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Abstract

We assess the importance of ion±neutral friction in parallel plasma pressure balance in Alcator C-Mod. For a high-

powered N2 seeded case, a large plasma pressure drop is observed along the magnetic ®eld, coincident with a signi®cant

parallel velocity di�erential between the plasma ions and the neutral particles in the divertor. The observed pressure loss

is consistent with the inferred friction and cannot be explained by volume recombination. Ó 1999 Elsevier Science B.V.

All rights reserved.
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1. Introduction

The parallel power density qu ¯owing in the scrape-

o�-layer (SOL) upstream of the divertor in a burning or

ignited magnetic fusion device is expected to be very

large, i.e. > 1 GW mÿ2, much larger than can be trans-

ferred in an acceptable way across a plasma-material

interface, i.e. < 5 MW mÿ2. Even with the glancing

magnetic ®eld angles present in divertors, which for

example can reduce the heat ¯ux incident on the surface

by a factor as large as � 100 from the parallel ®eld

value, the resulting heat ¯ux density is still too large to

provide acceptable engineering margins.

One solution to this problem is the dissipative di-

vertor, where a large fraction of the upstream power

density is dispersed more uniformly by electromagnetic

radiation, and possibly by neutral particles, see review

[1]. Recent research has shown that the parallel power

density at the target plate qt can be reduced from the

upstream value by factors as large as � 100, although

factors of 5±10 are more typical. These latter values are

adequate to bring the heat ¯ux down to acceptable levels

in a reactor. Discharges operated in this way are said to

be `detached' because they are usually accompanied by

large plasma pressure reductions at the target plate in

comparison to upstream values, i.e. typically, pt=pu <
0:1 and in extreme cases (e.g. in Alcator C-Mod) pt=pu �
0:01 has been found [2]. Since ion particle ¯ux density on

the plate /t is closely related to the local pressure pt,

large reductions in ion particle ¯ux are simultaneously

observed during detachment. Under these conditions, a

key feature in the reduction of the power incident on the

plate is the decrease of the ion ¯ux and its associated ¯ux

of potential energy (ionization + molecular binding, [3]).

Two candidate processes may be responsible for the

loss of plasma pressure along magnetic ®eld lines ± ion±

neutral friction and volume recombination. In this paper

we focus on the ®rst, ion±neutral friction, and examine

the experimental evidence for its presence in Alcator C-

Mod. We refer the reader to a companion paper in this

conference where recombination has been quantitatively

addressed [4]. We start ®rst with a simple model, com-

paring the relative magnitudes of the two processes un-

der various assumptions. Following this we then present

recent experimental results.

2. Simple model

In the case of ion±neutral friction, plasma momen-

tum (i.e. pressure) is lost through elastic and charge±

exchange (CX) collisions between ions and neutral
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atoms/molecules when a velocity di�erential exists be-

tween the plasma and neutral ¯uids, i.e.

d

dx
�pi � pe � mnv2� � ÿm�vÿ vH�Sm; �1�

where x is along the magnetic ®eld line, pi;e are the ion

and electron static pressures (Ti � Te is assumed, and

is reasonably accurate in C-Mod's high density SOL

[1]), m is the ion mass, n and v are the plasma density

and velocity, vH is the neutral velocity and Sm �
nnHhrvim is the charge-exchange reaction rate [5]. We

assume for simplicity that only atoms are present (no

molecules).

In the case of volume recombination, plasma mo-

mentum is transferred to the neutral ¯uid by conversion

of the ion to an atom,

d

dx
�pi � pe � mnv2� � ÿmvSr; �2�

where Sr � n2hrvir is the recombination rate (radiative

and three-body assumed [6]). In this calculation, opti-

cally-thin conditions are assumed for the transport of

Lyman radiation, and thus this calculation over-esti-

mates the importance of volume recombination, i.e. ra-

diation trapping e�ectively reduces the recombination

rate [7].

The relative importance of the two sinks for mo-

mentum can be explored using their ratio,

R � hrvir
1ÿ vH

v

� � nH

n

� �
hrvim

�3�

given in Fig. 1 for a range of plasma densities and ve-

locity ratios (vH=v), assuming conditions typical of a

detached divertor in Alcator C-Mod, i.e. Ti � Te � 1 eV

and nH � 0:1 n. As shown, under most conditions mo-

mentum loss due to friction is dominant over recombi-

nation, except when the neutral±ion velocity ratio is

close to unity, that is vH=v > 0:99. Thus, a critical issue

in detachment research is the relative velocities of the

atoms and ions in the recycling region in the divertor.

Unfortunately, such measurements are di�cult, al-

though we present new measurements here where par-

allel velocities have been deduced by spectroscopic

Doppler shifts.

3. Experiment

Alcator C-Mod is a compact, high density, high ®eld

tokamak with a single (bottom) closed poloidal divertor

with molybdenum armour as the primary ®rst-wall

component, Fig. 2. In this paper we use a variety of

divertor diagnostics, including Langmuir probes built

into the outer divertor plate and a fast scanning Lan-

gmuir/Mach probe (FSP) at an upstream location on the

low-®eld side. The radiated power from the plasma is

measured with a number of multi-chord bolometer ar-

rays, which are able to deduce the 2D radiation pattern

in the divertor and in the main chamber.

In the case of the above-mentioned Doppler mea-

surements, a four chord tangential array viewing the

divertor plasma from the bottom is utilized. The angle of

the chords with the magnetic ®eld is � 30�. Because of

the toroidal curvature, the views trace out a curved path

in a poloidal projection as shown in Fig. 2. The collected

light is fed via optical ®bers to a high resolution visible

spectrometer. Doppler shifts, ion temperatures and

magnetic ®eld strength are derived by ®tting the indi-

vidual spectral lines using a multi-parameter optimiza-

tion procedure [8,9].

Fig. 1. The ratio R of recombination rate to friction rate for

various conditions. vH is the neutral velocity, v is the plasma

velocity.

Fig. 2. Poloidal cross-sectional view of the Alcator C-Mod di-

vertor, showing the plate probes, the fast-scanning probe (FSP)

and the position of the tangential viewing chords.
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4. Global discharge parameters

In this paper we focus on two Alcator C-Mod dis-

charge scenarios ± high-powered discharges, without

and with nitrogen seeding, corresponding to attached

and detached divertor conditions, respectively. The at-

tached discharge scenario is similar to the `EDA mode',

discussed previously [10]. These discharges were fueled

with deuterium, heated with H-minority ICRF heating,

had a plasma current of Ip � 1:0 MA, a magnetic ®eld of

Bt � 5:7 T (favourable direction), no discernable ELMs,

H-mode con®nement (HITER89 � 1:5) and had a small

amount of helium pu�ng for divertor ¯ow measure-

ments.

At t � 0:50 s, 2.7 MW of ICRF heating is applied,

which increases the total input power from the Ohmic

value of Ptot � 2 MW to Ptot � 4 MW. Shortly after this,

at t � 0:67 s, both types of discharge jump into H-mode.

In the case of the detached discharge, nitrogen enters the

vessel (from the divertor) at t � 0:70 s, resulting in an

increase of the total radiated power Prad and Zeff over the

attached case. By t � 1:0 s, the discharges reach a quasi-

steady-state, which is maintained for the duration of the

ICRF pulse (until t � 1:4 s). Comparing the attached

and detached results during this steady-state period, for

Prad=Ptot we ®nd 0:6� 0:1 and 0:9� 0:1, respectively,

and for Zeff we ®nd 1:0� 0:1 and 1:4� 0:1. The 2 MW

incremental radiation associated with the N2 pu�ng

originates in equal measure from the con®ned plasma

and the divertor plasma, so that PSOL=Ptot � 0:7 in the

attached case compared with PSOL=Ptot � 0:5 in the de-

tached case. The corresponding upstream parallel power

densities in the SOL are quite high, qu � 0:6 GW mÿ2

and qu � 0:4 GW mÿ2, respectively.

5. Outer divertor pressure loss

In the detached discharge, the radiation level rises

continuously after the start of the nitrogen pu� until

t � 0:9 s, by which time Prad � Ptot and the outer divertor

is strongly detached. The e�ect on the SOL is given in

Fig. 3, where upstream `u' and target `t' conditions as

measured by the fast-scanning probe and outer plate

probes, respectively, are given in the attached and de-

tached discharges, corresponding to a ¯ux surface 1 mm

outside the separatrix.

The upstream measurements of electron temperature

Tu and electron pressure pu are only slightly a�ected by

the various phases of the discharge, and whether at-

tached or detached, Fig. 3. In contrast, the target plate

conditions are strongly a�ected by the discharge phase.

In the case of the electron temperature, an abrupt de-

crease at the target to Tt � 5 eV is observed on entering

H-mode at t � 0:67 s, which is maintained for the re-

mainder of the attached discharge and is reduced to as

low as Tt � 1:5 eV at t � 0:9 s for the detached discharge

after N2 pu�ng. In the case of the electron pressure at

the target plate, no pressure reduction is observed for

the attached discharge within experimental error (factor

� 2), but a strong reduction is observed for the detached

case, i.e. a factor of pt=pu � 0:02 at t � 0:9 s, coincident

with the minimum in the electron temperature

These results, presented for the nominal 1 mm ¯ux

surface, are relatively insensitive to positional uncer-

tainties (�1 mm) associated with errors in the magnetics,

which can introduce a factor of � 2 error in absolute

electron pressures. This is small compared to the very

large pressure drop observed. The observed pressure loss

is restricted to a 3 mm wide region (mid-plane equilva-

lent) close to the separatrix. This corresponds approxi-

mately to the ®rst power-width at the divertor plate

under attached conditions. Further out in the SOL, little

or no pressure loss is observed. This behaviour is similar

to that observed in other machines, and is often called

`partial detachment' [1].

6. Ion±neutral velocity di�erential

Simultaneous measurements of the parallel drift

speeds in these discharges have been made using the

Doppler shift obtained viewing the divertor plasma

using the tangential chords indicated in Fig. 2. Fig. 4

gives the results corresponding to the detached dis-

charges for the He II (468.6 nm) and Da drifts, where

Fig. 3. SOL conditions (electron temperature and pressure)

from the probes as determined at the upstream `u' location with

the fast-scanning probe (FSP) and at the outer target plate `t',

all on a ¯ux surface 1 mm outside the separatrix. Attached and

detached conditions are given. Numbers on the ®gure refer to

shot number.
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these species are representative of the plasma and neu-

tral drifts, respectively. In the case of the He II, arising

from singly ionized helium, this ion is expected to be

strongly coupled to the background plasma due to its

relatively high ionization potential, as well as the low

plasma temperature and high plasma density in the di-

vertor, e.g. the momentum transfer time between He�

and D� ions is estimated to be � 10ÿ8 s, compared to the

parallel transit time to the plate of � 10ÿ4 s and ion-

ization time of > 10ÿ3 s. The results presented are for

Chord 4, which intersects the divertor fan approximately

2 cm from the plate in the poloidal direction.

Although light is potentially collected along the full

length of the viewing chords, two indepedent measure-

ments indicate that the measured signal is heavily

weighted by emission near the separatrix (below the X-

point). In the ®rst, the spectroscopic drift measurements

themselves provide an accurate measure of the emission

location through the determination of the local magnetic

®eld via the Zeeman/Paschen-Back splitting pattern

[8,9]. In the second, two-dimensional Dc and Da distri-

butions are derived by unfolding tangential TV images

[7]. These also indicate that emission is close to the

separatrix below the X-point.

Early in the discharge (before the H-mode period,

t � 0:6 s) the divertor fan is relatively hot (Tt � 25 eV)

and ¯ows are out of the divertor, i.e. ¯ow reversal is

observed for both the He II and Da of magnitude

� 4� 103 m sÿ1, Fig. 4. This is consistent with the FSP

at the upstream location, which indicates a Mach

number of M � ÿ0:2 or reversed ¯ow velocity of �
ÿ104 m sÿ1 on the 1 mm ¯ux surface. Such reversed

SOL ¯ows are consistent with other measurements on

Alcator C-Mod [11,12].

At later times, the He II ¯ow is directed toward the

plate with a velocity v � 7� 103 m sÿ1, which corre-

sponds to a plasma Mach number of M � 0:5 at a

temperature of Tt � 2 eV. In contrast, the Da velocity,

while also being directed toward the plate, is substan-

tially lower, vH � 1:5� 103 m sÿ1, corresponding to a

neutral Mach number of M � 0:1 at a temperature of

TH � 2 eV.

7. Neutral ¯ow distribution

Fig. 5 gives the parallel neutral velocity as a function

of poloidal position at t � 1:0 s for the attached and

detached cases. In general, the neutral ¯uid accelerates

as the divertor plate is approached, with the neutrals

being nearly stagnant near the X-point. In both attached

and detached cases, the maximum velocity (at the plate)

is considerably lower than the expected sound speed for

the plasma ions, e.g. in the attached case the estimated

sound speed is cS � 2� 104 msÿ1 based on the Langmuir

probes, compared with a neutral velocity at the plate

(chord 5) vH � 5� 103 msÿ1. The situation is similar in

the detached case, already discussed in the Section 6.

8. Discussion

The primary result of this paper is the demonstration

of a signi®cant parallel ¯ow di�erential between the

plasma ¯owing towards the plate and the neutral deu-

terium atoms under detached conditions, Fig. 4. While

the plasma ¯ow is roughly consistent with the ion

acoustic velocity, as one would expect for a plasma in

close proximity to a surface, the neutral velocity is sig-

ni®cantly smaller, essentially stationary in comparison.

Under such conditions, i.e. with local plasma densities

like ne � 1021 mÿ3 (as measured) one would expect the

Fig. 4. Parallel drift velocity derived from the Doppler shift of

He II and Da emissions observed with the tangential viewing

array in the detached discharge.

Fig. 5. Parallel drift velocity as a function of viewing chord,

derived from the Doppler shift of Da emissions observed with

the tangential viewing array in the attached and detached dis-

charges.
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pressure loss observed to be dominated by friction and

not volume recombination. In fact, estimates of the re-

combination rate based on analysis of the Balmer

spectrum in these discharges con®rms that ion particle

loss due to the recombination sink, and thus also pres-

sure loss Eq. (2), is small in these discharges (see the

companion paper [4]).

We can estimate the rate of momentum loss in the

divertor region due to ion±neutral collisions using

Eq. (1) along with the experimental measurements, i.e.

Dptot

Dx
� m �vÿ vH� n nH hrvim; �4�

where Dptot � 103 Pa is the observed total pressure loss

(ion + electron, assuming Ti � Te) in the detached case

(Fig. 3), Dx � 0:5 m is the estimated length of the recy-

cling region in the parallel direction, vÿ vH � 5�
103 msÿ1 from Fig. 4, n � 10nH � 4� 1020 mÿ3 from the

Langmuir probes and neutral pressure measurements

and hrvim � 10ÿ14 m3sÿ1 [5]. Putting the numbers into

Eq. (4) one obtains for the left-hand side

� 2� 103 Pa mÿ1, and � 3� 103 Pa mÿ1 for the right-

hand side. Thus, within the errors of this rough esti-

mation (factor � 4), the observed pressure loss along

®eld lines is quite reasonably balanced by the friction the

ions experience against the neutral particles on their way

to the plate.

While the presence of friction is a necessary condition

to produce the large pressure ratios observed under de-

tached conditions in these discharges, a further condi-

tion required is a low electron temperature near the plate

(as observed, Fig. 3), i.e. a strong reduction in the neu-

tral particle ionization rate in comparison to the rate of

ion±neutral momentum loss is required. This basic re-

quirement was ®rst identi®ed in the context of divertor

research by Stangeby in 1993 [13], but has also been

known from the somewhat related ®eld of gas discharge

theory for decades (e.g. [14]).

Any model of plasma ¯ow to a surface predicts that

the ¯ow should accelerate to velocities close to the ion

acoustic speed near the surface. In the case of the neutral

particles, the situation is less clear. Through friction with

the ions, the neutrals will have a tendency to move in the

same direction as the ions, but since neutrals can readily

di�use across ®eld lines through charge-exchange they

will readily be in contact with the divertor plates or

ba�es, as well as neutrals in the opposite fan (which

should be moving in the opposite toroidal direction). All

of these will tend to drag the neutral ¯uid to some value

lower than the plasma. This is apparently observed in

this experiment. One puzzling result, however, is the

neutral velocity distribution, Fig. 5, which shows the

neutral velocity being a maximum close to the divertor

plate. So close to the divertor plate, i.e. only � 1 cm

away compared to the charge-exchange mean free path

of � 5 mm, one might expect to see a reduction in the

neutral parallel velocity due to the presence of fully ac-

commodated neutrals (in a momentum sense) emerging

from the surface. This is not observed and at present we

have no clear explanation for this.

Parallel drift measurements have also recently been

made in the divertor of ASDEX-Upgrade [15,16] and

DIII-D [17]. These experiments are broadly consistent

with the results presented here. In general, ion ¯ow ve-

locities are comparable to the expected ion acoustic

speed, regimes of ¯ow reversal are observed and neutral

velocities tend to be lower than ion velocities.

9. Conclusions

We have demonstrated that large plasma pressure

loss along ®eld lines can be caused by ion±neutral fric-

tion without signi®cant volume recombination in high-

powered Alcator C-Mod discharges with N2 seeding.

This may not be a general result, however, since at

present few cases have been studied and there are other

candidate mechanisms for loss of plasma pressure, e.g.

volume recombination and cross-®eld drifts [18]. Clear-

ly, more ¯ow measurements are required, particularly in

cases where volume recombination signatures are

stronger, e.g. high density Ohmic discharges [4].
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