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Abstract

Radio-frequency (RF) rectification is an important sheath phenomenon for wave heating of

plasma in fusion devices and is proposed to be the mechanism responsible for converting high-

harmonic fast-wave (HHFW) power in the National Spherical Torus eXperiment (NSTX) into a

heat flux to the divertor. RF rectification has two aspects: current rectification and voltage recti-

fication, and, while the latter is emphasized in many application, we demonstrate the importance

of current rectification in analysis of the NSTX divertor during HHFW heating. When rectified

currents are accounted for in first-principle models for the heat flux to the tiles, we predict a

sizeable enhancement for the heat flux in the presence of an RF field: for one case studied, the

predicted heat flux increases from 0.103 MW/m2 to 0.209 MW/m2. We also demonstrate how this

rectification scales with injected HHFW power by tracking probe characteristics during a HHFW

power ramp; the rectified current may be clamped at a certain level. This work is important for

minimizing SOL losses of HHFW power in NSTX-U but may also have implications for near-field

studies of ICRF antennae: ignoring rectified current may lead to underestimated heat fluxes and

overestimated rectified voltages.
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I. INTRODUCTION

Radio-frequency (RF) rectification is a non-linear process by which RF electric fields

enhance certain aspects of the sheath. The RF fields tend to increase the average electron

current flowing through the sheath; we refer to this effect as current rectification. The plasma

potential may, in turn, increase in order to offset, or screen, the enhanced electron current; in

which case the potential is said to be rectified. We propose three potential sheath responses

to an impressed RF voltage, illustrated in Fig. 1: (i) an increased electron current with little

to no change in plasma potential, (ii) an increase in plasma potential just enough to com-

pletely cancel the increased electron current, or (iii) partial screening, in which both rectified

a electron current and plasma potential are present. While response (ii) is assumed in many

applications of RF rectification, we find that, in the divertor of the National Spherical Torus

eXperiment (NSTX) during high-harmonic fast-wave (HHFW) heating, probe data clearly

indicate the presence of rectified currents, indicating either response (i) or (iii) but not (ii).

We predict, for NSTX conditions, that the increase in heat flux to the underlying surface

due to RF rectification is greater for response (i) than (ii). Also, we follow the evolution of

a probe characteristic during an HHFW power ramp, giving the degree of rectification as a

function of RF voltage. The primary motivation for this work is to quantify the role of RF

rectification in scrape-off layer (SOL) losses of HHFW power on NSTX, but there may be

implications for the impact of RF rectification at ion-cyclotron range of frequencies (ICRF)

antennas.

RF rectification plays a somewhat unusual and unique role in the NSTX divertor during

HHFW heating. The HHFW system launches fast waves at frequencies well above the ion-

cyclotron frequency and is intended to provide electron heating and current drive [1], but

HHFW experiments have shown a significant loss of HHFW power directly to the SOL [2].

During such experiments, bright and hot spirals form on the upper and lower divertor

(Fig. 2); infrared (IR) cameras measures a heat flux within these spirals up to 2 MW/m2

for an applied RF power of 1.8 MW [3], while up to 60% of the coupled HHFW power is

estimated to be missing from the core plasma. In Ref. [4], we proposed that RF rectification

is the mechanism responsible for converting wave power into a heat flux [4], with the RF

sheaths being driven by enhanced wave fields due to cavity-like modes in the SOL [5, 6]. This

constitutes an instance of a far-field sheath [7], where propagating waves intercept a material
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FIG. 1. An illustration of the potential response of a probe IV characteristic to RF rectification.

The red rightmost curve represents the original IV characteristic without RF effects. The vertical

solid lines show the action of rectified electron currents, lifting the characteristic to the blue leftmost

curve. The horizontal solid lines show the action of an increased plasma potential, shifting the

characteristic to the right to the green middle curve, partially cancelling the rectified current. The

dashed horizontal arrows represent full screening, when the plasma potential increases enough to

fully cancel the rectified currents.

surface some distance away from the antenna. However, unlike the more conventional picture

in which the sheath is established by wave power gradually leaving the core in regimes of

low single-pass absorption [7, 8], RF rectification in the NSTX divertor occurs prior to wave

energy reaching the core, as NSTX has a high absorption rate for such waves [9]. It is of

great importance for the HHFW program to determine the scaling of the heat flux driven

by RF rectification as a function of the RF potential across the sheath.

RF rectification has a broad scope of application in the fusion:

1. RF rectification has been incriminated for the increased production of impurities that

often accompany ICRH [10–12], as the rectified sheath voltage may accelerate ions to

sufficient energies to enhance sputtering.

2. RF rectification threatens antenna components with premature demise due either to

erosion of antenna components via ion bombardment and also overheating due to hot

spots, or regions of enhanced heat flux [13–15].

3. RF rectification has been hypothesized to explain modifications to the scrape-off layer

(SOL) during ICRF operation [16–18].
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FIG. 2. Fast camera image of NSTX during HHFW heating for shot 141838, an H-mode plasma

with 1.2 MW of HHFW power with no neutral beam injection. Time of image is 256.4 ms with a

background subtraction of eight frames starting at 215.2 ms. HHFW antenna, HHFW, spiral, and

divertor probe positions are indicated.

4. RF rectification presents a potential power sink for RF wave power [7] both for regimes

of poor single-pass absorption and the NSTX case of prompt loss.

A large portion of the work on RF sheaths focuses on enhanced ion bombardment due

to its potential for impurity production. Also, early consideration of the heat flux to the

antenna due to RF rectification only incorporated the rectified voltage (ion bombardment)

contribution [10], a practice still in use for studies of heat loads at antennas [15, 19–22]

and also for far-field sheaths [23]. This paper focuses on the role of the rectified electron

current, its effect on the heat flux, and its relation to the rectified voltage. Although our

primary application is far-field sheath dissipation, this work may impact studies of antenna

hot spots, as we calculate that the heat flux due to rectified currents scales differently than

that due to rectified voltages. Also, for a measured VRF , neglecting rectified currents will

tend to overestimate the predicted change in rectified sheath voltage, potentially impacting

sputtering studies. We note that DC currents due to ICRF operation were observed long

ago [16, 24, 25] and are still observed on modern antennas [11]. Recent modeling has also

begun to incorperate DC currents [26].
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II. ION AND ELECTRON CONTRIBUTIONS TO RF-DRIVEN SHEATH HEAT

FLUXES

This section will develop the formulas needed to make concrete the concepts of recti-

fied current and rectified voltage introduced above. These formulas will also be used to

seperate the heat flux due to RF rectification into ion-bombardment and thermal-electron

components. The two different scalings of each component will be discussed.

It is convenient to assume a Maxwellian electron distribution, which leads to the usual

IV characteristic:

I(V ) =
Isat

1− δe

(
−1 + e(V−V noRF

fl )/Te
)
. (1)

Isat is the ion saturation current. δe is the coefficient of secondary electron emission, which

can be ignored for grazing incidence magnetic fields [27] (such as occurs in the divertor) but

might be important for antenna components. We set δe = 0 for convenience. V noRF
fl is the

floating potential without RF. Voltages are defined relative to vessel potential.

We consider two modifications to Eq. (1). First, we superimpose over the bias voltage V

an RF voltage VRF cosωt and average. This produces the rectified electron current:

I−RF (V ) = IsatI0

(
VRF

Te

)
exp

(
V − Vfl
Te

)
, (2)

with I0 the modified Bessel function [28]. Second, we assume that the plasma potential,

Vpl changes by an amount ∆Vpl in response to the RF rectified currents and add ∆Vpl to

the floating potential V noRF
fl . This assumes that the common textbook relationship between

plasma potential and floating potential [29]:

V noRF
fl = Vpl −

1

2
ln

(
2π
me

mi

(
1 +

Ti
Te

))
(3)

continues to hold in the presence of the RF fields. We plan to test this assumption in future

HHFW experiments. Adding these two modifications to Eq. (1) yields

I(V ) =
Isat

1− δe

(
−1 + I0

(
VRF

Te

)
e(V−V noRF

fl −∆Vpl)/Te

)
. (4)

Also, if we define

V RF
fl = Te ln I0

(
VRF

Te

)
, (5)

then Eq. (4) can be cast is the form

I(V ) =
Isat

1− δe

(
−1 + e(V +V RF

fl −V noRF
fl −∆Vpl)/Te

)
. (6)
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Let us now interpret Eq. (6) in terms of the different potential response of a sheath to

the RF fields. Case (i) above assumes no change in plasma potential, ∆Vpl = 0. The probe

IV characteristic is effectively shifted negative by an amount V RF
fl . At any bias voltage

V , the probe collects more electron current than without the RF. In case (ii), we assume

∆Vpl = V RF
fl . The means that, for bias V below Vpl − VRF , the probe charactersitic is

unaltered, and the probe collects the same current as it would without RF. Finally, case

(iii) corresponds to an intermediate situation with 0 < ∆Vpl < V RF
fl . Cases (i) and (ii) are

complimentary, and we can drawn a circuit analogy in which the RF rectification plays the

role of a non-ideal voltage (or current) source. In the perfect screening case the plasma-

sheath system acts as though it has infinite impedance to ground, allowing no rectified

current to flow in exchange for an elevated mean (rectified) voltage. The case of no screening

behaves as though there was zero impedance to ground and conducts the rectified current

with no change in voltage.

The heat flux QRF to a surface biased at potential V with a superimposed RF voltage is

given by [4]

QRF (V ) = −Isat(V − V noRF
pl + ∆Vpl) + 2.5TiI

sat + . . .

2

1− δe
IsatTeI0

(
VRF

Te

)
e(V−V noRF

fl −∆Vpl)/Te (7)

= −JsatV + 2.5TiJ
sat +

2

1− δe
J−
RFTe, (8)

Equation 7 is straightforward extension of the no-RF case [29]. The first term of Eq. (7) is

the energy gained by the ions as they fall through the sheath potential. Since this term is

linear in V , the RF voltage simply averages out, but this term contributes when ∆Vpl 6= 0.

The second term is the energy flux (flow plus thermal) of the ions at the sheath edge, which

is independent of V and is rather set by the Bohm sheath criteria. It does not get directly

modified by the RF potential. The last term is the thermal energy flux from the electrons

and is proportional to the rectified electron current, Eq. (2).

The heat flux due to RF rectification is

∆QRF = ∆VplI
sat + . . .

2IsatTe
1− δe

e(V−V noRF
fl )/Te

(
I0

(
VRF

Te

)
e−∆Vpl/Te − 1

)
. (9)

The thermal heat flux from the ions drops out from Eq. (9). Clearly, the larger ∆Vpl, the

greater the ion bombardment term at the expense of the electron thermal contribution. In
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the case of perfect screening, the electron term of Eq. (7) does not contribute to ∆QRF , as

there is no change in electron current, and

∆QRF,rv = ∆VplJ
sat = TeJsat ln

(
I0

(
VRF

Te

))
(10)

with the subscript “rv” denoting “rectified voltage.” This equation is frequently used in

the ICRF community [15, 19–21] for the contribution of heat flux to a surface due to RF

rectification or even for far-field sheath dissipation [23] and assumes that ion bombardment

dominates. The validity of this assumption will be discussed in Sec. IV. In the case of no

screening, ∆Vpl = 0, so the ion term of Eq. (7) does not contribute to ∆QRF , leaving

∆QRF,rc =
2JsatTe
1− δe

e(V−Vfl)/Te

(
I0

(
VRF

Te

)
− 1

)
. (11)

For large VRF , this heat flux scales nearly exponentially with VRF , indicating that, at some

point, the plasma must begin to screen the rectified currents, and the heat flux scaling will

transition over to Eq. (10).

Equations (11) and (10) scale differely as a function of VRF/Te, although direct compar-

ison requires knowing the additional parameter in Eq. (11): (V − V noRF
fl )/Te. In general,

for VRF � Te, Eq. (10) yields a ∆Q much greater than Eq. (11), as Eq. (11) asymptotes to

exp(Vrf/Te)/(VRF/Te)
1/2 while Eq. (10) asymptotes to VRF/Te. It is also not too difficult

to show that, for (V − V noRF
fl )/Te ≥ 0, Eq. (11) produces a greater ∆QRF than Eq. (10)

for all VRF . However, if (V − V noRF
fl )/Te < 0, there is a value of VRF/Te for which Eq. (11)

and Eq. (10) gives the same ∆QRF and below which Eq. (10) exceeds Eq. (11). The NSTX

divertor probes considered in Sec. III have (V − V noRF
fl )/Te > 0, so that Eq. (11) always

produces the larger heat flux. Equations (11) and (10) represent idealized cases as discussed

above, and the actual ∆QRF should fall somewhere inbetween.

III. APPLICATION TO SOL LOSSES IN THE NSTX DIVERTOR

The previous section presents different scalings for QRF versus VRF based on whether

one assumes rectified currents or rectified voltages. Swept Langmuir probe data from the

divertor of NSTX during HHFW heating, however, rules out the possibility of complete

current screening via voltage rectification. For all cases analyzed in Ref. [4], a downward

shift in floating potential was observed with little change in electron temperature for a
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Shot PRF Te Vfl Vfl,RF ∆γRF ∆γRF,fl QnoRF ∆QRF,rc ∆QRF,rv

[MW] [eV] [V] [V] [MW/m2] [MW/m2] [MW/m2]

141899 1.5 13.5 4 -20 7.3 1.8 0.1 0.21 0.13

141836 1.1 30 5 -23 2.5 0.92 0.35 0.49 0.5

141830 0.55 22.5 1 -10 2.8 0.49 0.37 0.44 0.38

TABLE I. Predictions based on divertor Langmuir probe data. both as the heat flux Q and the

sheath heat transmission coefficient γ = Q/JsatTe.

probe that was located underneath the RF spiral compared to a nearby probe that was

not underneath the spiral. At vessel potential, V = 0, the probe under the spiral draws

more DC electron current with HHFW than without HHFW. Clearly, the plasma has not

completely screened the rectified current, although the possibility of incomplete screening

will be discussed in Sec. IV. Note that non-zero currents to divertor tiles are observed in

tokamak divertors without RF [30]; in NSTX, the current path may close through the vessel

to the private flux region [31]. Table I summarizes the analysis of the Langmuir probes for

the shots analyzed in Ref. [4] and also evaluates the heat flux for the cases of zero current

screening, Eq. (11), and full current screening, Eq. (10), for comparison. VRF is computed

using Eq. (5) assuming that the observed change in floating potential is entirely due to V RF
fl

with no change in plasma potential ∆Vpl = 0. In all cases considered, the assumption of

zero current screening results in higher heat fluxes than the assumption of perfect screening.

In this paper, we adopt a different approach and analyze characteristics from a single

probe (Probe 1, radius 63.82 cm) during the 10 ms HHFW power ramp. The sweep rate is

1 kHz, so this ramp presents the opportunity to observe the probe characteristic evolution

with increasing RF voltage. Unfortunately, the individual IV characteristics have large

fluctuations, presumably from SOL/divertor turbulence [32, 33], so that the uncertainty in

the fit parameters tends to obscure the signs of RF rectification. To obtain more reliable

fits, we average each sweep with its two neighboring sweeps. This is a necessary compromise

between time resolution and accuracy of the fitting procedure. We also compute the standard

deviation of collected current at each bias voltage for each average for use in the fitting

procedure so that points with large variance are weighted less. Unfortunately, with the small

sample for each average, this procedure tends to produces a few points with exceptionally
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low variance, so that the χ2-minimization routine is dominated by fitting to this handful

of points. We thus set a minimum variance of 2.5 mA, which avoids this issue while still

giving less weights to those points with large variance. Finally, it is known that, even

without RF, including bias voltages well above the floating potential tends to skew the fit

to higher temperatures [34]. The HHFW heating primarily lowers probe floating potential,

bringing more of the high-bias region into the sweep range. Also, an RF voltage causes

the probe, at any bias V , to sample from V − VRF to V + VRF ; potentially distorting the

high-bias region if it samples voltages exceeding the plasma potential [28] or even regions

of suppressed electron collection [4]. Finally, the high-bias region is most susceptible to

error from averaging consecutive sweeps when Vfl is changing in time. For these reasons,

we only include bias voltages less than Vfl + 25 V in each fit. An exponential curve of the

form in Eq. (1) is then fit to the averaged characteristic using standard χ2-minimization

routines. The averaged characteristics over the full sweep range and accompanying fits over

the restricted range are shown for four time slices in Fig. 3 for shot 141838, an H-mode

discharge with 1.1 MW of HHFW power and no neutral beam injection.

Figure 4 plots the fitted parameters against 〈PRF 〉, the average RF power during the

interval of averaging. Comparing Fig. 4.a to 4.b, the HHFW power primarily lowers Vfl with

less pronounced and systematic effects of Te and Isat, consistent with conclusions drawn in

Ref. [4]. This favors the hypothesis of a cavity-like mode driving the SOL losses of HHFW

over the alternative hypothesis of parasitic plasma heating in front of the antenna. Figure 4

plots the fitted floating potential against the mean RF power; Vfl rises relatively sharply with

HHFW power but then appears to be clamped around -10 V. We speculate that the plasma

begins to screen the rectified currents, preventing Vfl from dropping any more. However,

changes in discharge conditions and evolution of the magnetic equilibrium, shifting the spiral

location, can contribute as well. For this discharge, the 1.1 MW of applied HHFW power is

more than a significant perturbation to the target plasma. Figure 4.c shows the computed

value of VRF obtained inverting Eq. (5) and assuming that ∆Vpl = 0. VRF initially rises

with 〈PRF 〉 and then levels off, but it is unlikely that VRF is clamped like ∆Vfl. Instead,

the assumption of ∆Vpl = 0 perhaps becomes invalid, causing an underestimation of VRF .

We might anticipate that VRF is proportional to the antenna voltage, which generally scales

as P
1/2
RF . We can roughly fit a square-root function to the first four data points, as shown

in Fig. 4.c, but the data quickly deviates from this trend at larger powers. In Fig. 4.d, we
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FIG. 3. Averaged probe characteristics taken during the 10 ms ramp HHFW. Despite averaging,

sizable fluctuations are still visible. However, a clear downward shift in floating potential is seen

as the HHFW power increases.

compute ∆QRF based on both Eqs. (11) and Eq. (10). As in Table I, the assumption of

no-screening always yields a larger heat flux via current rectification.
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FIG. 4. Fit results from averaged IV characteristics during the HHFW ramp, plotted as a function

of the average HHFW power during the averaging window. (a) Negative of the floating potential,

(b) electron temperature and ion saturation current, (c) VRF , assuming no change in plasma

potential, and (e) ∆QRF expressed as the sheath heat transmission factor γ = Q/TeI
Sat, calculated

both for the assumption of zero screening and full screening.

IV. DISCUSSION

In Sec. III, we mentioned the possibility of partial screening: the change in floating

potential observed on the probe, ∆Vfl,ob, is a combined negative shift due to RF rectification

plus a positive change in plasma potential:

∆Vfl,ob = V noRF
fl − V RF

fl + ∆Vpl. (12)

∆Vfl,ob is given from the probe characteristic, but ∆Vpl and VRF are unknown, as the Lang-

muir probes are incapable of resolving the plasma potential. Assuming ∆Vpl = 0, as done in
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Sec. III, gives the smallest VRF and also the smallest ∆QRF that is consistent with the data.

For the latter, note that, in Eq. (9), the thermal electron contribution is independent of the

actual value of ∆Vpl because it is proportional to the electron current, which is measured

and fixed. The ion bombardment contribution, which is proportional to ∆Vpl, is minimized

when ∆Vpl = 0. As noted in Ref. [4], our best extrapolation of heat flux to the probe location

indicates that the heat flux is larger than what is predicted with the probe sheath theory,

which may suggest that partial screening is in action, but this is conjecture at this point.

Note that the arguments used in this paragraph, should not be confused with those in the

last paragraph of Sec. II. Here, we are working with the constraint of a fixed probe floating

potential given by probe measurements, whereas in Sec. III we essentially fixed VRF .

The NSTX swept probes do not, for practical reasons, sweep high enough to probe the

plasma potential, so obtaining ∆Vpl may require dedicated techniques, such as emissive

probes [35]. Alternatively, a floating probe nearby could complement the swept probe mea-

surements: the floating probe draws no rectified current, so that one could compute VRF

directly from Eq. (5) and estimate ∆Vpl from Eq. (12). An alternate approach being pursued

on NSTX-U is to directly measure the RF component of the swept Langmuir probe signal

to compute VRF will retaining the DC measurements.

While rectified currents are important in the analysis of the NSTX divertor, their impact

at an ICRF antenna is less clear. We anticipate that the plasma will screen the rectified

current to a greater degree at the antenna because VRF should be much larger there, and

the rectified current, Eq. (2), scales nearly exponentially with VRF . This would lead to very

large (unrealistic) currents that, at some point, must be screened. Also, certain antenna

components such as the Faraday screen bars are magnetically connected to other nearby

components and act as a double probe system that could limit rectified currents [36]. That

being said, rectified current to and from ICRF antennas have been observed [11, 24, 25]. The

outer portions of the antenna limiter, for instance, have long magnetic connection lengths, so

that cross-field diffusion can play a more important role, and VRF there may be smaller than

at the straps or Faraday screen. Moreover, secondary electron emission may exacerbate the

effect of rectified currents, as the angle of incidence on the limiter may not be low enough

to suppress the secondaries. As argued in Secs. II and III, for a given VRF the presence

of rectified currents impacts calculations of both the heat flux to surfaces and the rectified

voltage; assuming full screening would underestimate the heat flux and overestimate ion
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bombardment.

V. CONCLUSIONS

An RF potential across a sheath will drive a rectified current, a rectified voltage, or both,

and the heat flux due to rectification is predicted to scale in different fashions for each case.

In the divertor of NSTX during HHFW heating, rectified currents grow and then appear to

saturate with increasing HHFW power. The predicted heat fluxes are substantially larger

with the rectified current than those assuming rectified voltages. It is possible that similar

conclusions may be reached for certain components of an ICRF antenna itself. This inves-

tigation will be continued on NSTX-U with dedicated divertor Langmuir probes equipped

with electronics to measure the RF component of the signal, and also with midplane probes

at the antenna. Also, IR thermography will be available for these probes, allowing validation

of the scaling of heat flux with rectification.

This work was supported by DOE Contract No. DE-AC02-09CH11466.
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