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Recently, several researchers [e.g., Yang et al., Sci. Rep. 5, 10959 (2015)] have shown that

tungsten fuzz can grow on a hot tungsten surface under bombardment by energetic helium ions in

different plasma discharges and applications, including magnetic fusion devices with plasma facing

tungsten components. This work reports the direct measurements of the total effective secondary

electron emission (SEE) from tungsten fuzz. Using dedicated material surface diagnostics and

in-situ characterization, we find two important results: (1) SEE values for tungsten fuzz are

40%–63% lower than for smooth tungsten and (2) the SEE values for tungsten fuzz are

independent of the angle of the incident electron. The reduction in SEE from tungsten fuzz is most

pronounced at high incident angles, which has important implications for many plasma devices

since in a negative-going sheath the potential structure leads to relatively high incident angles for

the electrons at the plasma confining walls. Overall, low SEE will create a relatively higher sheath

potential difference that reduces plasma electron energy loss to the confining wall. Thus, the pres-

ence or self-generation in a plasma of a low SEE surface such as tungsten fuzz can be desirable for

improved performance of many plasma devices. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4967830]

Electron bombardment of a material leads to the emis-

sion of secondary electrons from the target material (i.e., sec-

ondary electron emission, SEE).1,2 In plasma devices such as

Hall thrusters,3,4 magnetic fusion devices such as tokamaks

and magnetic mirrors,5–7 and plasma processing devices,8,9

SEE from plasma-facing walls (e.g., due to incident plasma

electrons) can significantly alter the plasma-wall sheath,

reducing the sheath potential and increasing the loss of

plasma electron energy to the wall.10 The plasma wall losses

are significantly large as the total SEE yield c (defined as the

ratio of total emitted electron flux to incident electron flux)

approaches 1. Thus, it is imperative to maintain low SEE,

particularly at the low incident energies relevant for labora-

tory plasmas (<100 eV (Refs. 11–14)). A similar reduction

in SEE for carbon fiber velvet over graphite15 is believed to

be responsible for the improved plasma operation and device

performance of a segmented Hall thruster.3,16

For magnetic fusion devices such as ITER, tungsten is

the leading candidate material for the divertor region due to

its high melting temperature and thermal conductivity, and

low gas inventory and sputtering yield.17,18 However, W

forms nanostructures when bombarded by helium ions at ele-

vated temperatures.18–22 For example, 50 eV, 1026 m�2

helium ions incident on W will form fuzz/fibers and voids/

bubbles for W at 1000–2000 K and >2000 K, respectively.

Note, fuzz forms on W for Heþ energies >10 eV but less

than the sputter threshold and fluxes >1020 m�2s�1,19,22 as

well as on molybdenum,20,23 tantalum,23 palladium,23 and

copper23,24 exposed to Heþ when at �0.3–0.5 times the

melting temperature.

Previous investigations have measured and calculated

the total SEE yield from smooth polycrystalline W as a func-

tion of incident energy25–36 and angle.36 However, quantita-

tive values of the total SEE yield from W fuzz have not been

obtained prior to the effort herein. The authors of Reference

37 measured the floating potential of a W surface exposed

to helium plasma. They found a deepening of the floating

potential as nanostructures formed on the W surface and

deduced that the reduction in floating potential was due to a

reduction in SEE from a W surface with nanostructures. As

of yet, no prior attempts to directly measure SEE for W fuzz

have been made to confirm this hypothesis. This paper aims

to fill this void with quantitative measurements of the total

SEE yield from W fuzz.

Total SEE yields were measured in an ultra-high vac-

uum facility (with a base pressure at 1–5 � 10�9 Torr) at the

Princeton Plasma Physics Laboratory (PPPL) and Princeton

University.38 A Kimball Physics 2 � 1 3310 electron gun

produced primary electrons with energies up to 1 keV. The

electron beam was characterized with a Faraday cup to

ensure that the beam is focused (diameter <3 mm) and cen-

tered on the sample. The sample was biased from þ300 V to

�50 V. The primary electron current was measured on the

sample when biased to þ100 V or þ150 V to collect all true

secondary electrons and minimize backscattered electrons;39

note that the primary current was also measured on a

Faraday cup, and the primary currents using both approaches

are within the total instrumentation error. The secondary

electron current was measured on the sample when biased

slightly negative (i.e., 0 to �20 V) to prevent the collection

of tertiary electrons from the chamber walls. Primary elec-

tron energies were corrected for sample bias. A Keithleya)Electronic mail: mipatino@ucla.edu
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2410 source meter was used to apply voltage and read cur-

rent from the sample. Less than 13% error in the yield was

calculated from the instrumentation error in the Keithley

2410 and systematic error due to the non-saturated sample

currents when suppressing/inciting SEE.

The W fuzz sample (see Fig. 1) was prepared at the MIT

Plasma Science and Fusion Center by exposing bulk W at

1270 K to 60 eV Heþ (flux¼ 3.7� 1021 m�2 s�1, fluence

¼ 1.3� 1025 m�2).21 A Scanning Electron Microscope

(SEM) in a separate facility imaged the top surface of the W

fuzz sample to determine the fiber diameter and packing den-

sity. To estimate the fiber length, a slit was cut in the sample

with a Focused Ion Beam, and the cross-section was imaged

with SEM. Figure 2 shows that the W fibers are 25–50 nm in

diameter, 5–10 fiber diameters apart, and 100–200 nm long.

The smooth W sample was cleaned with alcohol prior to

insertion into the vacuum chamber. It was further cleaned

in-situ by light sputtering with 500 eV Arþ to remove impu-

rities for better comparison with previous SEE investigations

of cleaned W. X-ray Photoelectron Spectroscopy (XPS) was

used to characterize the sample surface in-situ before SEE

measurements; a PHI 40–458 x-ray source with the Al anode

and a SPECS PHOIBOS 100 hemispherical energy analyzer

were used to obtain XPS spectra. Figure 3 shows the XPS

spectra of W fuzz and smooth W between 30 and 40 eV

binding energy. The smooth W spectra show large W peaks

at 31 and 33 eV. The W fuzz spectra show smaller W peaks,

and the appearance of large WO3 peaks between 35 and

38 eV.40 (WO3/W¼ 1.53). Additionally, there is a large oxy-

gen signal at 531 eV in the full XPS scan for the W fuzz sam-

ple (not shown); this oxygen peak is significantly smaller for

sputtered smooth W. From the full XPS scans, the surface

compositions were 35.3% W, 27.4% O, and 28.6% C for

pre-sputtered smooth W; 62.9% W, 13.8% O, and 22.3% C

for post-sputtered smooth W; and 30.6% W, 40.9% O, and

26.8% C for W fuzz. Hence, the light sputtering of the

smooth W sample was effective in removing some, but not

all, of the O and C impurities; the O was not in the form of

WO3 as there was no WO3 on the smooth W samples in

Figure 3. The W fuzz sample could not be cleaned by sput-

tering since ion bombardment would erode the W fibers.

Figure 4 shows the total SEE yield measured from sput-

tered smooth W at 0�. The maximum c is 1.6 at 700 eV, and

the critical value of c¼ 1 occurs at 140 eV. The results are

compared to previously published results for SEE from poly-

crystalline W that is cleaned by heating the sample to

1300 K (Ref. 26) and 2700 K (Ref. 28). From Figure 4, the

total SEE yield matches with previous values for the range

of primary electron energies considered. Some deviations

from these previous studies are likely due to the differences

in surface composition, which was not previously monitored

with XPS or any other techniques. Therefore, this work also

FIG. 1. The picture of the 1 in. diameter W fuzz sample. The black region is

where W fuzz has formed due to Heþ exposure.

FIG. 2. The SEM image of the (a) top view and (b) cross-sectional view of

the W fuzz sample.

FIG. 3. W 4f and WO3 peaks in the XPS spectra of smooth pre-sputtered W

(dashed blue line), smooth Ar-sputtered W (thin black line), and W fuzz

(thick red line).
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provides SEE measurements of smooth W with in-situ char-

acterization of the surface at these laboratory plasma relevant

energies.

Also plotted in Figure 4 is the total SEE yield for

smooth W at 0� prior to sputter cleaning. The yield for the

pre-sputtered W is up to 48% higher than for post-sputtered

W since O and C contamination increase SEE.41 The authors

of References 30 and 31 also saw a higher total yield (up to

35% higher) for ungassed W than for sputter cleaned W at

the primary energies of <450 eV.

Additionally, the total SEE yield measured from sput-

tered smooth W at 45� is compared to the yield measured at

0� and the yield calculated for 45� assuming that the SEE

yield from the sample follows a 1/cos(H) dependence (i.e.,

ccalc(45�)¼ cexp(0�)/cos(45�)). From Figure 4, there is a large

increase in the measured yield with angle: the maximum c
increases from 1.6 to 2.3 and the energy at which c¼ 1

decreases from 149 to 75 eV. Furthermore, the measured and

calculated yields at 45� agree well, confirming that smooth

W follows a 1/cos(H) dependence typical for polycrystalline

samples. This dependence is due to the increased generation

of secondary electrons within the material escape depth at

grazing angles.1,2 Since the yield for the sputtered smooth W

is within the range of published values, increases with O and

C contamination, and follows a 1/cos(H) dependence as

expected, the measurements in Figure 4 of smooth W vali-

date the use of the facility for SEE investigations.

The total SEE yield from W fuzz at 0� and 45� is com-

pared to smooth W in Figure 5. The data show two important

trends: (1) W fuzz significantly reduces the SEE yield com-

pared to smooth W and (2) W fuzz SEE is largely indepen-

dent of the primary electron incident angle. Both these

trends can be explained by a discussion of the secondary

electron behavior in the presence of the W fuzz structure.

Assuming W fuzz has a cage-like geometry comprised

of vertical and horizontal fibers, primary electrons at normal

incidence impact either the flat substrate, the top of vertical

fibers, or the curved sides of horizontal fibers. Primary elec-

trons impacting the flat top of vertical fibers or the smooth

substrate should not change the SEE, while the curved fiber

sides should increase secondary electrons generation and

enhance local emission since the SEE yield increases with

local incident angle. Additionally, the penetration depth for

1 keV electrons in WO3 is 27 nm.42 Therefore, >16% of the

1 keV primary electrons impacting the 25–50 nm diameter

fibers can be assumed to pass through an individual fiber,

generating additional secondary electrons near the exit of the

first fiber and near the entrance to a second fiber or substrate.

Thus, the net reduction in SEE observed for W fuzz at 0�

incidence can only be attributed to trapping of secondary

electrons within the complex fuzz structure and not from a

reduction in the amount secondary electrons generated

within the fibers.

Similar reductions in SEE at normal incidence have

been measured for conducting surfaces with nm to mm-sized

soot particles,2 triangular and rectangular grooves,43–45

pores,46 dendrites/fibers,15,47–49 and surface roughness.50

Complementary computational modeling of the grooved,

porous, and fiberous surfaces by Refs. 44, 46, and 51, respec-

tively, shows a reduction in SEE for these featured surfaces,

particularly for features with a large aspect ratio. An impor-

tant feature of the SEE behavior of these naturally occurring

W-fuzz structures is that, unlike the artificially structured

surfaces mentioned above, W fuzz is self-produced in a He

plasma and therefore builds a natural suppression against

SEE and related effects.

FIG. 4. The total SEE yield from smooth, sputtered W as a function of primary

electron energy, for electrons incident at 0� (black filled circles) and 45� (black

filled triangles). Measurements at 0� are compared to previously published val-

ues for cleaned W: Ahearn26 (green solid line) and McKay28 (purple dashed

line). Measurements at 45� are compared to values calculated considering a

1/cos(H) dependence (black open circles). SEE yields for smooth, pre-

sputtered W at 0� (blue asterisks) are also plotted for comparison.

FIG. 5. The total SEE yield from W fuzz as a function of primary electron

energy, for electrons incident at 0� (red filled squares) and 45� (red crosses).

Measurements are compared to previous values for smooth W at 0� (black

filled circles) and 45� (black filled triangles).
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Note that the reduction in SEE from W fuzz is not due

to the large amount of WO3, O, and C on the surface, since

this study and previous studies on contaminated metallic sur-

faces show that adsorbed O and C and many oxides increase

SEE (due to the increased electron escape probability within

the material), especially at low incident electron ener-

gies.26,30,31,36,41,52,53 Hence, the reduction in SEE for W fuzz

is in fact due to nanostructuring of the surface.

Figure 5 shows that the total SEE yield from W fuzz is

nearly independent of the incident angle. While the funda-

mental 1/cos(H) dependence of SEE on local incident angle

is preserved, the orientation of the fibers within the complex

fuzz structure leads to a wide distribution of local incident

angles that is independent of the global primary electron

angle. Additionally, recapturing of secondary electrons

reduces the influence on the global incident angle.

The fact that the yields from W fuzz measured at 0� and

45� are identical is direct quantitative evidence that the SEE

measured is entirely from the complex W fuzz structure and

not from the underlying smooth substrate. SEE from smooth

polycrystalline surfaces follows a 1/cos(H) dependence, and

some angular dependence is expected if primary electrons

that were able to reach the substrate create secondary elec-

trons that are able to reach the fuzz surface. Therefore, the

lack of angular dependence proves that SEE from the sub-

strate has a negligible effect on our measurements.

Additionally, the inability for the SEM to detect the substrate

between the W fibers in Figure 2(a) using 10 keV incident

electrons is indirect qualitative evidence that the substrate is

negligible. Since a negligible amount of secondary electrons

from the substrate is emitted and detected for 10 keV primary

electrons, it is expected that secondary electrons produced

from the substrate do not affect SEE results since SEE meas-

urements considered lower primary electron energies and

hence lower primary electron penetration depths. Hence, the

substrate will have a negligible effect, while the effect of the

W fuzz on SEE is the dominant mechanism represented in

these results.

A similar weakening of the dependence of the true/total

SEE yield on incident angle was also measured for structured

carbon and copper with lm-sized dendrites,48,49 silver with

lm-sized pores,54 and carbon and silver with lm-sized

roughness.50 Modeling of the dendritic51 and porous surfa-

ces54 captured this weakening on angle (e.g., 30% simulated

increase for dendritic surfaces versus 40% increase for

smooth surfaces between 0� and 45�). As mentioned above,

unlike previous experimental and modeling efforts on artifi-

cially structured surfaces, the W fuzz materials considered

herein are self-generated in the He plasma. Additionally,

whereas previous efforts have shown angular dependence for

artificially structured surfaces, the total SEE yield for W

fuzz is independent of angle for 0� and 45�.
An important trend from the W fuzz data is the very

large reduction in SEE at high electron incident angles. At

oblique angles, there is a larger reduction of SEE for W fuzz

over smooth W. For example, near 500 eV, there is a 47%

reduction in SEE for electrons incident at 0� but a 63%

reduction in SEE at 45�. Since the retarding potential of the

plasma sheath reduces the normal component of the incident

electron velocity, high incident angle electrons will dominate

in plasma devices. Therefore, these results can be important

for plasma applications.

This work presented the measurements of the SEE from

nanostructured W fuzz self-produced in a He plasma

(Eion¼ 10–100 eV, Tsample> 1000 K) and showed unique

trends: (1) SEE decreases significantly (>40%) compared to

smooth W for electrons impacting at normal incidence and

(2) SEE is independent of electron incident angle.
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