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Abstract

Using the coupled ¯uid plasma and Monte Carlo neutral transport code, B2-EIRENE, we simulate and analyze a

nearly detached Alcator C-Mod discharge exhibiting the divertor over-pressure or ``death ray'' phenomenon. Quali-

tative agreement is obtained between the measured and simulated density and temperature pro®les at the outboard

midplane and divertor target. In the simulation, the divertor over-pressure is caused by radial transport of parallel

momentum. Momentum transport by the neutral species is negligible. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

As the core electron density is raised in Alcator C-

Mod, four regimes of divertor operation are observed:

low-recycling, high-recycling, ``death ray'', and detach-

ment [1]. These terms are used to characterize individual

¯ux tubes, and more than one regime may be present at

a time. The accompanying divertor temperatures are

<10 eV in each of the last three cases so that hydrogen

atoms and ions are coupled via charge exchange, elastic

scattering, and recombination. Thus, the transport of

both plasma and neutral species, hydrogen as well as

impurities, must be examined in order to understand the

plasma behavior in these regimes.

Although plasma models incorporating ¯uid [2] de-

scriptions of neutral transport have had success in sim-

ulating high-recycling and even detached divertor

plasmas, the death ray phenomenon pleads for a kinetic

treatment. Death rays are radially localized spikes in

which the total divertor pressure (isotropic plus dy-

namic) exceeds the upstream value. Neighboring ¯ux

tubes are in either the high-recycling or detached regimes

with downstream to upstream total pressure ratios less

than or comparable to unity. LaBombard [1] has pro-

posed that as the divertor temperature falls through the

5±10 eV range, neutral atoms acquire parallel momen-

tum from ions in the detached ¯ux tubes near the sep-

aratrix, transport it radially to the hotter death ray

region, and deposit that momentum there when they are

ionized.

Coupled Monte Carlo neutral and ¯uid plasma

transport codes similar to those used successfully else-

where [3] have been employed to address this issue [4].

Loarte [5] brie¯y discussed these simulations and sug-

gested that radial viscosity, not neutral transport, is the

cause of the divertor over-pressure or death ray. In this

paper, the simulations are described and examined in

detail.

2. Description of experimental conditions

The Alcator C-Mod discharge used here, shot

950308012, is attractive for modeling as it exhibits at
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di�erent times high recycling, death ray, and detached

divertor behavior on the outboard side. We will focus on

a time slice 0.78 s into the discharge which shows a

prominent divertor over-pressure. The radial tempera-

ture and density pro®les to be used as a benchmark for

the simulations are taken from a fast scanning probe in

the main scrape-o� layer and domed probes in the di-

vertor targets. The radial coordinate used in both loca-

tions is the distance outside the separatrix, q, of the ¯ux

surface mapped back to the midplane. A comparison of

chord-integrated Ha measurements will also be made

against an absolutely calibrated and toroidally localized

array of detectors viewing the divertor. Many other

points of contact between the simulation and the ex-

perimental data can be made, but will be deferred to a

later paper so that we can focus on the nature of the

death ray phenomenon.

3. Description of simulation

The B2-EIRENE [6,7] code package consists of a

coupled 2-D ¯uid plasma neutral transport code, B2

[8,9], and a 3-D Monte Carlo neutral transport code,

EIRENE [10]. The coupled system treats hydrogen as

well as multiple charge state impurities.

The SONNET grid generation code, an integrated

part of the B2-EIRENE system, is used to create a non-

orthogonal 2-D plasma mesh based on the experimental

equilibrium poloidal ¯ux data obtained from the EFIT

code. Non-orthogonalities appear as SONNET deforms

the transverse (with ¯ux surfaces remaining ®xed) sur-

faces to conform to the vacuum vessel shape which is

speci®ed using the actual Alcator C-Mod geometry.

High density Alcator C-Mod discharges are domi-

nated by deuterium, but usually contain some carbon.

Because the resulting impurity radiation can be signi®-

cant in the electron power balance, we have included

carbon in these simulations, although their number

density and their contribution to the electron density is

small. In particular, the carbon in these simulations does

not appear to play any role in the death ray phenome-

non.

Classical parallel transport is assumed in the B2 code.

Cross-®eld transport, however, is taken to be anomalous

and is described here with constant di�usion and vis-

cosity coe�cients. Our baseline simulation uses a par-

ticle di�usion coe�cient D? � 0:2 m2=s, and equal ion

and electron energy transport coe�cients

vi � ve � 0:01 m2=s. The coe�cient of the perpendicular

viscosity is set to g?;a=mana � 0:2 m2=s, where ma and na

are the mass and density of ion species a, respectively.

The core plasma boundary condition, set 3 cm inside the

separatrix, for the ion and electron energy equations is

set up to provide a ¯ow of 0.4 MW into each channel. A

separatrix density of 1020 mÿ3 is maintained by a feed-

back mechanism. An albedo of 90% for deuterium is

assumed at the inner and outer divertor targets; all other

surfaces have a recycling coe�cient of unity.

Fig. 1 shows the comparison between the measured

and simulated temperature and density pro®les. Both

the upstream, taken at the outboard midplane, and di-

vertor, at the outboard target, data are shown. The

simulated upstream density matches the measurements

very well. However, this agreement is partly ensured by

the use of the separatrix density feedback. Otherwise,

the match may be described as qualitative rather than

quantitative. Further adjustments in the transport co-

e�cients, recycling coe�cients, and boundary condi-

tions may lead to better agreement [4]. However, this

simulation does exhibit a divertor over-pressure, Fig. 2,

and is thus well-suited for the purpose of studying that

phenomenon. Note that Fig. 2 shows the total pressure

(isotropic plus dynamic).

The simulated and measured chord-integrated Da

signals are compared in Fig. 3. The radial coordinate is

the major radius at which the detector chords cross the

midplane. The left-hand portion of the axis corresponds

to the inner divertor; the outer target is at Rmid ' 0:7 m.

This discrepancy in the Da data is reminiscent of pre-

vious work [11] and may be indicative of insu�cient

recombination in the simulation, as might be expected

Fig. 1. Comparison of simulated and measured electron density

and temperature at the outboard midplane (``upstream'') and

divertor.
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from the temperatures in Fig. 1. Because of the conse-

quences for the neutral atom distribution, seeking con-

ditions which better match or underestimate the divertor

temperature should be a high priority for future pa-

rameter studies.

4. Investigation of the divertor over-pressure

The steady-state parallel momentum balance equa-

tion (e.g., see Ref. [9]) will be used as the basis for this

investigation,
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where a represents an ion species of mass ma, density na,

pressure pa � naTa, parallel velocity uk;a, poloidal veloc-

ity ua � �Bpol=B�uk;a, di�usive radial velocity va �
ÿ D?

hy

o
oy � lnna�, and charge Za. The equation is written for

a general orthogonal mesh with radial coordinate y and

poloidal coordinate x; the factors
���
g
p

, hx, and hy are

metric coe�cients. The thermal force Fth and friction

force Ff are negligible here, but will be retained for

completeness. Furthermore, we will also ignore the

carbon contributions to the pressure, and a will refer just

to deuterium. The last term on the right-hand side is the

momentum source due to neutrals.

We want to determine which terms in Eq. (1) are

responsible for the divertor over-pressure. By integrating

along the ith ¯ux tube in the computational mesh from

the outer midplane (upstream) x � xup to the outer di-

vertor target xdiv, we can examine the transport of par-

allel momentum between ¯ux tubes. In the absence of

viscosity, neutral sources, radial gradients and poloidal

variation of the metric coe�cients, the result of this in-

tegration is that the total pressure is constant:

Dptot � ptot�xdiv� ÿ ptot�xup� � 0, where ptot � pa � pe�
manau2

k;a. The divertor over-pressure corresponds to

Dptot > 0.

The integral of Eq. (1) can be transformed into an

expression for Dptot, but the result would contain terms

involving the poloidal variation of the metric coe�cients

and the parallel viscosity which cannot be easily evalu-

ated from the B2-EIRENE output data. Instead, we

examine how the integrals of the perpendicular mo-

mentum ¯ux,
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dx C?

�������
yi�1

yi

; �2�

where

C? �
���
g
p
hy

manavauk;a ÿ
���
g
p
h2

y

g?
ouk;a
oy

; �3�

and the neutral source,

Sn � ÿ
Zxdiv

xup

dx
Zyi�1

yi

dy
���
g
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for this simulation di�er from those obtained from a run

with Dptot6 0. The overall signs used in Eqs. (2) and (4)

have been chosen so that larger S? and Sn correspond to

larger Dptot.

A simulation without the over-pressure can be ob-

tained by reducing the recycling coe�cient to 0.8. The

resulting density and pressure pro®les are shown in

Fig. 4. The radial variation of Eqs. (2)±(4) for the

baseline (``DR'' for death ray) and low recycling (``No

DR'') runs are compared in Fig. 5 along with the values

of Dptot.

Fig. 2. Simulated total pressure (isotropic plus dynamic, sum-

med over species) at the outboard midplane (``upstream'') and

divertor.

Fig. 3. Comparison of simulated and measured chord inte-

grated Da emission as seen by a divertor viewing detector array.
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LaBombard [1] has suggested that the neutral mo-

mentum source Sn is responsible for the divertor over-

pressure seen in the experimental data. However,

Fig. 5(c) shows that Sn is smaller in the baseline simu-

lation than in the low recycling run over most of the

region where Dptot > 0 and, thus, cannot be the cause of

the over-pressure. A lower temperature solution, espe-

cially one with signi®cant recombination, would provide

a broader neutral distribution and might yield a neutral

momentum source of the sort described in Ref. [1].

The perpendicular ¯ux term S?, however, is larger in

the baseline simulation than in the low recycling case at

those q for which Dptot > 0, indicating that the divertor

over-pressure arises from the radial transport of parallel

momentum by the plasma. The values of S? and C?
suggest that in the reduced recycling case parallel mo-

mentum is collected over the region 0 < q < 4 mm

(Fig. 5) and deposited in the private ¯ux region (q < 0).

The radial variation of C? is strikingly similar in the

baseline case, except over 1 < q < 2 mm where parallel

momentum is deposited, roughly corresponding to the

location of the divertor over-pressure. Note that Sn, the

parallel viscosity, and the metric coe�cients all con-

tribute in detail to the values of Dptot obtained by B2-

EIRENE and shown in Fig. 5. By itself, S? > 0 is not a

necessary or su�cient condition for Dptot > 0.

Loarte [5] suggested that the radial viscosity term in

C? is responsible for the divertor over-pressure. To test

this hypothesis, we reduce the perpendicular viscosity

coe�cient from g?;a=mana � 0:2 m2=s to zero. The

steady-state simulation which results has a Dptot pro®le

nearly identical to that of the baseline run. Rather than

immediately concluding that the perpendicular convec-

tion of the parallel momentum (®rst term in Eq. (3)) is

the cause of the over-pressure, we compare the value of

C? with those obtained from the other two runs

(Fig. 5(b)). Whereas the baseline and reduced recycling

simulations indicate radially inward transport of parallel

Fig. 4. Simulated total pressure and electron density at the

outboard midplane (``upstream'') and divertor in a run with a

recycling coe�cient of 0.8.

Fig. 5. Radial pro®les of (a) divertor-midplane pressure di�er-

ence, (b) perpendicular ¯ux of parallel momentum, and (c)

momentum sources due to perpendicular ¯ux �S?� and to

neutrals �Sn�. The values for the baseline (DR) and reduced

recycling (No DR) runs are shown in each frame. The per-

pendicular ¯ux from the zero viscosity run (No g?) run is dis-

played in (b).
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momentum, the zero viscosity case shows mostly out-

ward transport since the radial and parallel velocities are

both positive over most of the outboard divertor and

scrape-o� layer (SOL).

The qualitative di�erences in the C? pro®les of the

baseline and zero viscosity simulations, contrasted with

the existence of some similarities in the baseline and

reduced recycling C?, suggests that the perpendicular

viscosity is an important ingredient in the baseline and

reduced recycling runs. To understand the death ray,

then, we should attempt to explain the di�erences in

the viscosity contributions to C? in these two simula-

tions.

The radial density pro®les in the outer SOL above the

X-point are relatively broad (a scale length of �10 mm;

total width of the computational SOL � 15 mm). As a

result the parallel particle ¯ux nauk;a peaks toward the

outer edge of the SOL in both simulations as the X-point

is approached from above. The magnitude of the ¯ux in

the reduced recycling case, however, is larger by about a

factor of 2 to balance (i.e., to maintain steady state) its

greater particle loss rate at the target.

Continuing along the ¯ux surfaces into the divertor

region, a particle source (from ionization of neutrals)

peaking along the separatrix gives rise via the conti-

nuity equation to a steady increase in nauk;a with dis-

tance below the X-point. In the baseline case, these

sources are signi®cant, and the radial pro®le of nauk;a
develops a strong local peak near the separatrix as the

target plate is approached. The smaller sources in the

reduced recycling run do not substantially alter the

nauk;a pro®le, and it remains peaked well away from the

separatrix.

The radial variation of uk;a can then be understood by

considering the density pro®les (Figs. 1 and 4). In the

reduced recycling run, nauk;a peaks at a radius where the

density is considerably smaller than its maximum value,

so that the uk;a pro®le increases strongly with radius.

Consequently, the negative contribution made by the

viscosity term to C? dominates the convection term. The

net result is a predominantly inward transport of uk;a
into the private ¯ux region.

The density pro®le in the baseline simulation peaks

near the separatrix as does nauk;a. Thus, the uk;a radial

pro®le has a more complicated variation and is non-

monotonic for some values of the poloidal coordinate x.

The C? shown in Fig. 5 is the balance between a smaller

(still negative on the whole) viscosity contribution and

the positive convection term (comparable to C? in the

g? � 0 case).

In summary, the higher recycling coe�cient in the

baseline simulation contributes to the formation of the

over-pressure (1) by reducing the net ion current enter-

ing the divertor and (2) by increasing the ionization

source along the separatrix. The magnitude of the latter

is likely to be in¯uenced by the geometry of the divertor.

5. Discussion

Recent observations and modeling [12] indicate that

main chamber recycling is the dominant source of par-

ticles to the Alcator C-Mod core plasma. Although the

details of this recycling are di�cult to model because of

nonaxisymmetric structures, our simulations do match

the upstream density pro®les well and do display signi-

®cant recycling at a toroidally symmetric outer wall. In

both the experiment and the simulations, however, the

plasma velocities above the X-point are relatively small

(Mach number <0.3) [1] so that the momentum ex-

change between the plasma and recycled neutrals in this

region is negligible.

LaBombard [1] noted that the experimentally ob-

served death ray is ®xed in position and persists inde®-

nitely as the plasma conditions are held constant. Since

our simulations exhibiting the divertor over-pressure are

steady-state, they are consistent with that characteristic.

A sweep of the strike point over a distance of 6 mm

along the divertor surface demonstrated that the death

ray held its position relative to the separatrix (i.e., 1±2

mm away from it) [1]. Our simulations do show a close

relationship between the plasma ± surface interactions

near the separatrix and the divertor over-pressure, as

would be consistent with this experimental observation.

Another experimental characteristic of the death ray

is that it occurs on a ¯ux surface with a target temper-

ature which is >6 eV; this surface is always hotter than

neighboring surfaces [1]. The ®rst priority for future

simulations would be to seek parameters which yield

lower divertor temperatures and a death ray. Not only

would such conditions better match the experimental

data, they would also be conducive to increasing the role

of the neutrals in the simulation and perhaps in the

formation of the death ray. In the present work, the

neutral species do not appear to be signi®cant.

6. Conclusions

Using the coupled ¯uid plasma and Monte Carlo

neutral transport code, B2-EIRENE, we have simulated

and analyzed a nearly detached Alcator C-Mod dis-

charge exhibiting the divertor over-pressure or death ray

phenomenon. Qualitative agreement has been obtained

between the measured and simulated outboard midplane

and divertor density and temperature pro®les. A low

recycling (coe�cient� 0.8) run does not display the

over-pressure, but does have signi®cant radially inward

transport of parallel momentum. In the baseline simu-

lation (recycling coe�cient� 0.9), this momentum builds

up at the radii corresponding to the over-pressure due to

a combination of smaller (inward) transport by the vis-

cosity and outward convection. The simulated electron

temperatures are too high for the neutral species to carry
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out the momentum transport required to support the

over-pressure [1]. Measurements of ¯ow velocities in the

divertor well above the target plate, would be useful in

determining the experimental importance of radial

transport of the parallel momentum by the plasma.
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