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Abstract

We present detailed pro®les of the magnitude and location of volumetric recombination occurring in the Alcator C-

Mod divertor region during detached divertor discharges. The recombination sink (for ions) is compared to the ion

current collected at the divertor plates both as a function of location on the plate and across the entire divertor. We ®nd

that, depending on plasma conditions, volume recombination can account for the removal of 10±75% of the ions

¯owing on detached ¯ux surfaces. A similarly important cause of the observed ion current loss appears to be the re-

duction in divertor ion sources upstream from the plate. Changes in the ion source rate are consistent with changes in

power ¯owing from the SOL into the divertor region. The lowest levels of recombination are found in H-mode dis-

charges where detachment is induced through pu�ng of N2 gas. In these cases the observed ion current loss is due

almost entirely to decrease in the ion source. This shows that recombination is not a necessary condition for detach-

ment. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Divertor detachment is characterized by signi®cant

decreases in measured ion and heat ¯ux as well as

plasma pressure at the divertor plate (e.g. Refs. [1±3]).

The general experimental features of divertor detach-

ment have been fairly well characterized [3±6]. Most

important among these are reductions in plasma pres-

sure and heat ¯ux at the divertor plate relative to at-

tached (or upstream) values. These essential features

explain the attraction of this type of operation. When

power ¯ows out of the core plasma, it is dispersed

through radiation to the walls rather than being con-

ducted into a relatively smaller area on the divertor

plates.

It has been predicted that volume recombination

provides the mechanism for this current loss [7±12].

Recombination has been experimentally shown to exist

in the divertor [13±16] and its magnitude is signi®cant

[13,16]. In this paper we present detailed pro®les of the

recombination magnitude and location. We ®nd that the

measured levels of recombination sink cannot explain all

of the ion current loss. We infer that the remaining loss

in ion current is due to a drop in ion source rate further

upstream in the divertor. This limitation in ion source

rate appears to be due to limitations in power ¯ow into

the ionizing region.

2. Experiment and technique

The measurements presented here are from the Al-

cator C-Mod tokamak. Basic characteristics of the ex-

periment and diagnostics are described elsewhere [17].

The data used in this study were acquired with 5.3 T

toroidal ®eld at the plasma center and plasma currents

in the range 0.8±1.0 mA. All discharges were diverted

with a single ®eld null at the bottom of the machine,
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Fig. 1. Included in this study are data from ohmically

heated as well as ICRF-heated discharges (both L- and

H-mode).

The primary diagnostics used for this study were a

visible spectrometer and Langmuir probes located on

the surface of the divertor plates. The visible spectrom-

eter is an f/4, 0.25 m focal length system. Up to 16 ®ber

inputs, corresponding to di�erent chords within the

views O and T of the plasma shown in Fig. 1, can be

monitored simultaneously. The spectrometer has a

wavelength resolution of 1.5±2.5 nm for these data and a

temporal resolution of 56 ms. It is employed to measure

the D0 Balmer spectrum of transitions p ® 2 (p� 5

through 11). The Langmuir probes are described in de-

tail elsewhere [18]. The analysis of probe data provides

the pro®les of ne, Te, and ion current over the surface of

the divertor plates.

We have analyzed Balmer series spectral emission to

determine the characteristics of the plasma near the di-

vertor surface. Such characteristics are an average over

any recombining region within the viewing chord. The

Balmer lines are signi®cantly broadened compared to

the instrumental width. We ®t a Voigt pro®le to these

line shapes to obtain the FWHM of the p� 6,7,8,9 ® 2

lines. Using standard Stark analysis techniques (e.g. Ref.

[19]), we obtain the density with typical uncertainties of

2±3 ´ 1020 mÿ3.

We also estimate the electron temperature from the

intensities of the Balmer spectrum. The population

densities of excited states, determined through their

corresponding emission intensities, are dominated by

recombination [16] and should scale according to the

Saha±Boltzmann distribution. We perform a least-

squares ®t of the population densities:

np / p2

T 3=2
e

exp
13:605

Tep2

� �
: �1�

where (13.605/p2) is the ionization energy for the pth

level. Due to the overlap of the p� 9 and 10 ® 2 lines as

well as their large `wings', which are di�cult to ®t, we

have only included the p� 5 through 8 ® 2 lines in this

Te analysis. The inferred Tes are found to be in the range

from 0.4 to 0.8 eV. The uncertainties of this measure-

ment are related to the possible modi®cation of popu-

lation densities by the opacity of the plasma to Lya;b or

by excitation from the ground state. Our estimate of the

Te uncertainty is ��0.1 eV.

If the viewed plasma is opaque to Lyman series

radiation, the local recombination and ionization rates

are strongly a�ected. By measuring Lyb and Da in-

tensities along the same line-of-sight through a re-

combining region, we have found [16] that up to 50%

of the Lyb photons are trapped and lost before

reaching the spectrometer. This implies even stronger

trapping ( P 95%) of Lya emission. The modeling [16]

of the e�ect of such Lya;b trapping on the recombi-

nation rate shows that at these levels of trapping the

recombination rate is reduced by a factor �5. This

determination is currently being re®ned using a code

which models the radiation transfer. (See the paper by

Terry [20] in this journal issue.) Because the VUV

spectrometer used for the characterization of plasma

opacity is not available at all times and has a limited

set of views (the inner divertor), we have assumed that

the plasma opacity is the same in all divertor recom-

bination regions.

The primary method used in estimating the volume

recombination rate is based on previous work in which a

collisional radiative model has been used to interpret the

measured intensities (Ref. [16] and references therein). A

factor R, `recombinations per photon', is de®ned and

calculated which allows determination of the recombi-

nation rate, given the knowledge of the emitting region

ne, Te, D0 line brightness, and opacity to the Lyman

series. We have not included the e�ects of radiation

transport in wavelength and space which, as mentioned

above, is the subject of current study [20]. We have ap-

plied this formalism to the spatially resolved emission

lines of Dc using the locally measured ne, Te, and the

assumed opacity.

In previous studies [13,16,21] we have relied on an

assumed Te � 1.0 eV to estimate the recombinations per

Fig. 1. The Alcator C-Mod divertor region. View O includes

seven chordal views of the outer divertor. View T includes eight

chordal views of both divertors. The emission pattern shown is

from an inverted CCD image ®ltered for Dc from a detached

divertor discharge.

B. Lipschultz et al. / Journal of Nuclear Materials 266±269 (1999) 370±375 371



photon factor for all locations. This was based on the

analysis of spectra from a region of limited extent at the

inner divertor plate. In this current study the e�ect of

both the local Te and ne have been taken into account.

Because Te is lower than previously assumed, the re-

combinations per photon factors has increased sub-

stantially (� ´ 5) over that for 1.0 eV.

3. Expansion of the recombination region

The location of volume recombination is important

for understanding its development and its e�ects on the

plasma. The initial growth of the recombination region

at the outer divertor plate as detachment starts is shown

in Fig. 2(a)±(c). These data are from view O shown in

Fig. 1, where the viewing chords are almost perpendic-

ular to the plate surface. The separatrix strike point is

indicated by z� 0. The outer divertor `nose' is at z�5

cm. Each chord provides spatially resolved information

(in z) about the recombination and is an integral

through the divertor fan (Fig. 1). Even in the initial time

frame shown (0.55 s), before any observable pressure

loss in the divertor, there is a high ne (Fig. 2(a)), low Te

(Fig. 2(b)), recombining region (Fig. 2(c)) across the

®eld of view. Because the Te measured by probes along

the divertor plate are much higher we infer that the high

densities and low temperatures determined from analysis

of the Balmer spectrum at this time are most likely from

¯ux surfaces in the private ¯ux region. As time increases,

the peak density increases and the high density region

expands up the plate. The Te pro®le stays fairly con-

stant. The corresponding recombination rate, deter-

mined from the Dc brightnesses and the formalism

discussed above, also increases and expands up the

plate. The pro®le at the last time shown is such that a

signi®cant amount of recombination is beyond this set

of spectrometer views (view O) and was primarily

monitored by the view from the top of the machine (view

T, Fig. 1).

In general we can follow the recombination region

expansion by monitoring Dc emission with a CCD

camera viewing the divertor region. The images obtained

in this manner are then inverted in a fashion similar to

that utilized by Fenstermacher [12], to provide local

emissivites. An example of such an emissivity image for

the discharge of Fig. 2 is shown in Fig. 3. Early in the

detachment period (Fig. 3(a), 0.7 s), the recombination

is peaked below the divertor nose. This is similar to what

is shown in Fig. 2(c). When the core density and de-

tachment reach their equilibrium values, the recombi-

nation region has increased in intensity and expanded

along ¯ux surfaces (Fig. 3(c), 1.0 s). The recombination

is concentrated at the outer divertor between the x-point

and the plate on ¯ux surfaces that are detached (plate

plasma pressure signi®cantly lower than upstream in the

SOL). As part of the expansion of the recombination

region, the edge closest to the x-point moves upward

with a velocity of �10±15 cm/s.

4. Relative magnitude of recombination and divertor plate

ion sinks

The detailed pro®les of recombination can be inte-

grated to obtain the total recombination sink (IR) af-

fecting each divertor plate. We utilize recombination

`¯ux' pro®les (#/m2/s) from views O and T as shown in

Fig. 2. The plane of integration is assumed to be the

vertical surface of the outer divertor plate for view O

and a horizontal plane through the x-point for view T.

Toroidal symmetry must be assumed as well. A similar

integration of probe ISAT over the divertor surfaces is

used to determine the divertor ion sink, IP. The total ion

sink (also source) is

IS � IR � IP: �2�
These integrals, for the outer divertor region, are dis-

played in Fig. 4(a) for the same ohmic discharge of

Fig. 2. Evolution of outer divertor characteristics. (a) ne pro®les

derived from Stark broadening of Balmer 8 ® 2 line. (b) Te

derived from ®t of Saha distribution to Balmer population

densities (5 ® 8). (c) Local recombination rate based on ne, Te,

Dc intensity, assumptions of opacity and recombinations/pho-

ton factor.
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Figs. 2 and 3. Note that we limit the ion current integral

to regions that detach (below the divertor nose) and

correspond to the concentration of outer divertor re-

combination. IP starts decreasing at �0.73 s, dropping to

�0.25 of its highest value. The local drop in current can

be much larger (e.g. �10). The decrease in IP occurs later

than the local changes in recombination and ion current.

Recombination does not appear to explain all of the

observed loss in ion current. Substantial levels of IR are

observed before any change in slope of IP. In addition,

the rise in the recombination sink, IR, does not equal the

drop in IP. The total ion sink (or source), IS, starts de-

creasing at 0.75 s and reaches an equilibrium value later.

By the end of the shot most ions (�75%) created in the

divertor recombine before reaching the plate.

Based on a `two-point' model (e.g. Ref. [13]) one

might expect the total ion sink (ion source) to scale as

n2
e=P3=7 where ne is the upstream density. This has been

termed the `degree of detachment' scaling [22]. For ref-

erence we display that scaling in Fig. 4(b) utilizing the

line-averaged density, ne (roughly proportional to the

upstream density). Note the divergence between the

scaling with n2
e and the ion source. (The power ¯owing

into the SOL is roughly constant.) This further empha-

sizes the point that recombination is not the complete

reason for the drop in plate current, IP. In addition, the

ion source rate does not increase as expected. Both a loss

in ion source and an increase in the recombination sink

lead to the observed drop in plate current. The magnitude

and time behavior of IP, IR and IS are similar for the

inner divertor but smaller in magnitude.

There is a clear correlation between the total divertor

ion source and the power ¯owing into the ionization

region. To illustrate this e�ect we ®rst examine the e�ect

of adding auxiliary heating (ICRF) to a detached dis-

charge, Fig. 5(a). This discharge is essentially the same

as that shown in Figs. 2±4 up until the time ICRF

heating is added (0.9 s). The amount of ICRF heating

(�1.5 MW into the core) is similar in magnitude to the

ohmic heating (�2 MW). When the ICRF is turned on,

Fig. 3. Dc emission pattern from inverted CCD images corresponding to the discharge shown in Fig. 2. The contour spacing is 1 kW/

m3. (a) The beginning of detachment at 0.7 s, max contour� 5 kW/m3. (b) Detachment equilibrium at 1.0 s, max contour � 8 kW/m3.

The recombination region expansion during detachment is primarily along ¯ux surfaces.

Fig. 4. (a) Ion sinks for the outer divertor plate. (b) Compari-

son of the outer divertor ion source to n2
e .

B. Lipschultz et al. / Journal of Nuclear Materials 266±269 (1999) 370±375 373



the divertor is just approaching a detached divertor

equilibrium. The immediate e�ect is for the divertor

plasma to reattach over much of the plate. The current

to the plate increases to values close to that measured in

the `attached' state. Divertor and core radiation increase

by �0.75 MW indicating that �0.75 MW additional

power ¯ows into the ionization region. The concentra-

tion of recombination along the outer divertor leg moves

back close to the plate but IR decreases only slightly in

magnitude! The primary result of adding power to this

detached divertor plasma was to increase the ion source.

There are also cases where the power ¯owing into the

ionization region decreases. We examine an H-mode

discharge where the divertor is not detached through an

increase in density (as in the above cases) but rather

brought about by increasing impurity radiative losses

through injection of N2 gas, Fig. 5(b). The ICRF heat-

ing and H-mode begin at 0.5 and 0.65 s, respectively. N2

injection commences at 0.7 s. The divertor starts to de-

tach, with accompanying ion current loss, immediately

after initiation of the N2 gas feed. The drop in ion cur-

rent to the outer plate is similar to the ohmic cases

discussed earlier. However, in this case the recombina-

tion sink is very low and decreasing as detachment en-

sues! This result emphasizes that a recombination sink is

not necessary to reduce the ion current to the plates. In

this case the reduction of the ion source upstream from

the divertor plates is the primary cause.

The lack of recombination in these detached H-mode

discharges has further implications. We can rule out

recombination as a source of ion momentum loss in

competition with ion-neutral collisions, at least in these

types of discharges. More generally, we have also shown

that recombination is not a necessary condition for di-

vertor detachment.

5. Discussion

The above results clearly show that recombination

plays a varying role as a sink for ions during divertor

detachment. Even in the cases where the recombination

sink, IR, is maximized, we still need to invoke a decrease

in ion source rate, IS, to explain the decrease in IP. We

believe that the limitations (and decreases) in power ¯ow

into the ionization region are the reasons for limitations

(and decreases) in IS as the core plasma density is in-

creased. This has been previously predicted [11,23]. For

the purposes of discussion we write down the power

balance for the divertor (both inner and outer) in a

convenient form:

PSOL � PRAD;D0 � PRAD;Z � PPLATE; �3�

where PPLATE � eIP � �cTe � e�; �4�

PRAD;D0 � eIS � �20±30 eV� � eIR � �10±12 eV�: �5�

PRAD;D0 and PRAD;Z are the radiated power in the di-

vertor due to D0 and impurities, respectively, e the

ionization potential, and IP;R;S has units of #/s. The ®rst

term of PRAD;D0 is the radiation loss from the plasma for

each ionization. We have assumed that charge-exchange

losses are negligible and Ti�Te. We will assume 20 eV

of energy lost per ionization. The second term of Eq. (5)

is the loss of the ions' potential energy from the plasma

through volume recombination (eIR ´ e) as opposed to

at the plate (eIP ´ e). We collect terms in this equation to

achieve a better correspondence to measured quantities

and de®ne a new quantity PIONIZ, the power that must

be expended in the ionization region in order to create IS

ions/s:

PSOL � eIS � �20 eV� e� � PRAD;Z � eIP � �cTe�; �6�

PIONIZ � eIS � �20 eV� e� � PSOL ÿ PRAD;Z ÿ eIP � �cTe�:
�7�

IS can be reduced by a reduction in power ¯owing into

the SOL or by radiation from impurities in hotter re-

gions of the divertor. This possibility is, of course, de-

pendent on the momentum and particle balance as well.

Implicit in this analysis is the assumption, based on

experiment and modeling [24], that practically all of the

divertor ions originate in the divertor.

Let us return to the discharges shown in Fig. 5 where

we will be addressing the total e�ect on both diver-

tors. In the ®rst discharge (a) we ®nd that the addition

of rf power results in increases for PSOL�� �1:1 MW�;

Fig. 5. Outer divertor ion sinks for (a) ICRF heating of de-

tached plasma; and (b) detachment of an H-mode plasma with

N2 gas.
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PRAD;Z ��0:15±0:3 MW� and eIP cTe (� + 0.45 MW

based on probes). The increase in power available for

ionization [Eq. (7)] should then be 0.35±0.5 MW. The

corresponding change in PIONIZ calculated from DIS is

0.27 MW. A similar analysis applied to the H-mode

discharge of Fig. 5(b), however, now with a decrease in

PSOL, leads to similar conclusions. Increases or decreases

in the power available for ionization can a�ect the di-

vertor ion source, and thus the current to the plates.

6. Summary

Utilizing measurements of ne and Te along the same

viewing chords as Balmer series line emission we are able

to determine the local recombination rate as a function

of position in the divertor. We ®nd that the recombi-

nation region expands from the divertor plate towards

the x-point, roughly along ¯ux surfaces, as ne increases

and detachment deepens. Comparing the total volu-

metric recombination ion sink to the plate ion current

remaining during detachment, we ®nd that volume re-

combination eliminates between 10% and 75% of the ion

¯ow before it reaches the divertor plate, the lowest val-

ues are for H-mode plasmas where the detachment is

induced by injection of N2 gas. Recombination is most

important as an ion sink for discharges where detach-

ment is induced through D2 gas pu�ng and resultant

core density rise. The remaining fraction of the observed

ion current loss is due to reductions in the ion sources

upstream from the plate. Changes in ion source rate are

consistent with changes in the power ¯owing from the

SOL into the divertor region.

Volume recombination can be very important in

determining the loss of ion current to the plates dur-

ing detachment. Changes in the upstream ion source

rate are equally important. These results also indicate

that volume recombination is not a necessary condi-

tion for detachment (for either ion current loss or

pressure loss).
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