article as: D. Nishijima et al., Sputtering properties of RA

and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.08.019 
f �spt (Fe), while �spt (Cr) increases with an increase in T s . After

aving a maximum of �spt (Fe) and �spt (Cr), those slowly decrease

ithout reaching the saturation until the end of the discharge. The

puttered flux ratio, �spt (Cr)/ �spt (Fe), is plotted in Fig. 3 (b) and

e). In both cases, the ratio is higher than the nominal bulk com-

osition ratio ( ∼0.088), indicating that the diffusion of Cr to the

urface is faster than that of Fe. 

To compare the spectroscopic and mass loss measurements, the

ime-integrated sputtering yield of F82H is obtained from both

ethods in several plasma exposures. For spectroscopy, �spt (Fe)

nd �spt (Cr) are time-integrated to derive the total number of

puttered atoms over the plasma exposure. The time-integrated

puttering yield of F82H is calculated by dividing the total num-

er of sputtered Fe and Cr atoms by the number of incident He + 

ons. The number of sputtered atoms from mass loss is calculated
FM steels under high-flux He plasma exposure, Nuclear Materials 
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Fig. 5. T s dependence of the fluence-integrated sputtering yields of total (squares), 

Fe (diamonds), and Cr (triangles) obtained from spectroscopy. The sputtering yield 

of F82H (closed symbols) agrees well with that of CLF-1 (open symbols) in this T s 
range. E i ∼ 80 eV and φHe + ∼ 4.4 + / −0.2 ×10 25 m 

−2 . 

Fig. 6. Surface fractions of Fe (circles), Cr (squares), and W (diamonds) as a function 

of T s measured with AES after He plasma exposure of F82H. Solid lines show the 

surface composition of an unexposed F82H surface, which was also measured with 

AES. 
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Fig. 7. SEM images of (a)-(h) He plasma-exposed F82H surfaces at T s ∼ 573–1053 K, (i) an 

and 1013 K. The square region of (g) is enlarged in (h), denoting fuzz and cone. The obser

Please cite this article as: D. Nishijima et al., Sputtering properties of RA

and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.08.019 
ith the effective atomic mass ( ∼55.5 amu) evaluated from spec-

roscopy. As presented in Fig. 4 , the sputtering yield from spec-

roscopy is in good agreement with that from mass loss (within

0%). It should be noted that this good agreement verifies that our

easured S/XB values are valid. 

Fig. 5 shows the T s dependence of the time- (fluence-)

ntegrated sputtering yields of Fe, Cr, and the total, i.e.

82H, from spectroscopy at an incident He + ion fluence

He + ∼ 4.4 ± 0.2 ×10 25 m 

−2 . The sputtering yield of F82H (closed

ymbols) is dominated by Fe, as expected from Fig. 3 . The sput-

ering yield is found to be constant up to T s ∼ 900 K, and to be

nhanced at T s > 900 K. Data from CLF-1 are also plotted (open

ymbols). While the surface preparation is different between two

teels, the sputtering yield is found to be very similar because the

lasma exposure induces the development of surface morphology,

s described later. 

Both the sputtering yield reduction during the plasma expo-

ure ( Fig. 3 ) and the T s dependence of the sputtering yield ( Fig. 5 )

an be explained by the following two effects: (1) the surface

nrichment of W due to the preferential sputtering of Fe and

r, and (2) the surface morphology development. The preferential

puttering of Fe and Cr is confirmed with spectroscopic observa-

ions ( Fig. 3 ). The resultant enrichment of W on the surface is ob-

erved with AES. Fig. 6 presents the surface fractions of Fe, Cr, and

 after the He plasma exposure to F82H at T s ∼ 573–1053 K, com-

ared to those of an unexposed surface. Since Fe may be prefer-

ntially removed by sanding, the surface composition of the un-

xposed surface strongly deviates from the bulk composition. The

nrichment of W as well as the depletion of Fe and Cr are clearly

een, especially, at T s < 900 K. The W enrichment is reduced at

 s > 900 K due presumably to the enhanced diffusion of Fe and Cr

17] . It should be noted that only Fe, Cr, and W are taken into ac-

ount. We do not show low-level surface contaminants such as O

nd C, which were nevertheless also observed. 

SEM images of He plasma-exposed F82H surfaces are shown in

ig. 7 . High-density and nano-scale cone-like structures are seen

t T s ∼ 573 K and 723 K. This kind of structure is known to reduce

he erosion rate [16 , 18] , because of the direct line-of-sight deposi-
unexposed F82H surface, and (j)-(k) He plasma-exposed CLF-1 surfaces at T s ∼ 673 K 

vation angle is 45 ° with respect to the surface normal. 

FM steels under high-flux He plasma exposure, Nuclear Materials 
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ion of sputtered atoms. Here, only atoms released into the plasma

re included in the erosion rate. Cones become larger with increas-

ng T s , but smaller scale structures seem to grow on top of the

ones. At T s ≥ 973 K, fuzzy structures [19 , 20] clearly appear on top

f the cone-like structures. To identify the composition of the fuzz,

t was collected with carbon tape. It is found from EDX (energy-

ispersive X-ray spectroscopy) measurements that W is the dom-

nant element of the fuzz: ∼61–62 at% of W, ∼31–32 at% of Fe,

nd ∼7 at% of Cr. Comparing the 973 K and 1053 K cases, the base

one-like structures are larger and the density of W fuzz is lower

t T s ∼ 1053 K. This is consistent with the higher sputtering yield

 Fig. 5 ) and the lower W surface concentration ( Fig. 6 ). 

Concerning CLF-1, the surface composition after the plasma ex-

osure is consistent with that of F82H at T s ∼ 673 K, while the

 fraction is slightly lower for CLF-1 by ∼10 at% at T s ∼ 1013 K.

he surface morphology looks very similar to that of F82H at

 s ∼ 673 K. As seen in Fig. 7 (k), W-rich fuzz also develops on the

LF-1 surface at T s ∼ 1013 K, but is less prevalent compared to

82H, which is consistent with the AES measurements. Regard-

ess of the slightly different surface composition and morphology

f CLF-1, the sputtering yield is consistent with F82H within the

ncertainties (see Fig. 5 ). 

. Conclusion 

S/XB values of Fe I and Cr I lines are experimentally determined

or the first time, enabling the study of the sputtering properties of

82H and CLF-1 RAFM steels with optical spectroscopy. The erosion

ates obtained from spectroscopy using the determined S/XB values

re in good agreement with those from mass loss. This confirms

he validity of the measured S/XB values. High-flux He plasma ex-

osure at low E i ∼ 80 eV leads to preferential sputtering of Fe and

r, and thus to surface enrichment of W. Interestingly, high tem-

erature exposures at T s ≥ 973 K result in the formation of W-rich
Please cite this article as: D. Nishijima et al., Sputtering properties of RA

and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.08.019 
uzz on top of the cone-like structures. Both the surface enrich-

ent of W and the development of surface morphology contribute

o the reduction of the sputtering yield of the RAFM steels. In fu-

ure fusion devices, should RAFM steel be used as a first wall, T s 
ill need to be kept below 900 K from the sputtering point of

iew, as the sputtering yield increases at ∼900 K. Further inves-

igation, however, must be done. 

cknowledgements 

We appreciate the PISCES technical staff and beryllium person-

el for their devoted work. This work is supported by the US DOE

rant: DE-FG02-07ER54912 , and is conducted as part of IAEA CRP

n Plasma-wall Interaction with Reduced-activation Steel Surfaces

n Fusion Devices. 

eferences 

[1] J. Roth , et al. , J. Nucl. Mater. 454 (2014) 1 . 
[2] K. Sugiyama , et al. , J. Nucl. Mater. 463 (2015) 272 . 

[3] V.Kh. Alimov , et al. , Phys. Scr. T159 (2014) 014049 . 
[4] K. Yakushiji , et al. , Phys. Scr. T167 (2016) 014067 . 

[5] V.Kh. Alimov , et al. , Nucl. Mater. Energy 7 (2016) 25 . 
[6] K.H. Behringer , J. Nucl. Mater. 145-147 (1987) 145 . 

[7] J. Steinbrink , et al. , in: Proc. 24th EPS Conf. on Controlled Fusion and Plasma

Physics, 21A, Berchtesgaden, Germany, 1997, p. 1809 . 
[8] A. Geier , et al. , Rev. Sci. Instrum. 70 (1999) 63 . 

[9] A. Geier , et al. , Plasma Phys. Control. Fusion 44 (2002) 2091 . 
[10] D. Nishijima , et al. , Phys. Plasmas 16 (2009) 122503 . 

[11] D. Nishijima , et al. , Phys. Plasmas 18 (2011) 019901 . 
[12] I. Beigman , et al. , Plasma Phys. Control. Fusion 49 (2007) 1833 . 

[13] H.P. Summers , The ADAS User Manual version 2.6 (2004) . 

[14] D. Nishijima , et al. , J. Nucl. Mater. 438 (2013) S1245 . 
[15] R.P. Doerner , et al. , Phys. Scr. T111 (2004) 75 . 

[16] R.P. Doerner , et al. , J. Nucl. Mater. 438 (2013) S272 . 
[17] U. von Toussaint , et al. , Phys. Scr. T167 (2016) 014023 . 

[18] R.P. Doerner , et al. , J. Nucl. Mater. 455 (2014) 1 . 
[19] M.J. Baldwin , R.P. Doerner , Nucl. Fusion 48 (2008) 035001 . 

20] S. Kajita , et al. , Nucl. Fusion 49 (2009) 095005 . 
FM steels under high-flux He plasma exposure, Nuclear Materials 


