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Abstract

A method for evaluating the volume recombination rate within a cold (7, < 1 eV), relatively dense (n. = 1 x 10*!
m~?) plasma is described. These conditions often exist in the detached divertor plasmas of the Alcator C-Mod To-
kamak. Temperatures < 1 eV are measured spectroscopically. Densities in the 0.4 x 10?'-2.5 x 10*! m~ range are
measured using the Stark-broadened D° Balmer series lines. D° line emissions in both the Lyman and Balmer series
show that the D° excited state populations (z = 3) in the recombining regions are close to those given by the Saha—
Boltzmann distribution and are essentially independent of the ground state density. The intensities of lines from these
excited states are related to the recombination rate. The number of recombinations per D° photon is a function of
opacity of the Lyman series lines, 7. and n.. Determinations of the recombination rates corresponding to the line
intensities are made by using a collisional radiative model describing the level populations, ionization and recombi-
nation of D and a model which accounts for the radiation transfer of the Lyman lines. The effects of the trapping of
Lyman photons on the ‘recombinations per photon’ curves have been calculated using both modelling which considers
only spatial diffusion of the photons and modelling by a radiative transfer code which calculates photon transport in
space and frequency. Subject to imperfect knowledge of the 2D profiles of opacity and temperature, total recombination
rates in the detached divertor plasma are determined. In the Alcator C-Mod divertor region, volume recombination can
be a significant sink for ions under detached conditions. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Volume recombination is the process by which ions
and electrons recombine within the plasma to form at-
oms. This is observed in the divertors of most tokamaks
— Alcator C-Mod [1-3], ASDEX-Upgrade [4], DIII-D [5]
and JET [6,7]. Even before the experimental observa-
tions of volume recombination, computer modelling of
detached, low-temperature divertor plasmas [8—13] had
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shown the importance of recombination and in many
cases motivated the experimental investigations. The
importance of volume recombination derives from the
desire to understand, among other things, (1) the phe-
nomenon of divertor detachment [14] and (2) the particle
sources and sinks in the divertor. For example, the large
loss in ion current to the divertor plates which occurs at
detachment could be due to a decreased ionization
source [15], an increased volume recombination, an in-
creased ion-neutral friction or any combination of these.
In addition, knowledge of the spatial distribution of the
particle sources and sinks is crucial to the divertor
modelling, since the distribution of sources and sinks
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can drive flows which affect particle transport. Thus,
quantitative determination of the magnitude and spatial
distribution of the recombination sink is desired. The
experimental observations have shown a link between
recombination and detachment [2,6], and on Alcator C-
Mod the recombination rate has been shown to be a
significant ion sink in some circumstances. However,
closer quantitative examination of the rates and the role
of recombination is both warranted and on-going
[15,16]. Tt is the purpose of this paper to describe the
necessary measurements and modelling of the atomic
processes which allow a more quantitative determina-
tion of the recombination rate.

In Ref. [1], the quantitative link between the spectral
intensities of the D° lines and the recombination rate
was pointed out, but the effects of opacity were not in-
cluded in the analysis. The concept of ‘recombinations
per photon’, an extension of the ‘ionizations per photon’
concept used in Ref. [17], was introduced in Ref. [2]. The
importance of opacity has been pointed out by Post [18]
and others, and its effect on the recombination rates was
modelled in Refs. [3,17,19]. The sensitivity of the ion-
ization balance to the plasma parameters which deter-
mine it — T.,n. and opacity of the partially ionized
plasma to the D Lyman lines — is shown in Fig. 1 for
cases with no particle transport. At low densities
(ne + N” = 10'® m~3, shown by the dot-dashed curves)
single-step ionization competes against radiative re-
combination. The dashed curves illustrate the case at
divertor-like densities (n. + N° = 102! m~3), but where
the effects of radiation transfer are neglected (therefore a
non-physical case). Since the increased three-body re-
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Fig. 1. The three pairs of curves show the ion and neutral
fraction vs 7, in the absence of particle transport. The mono-
tonically decreasing (increasing) curves show the neutral (ion)
fraction. The dot—dashed curves illustrate the low density case.
The dashed curves show the balance at divertor-like densities,
but excluding opacity effects. The solid curves show the same
case including the effects of opacity.

combination occurring at the higher density is out-
weighed by the increase in multi-step ionization, the
temperature at which n, = N° decreases. The solid lines
show that the inclusion of radiative transfer further
decreases the temperature at which n, = N°. This occurs
because the Lyman series photons (especially Ly,),
emitted in the recombination process, can be absorbed
by the neutrals in the volume, which can then be colli-
sionally ionized before re-emitting the photon. This
photon trapping decreases the effective recombination
rate. It also greatly complicates both the experimental
determination of the recombination rate and the mod-
elling of the entire problem because the radiation
transfer makes the problem both non-linear and non-
local. Electron temperature is also an important quan-
tity in the determination of the rate, as emphasized in
Fig. 1. Finally, the electron density influences the re-
combination rate (both directly and through the opaci-
ty), and therefore must also be known or estimated.

It is useful at this point to define what is meant by the
‘effective recombination rate’, the desired quantity. In
these non-LTE plasmas the D° ground state is both
much longer lived than the excited states, and its pop-
ulation density is much greater than those of the excited
states. For this reason the effective recombination rate is
the volume-averaged rate at which the ground state is
populated by recombination. Most recombinations oc-
cur into excited states initially, and reach the ground
state only after radiative or collisional decay. Thus, a
recombination event is included in the ‘effective’ rate
only after (1) a ground state atom results, and (2) any
Lyman photon which was emitted in the process has
escaped.

It is important to point out that the following
method for determining the recombination rate applies
to the volume recombination occurring as three-body
and radiative recombination. It does not address an-
other potentially important recombination process,
molecular activated recombination (MAR) [20]. For
details about MAR see Refs. [3,20-22].

2. Measurements of emissivities, 7, and n,

A cross-section of the closed Alcator C-Mod divertor
is shown in Fig. 2. The divertor is viewed nearly tan-
gentially by a TV camera filtered for D, (n =5 — 2,
where n is the principal quantum number) and by a
number of spatially resolving spectrometer chords. The
TV image of D, emission in the divertor region has been
inverted (assuming toroidal symmetry) [23] to yield time-
resolved 2D profiles of D,, emissivity on a 0.01 m x 0.01
m grid. One such profile, at a time when the divertor is
detached, is shown in Fig. 2. One of the many spec-
trometer views, in this case one which is scannable shot-
to-shot, is also shown in Fig. 2. That view is shared by a
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Fig. 2. A cross-section of the lower part of Alcator C-Mod,
showing the measured emissivity of D, on a linear grayscale.
Most of the emission is from the outer divertor leg. Also shown:
the separatrix, the closed divertor and the scannable view
shared by the Lyman series spectrograph and an instrument
measuring the Balmer series. Probes embedded in the divertor
plates measure the ion current to the plates.

grazing incidence spectrometer, capable of measuring
the D° Lyman series, and by an optical fibre which is
coupled either to a visible spectrometer or to an inter-
ference-filtered PM tube [24]. A typical spectrum
showing the Lyman series lines (n =4,5,...,9 — 1)
merging smoothly into the radiative-recombination
continuum emission (corresponding to the process
e+ D" — D" | +hv) is shown in Fig. 3. The spectrum
of the continuum emission is essentially a measure of the
electron distribution function, since /oon x exp (—hv/T),
where T, is the emission-weighted-average temperature
in the region giving rise to the emission. At low 7, the
shape of the continuum spectrum is very sensitive to
temperature, since iv ~ 13.6-15 eV. The best fit to the
spectrum is shown in Fig. 3, with 7.=0.6 eV, a tem-
perature which is typical from spectra measured along
chords viewing C-Mod’s detached inner divertor. Also
shown in Fig. 3 are the predicted spectral shapes for
T.=0.5 and 0.8 eV, both of which depart noticeably
from the measured spectrum and show the strong de-
pendence on temperature. In addition, the D° line
spectrum (also shown in Fig. 3) is one for which the
upper levels of the lines are populated by volume re-
combination of free electrons and ions. The scaling of
line intensity with n is quite different, depending upon
whether the levels are populated by recombination or by
electron impact excitation from the ground state, the
other population process. The experimental spectra
(both Lyman and Balmer series) for chords viewing the
divertor region all typically reflect populations (for
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Fig. 3. The spectrum showing the n =4,5,...,9 — 1 Lyman
lines and the radiative recombination continuum emission
(2 £ 92 nm). The thick solid line is the experimental spectrum.
The thin solid line shows the calculated line and continuum
emission from a 7, = 0.6 eV, n, = 1.23 x 10*' m~? region which
is 2 cm thick. The dashed line is the continuum prediction for
T.=0.5¢eV; the dot-dashed line is the prediction for 7, = 0.8 eV.

n 2 4) which are characteristic of recombination. This
means that the populations of the levels with n > 4
are essentially independent of the D° ground state
density and that profiles of D, emissivity can be used
to construct 2D profiles of the volume recombination
rate.

The Lyman series spectrum predicted for a 0.6 eV
temperature is also shown in Fig. 3 (after convolution
with the spectrometer’s 0.18 nm FWHM instrumental
function). For the highest-n levels, the predicted line
intensities agree with those measured. However, for lines
from lower n levels, the predicted intensities are greater
than measured. This departure between the experiment
and the prediction is believed to be due to opacity, which
will be discussed later. Nonetheless, the agreement in the
intensities for the lines arising from the high-n levels
allows for a related method of 7, measurement, which
mollifies, to some extent, the fact that full spatial cov-
erage of the divertor is not available on C-Mod by
vacuum ultra-violet spectrometers. Thus, the intensity
scalings of the high-n Balmer series lines, which are
measured with far more extensive spatial coverage, also
yield reliable values of 7.. This measurement, using
the high-» Balmer series lines, is discussed in Refs.
[25,26].

The electron density (weighted by n. x n; along the
line-of-sight) can also be measured spectroscopically,
using Stark-broadened Balmer lines [27]. For example,
the FWHM of the n =8 — 2 line is given [28] by
Alpwum (in nm)=7.08 x 107> x n?3 (n, in m~3). Den-
sities as low as ~ 2 x 10* m~ can be measured, and
densities as high as ~ 2.5 x 10> m~? have been observed
in C-Mod. Values of 1.5 x 10> m~* are typical in Al-
cator C-Mod detached divertor plasmas.
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3. Recombinations per photon

Knowledge of the local temperature, density and
opacity is, in principle, enough to determine the re-
combination rate by evaluating directly the recombina-
tion rate coefficient, «fjf. However, the recombination
rate coefficient, in both the optically thick and optically
thin limit, is a strong function of temperature [18].
Evaluated at n. ~ 10! m~® with 7, in the 0.7-1.0 eV
range, (1/o)00/0T, varies between ~ —5and —3 eV,
Thus, evaluation of the recombination rate using the
appropriate rate coefficient after measurement of the
temperature and density requires an extremely accurate
T. measurement. The determination of the rate is made
less sensitive to the accuracy of the temperature mea-
surement by measuring the photons which are emitted in
and act as ‘monitors’ of the recombination process. This
is one of the advantages of the recombinations per
photon concept. Calculated curves giving the number of
recombinations per D, photon, (Rp,), in a plasma of
n. = 10*' m~ are shown in Fig. 4. It is seen that for D,,
(1/Rp,)dRp, /3T, ~ —2.5 to —1 eV~" over the same 0.7
1.0 eV range, indicating a T, sensitivity which is weaker
than that for the recombination rate coefficient, alf.
Thus, it is through these recombination per photon
curves that the spatially resolved measurements of the
Balmer (or Lyman) line intensities can be related to the
effective recombination rates.

Calculation of the recombination per photon curves
involves (1) the use of a Collisional-Radiative (CR)
model for determination of the excited state population
densities, and (2) a model for the radiative transfer of the
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Fig. 4. The number of effective recombinations per D, photon
in an optically thin limit (solid line and diamonds), and for two
cases in which Ly, ; are optically thick. The thick, dashed curve
and the closed squares show the results for N°AL =1 x 10"
m~2 using escape factor model and CRETIN, respectively. The
thin, dot-dashed curve shows the case for N°AL =2 x 108
m~2.

D° emission. In the optically thin case, the number of
recombinations per D, photon is
e Rl

Rp, (T, ne,t(4) = 0) = Ao s’

(1)
where 7(4) indicates the opacity dependence, As_., is the
transition probability and #s is the population density of
the n = 5 level. This quantity is shown in Fig. 4 for n, =
102! m~—3 as the solid line. For this calculation, the CR
model used was the Collisional Radiative Atomic and
Molecular Data code (CRAMD) [20] which uses the
semi-empirical rates from Ref. [29], modified to account
for the effects of statistical plasma microfields [30]. The
results agree with those using the CR models of Refs.
[17,31,32]. Although it is not shown in Fig. 4, there is a
density dependence to the recombinations per photon
curves. (There is a much stronger density dependence to
the actual recombination rate.) Roughly, the recombi-
nations per photon scale as |/n, i.e. if there are two
recombinations per photon at n, = 1 x 10! m~3, there
are about three recombinations per photon at n, = 2 X
10" m~3.

Curves giving the number of recombinations per
photon have also been calculated using the radiation
transfer code CRETIN [33]. In order to compare results
for the optically thin case, CRETIN was run under the
condition that the neutral density times the character-
istic size of the recombining region along the line-of-
sight, AL, was low and the trapping of the Lyman lines
was negligible. This result is shown as the diamonds in
Fig. 4. Since very similar CR rates were used in CRE-
TIN, good agreement with the other results is expected
and observed. However, the CRETIN result also shows
that, in order for the plasma to be optically thin, N’AL
must be <107 m~2, a condition which is extremely
unlikely in tokamak divertors (where AL 2 0.02 m) if the
measured temperatures are < 1.5 eV. Very fast neutral
transport would be required to keep N°/n, < 5 x 107 at
the 0.5-1 eV temperatures measured in C-Mod. Thus, it
is expected that opacity and radiative transfer play a
significant role in the ionization balance in the divertor.

4. Opacity

The implication that opacity is important is born out
of experiments. Observations that the Ly, line is par-
tially trapped in the divertor plasma have been made on
both JET [34] and Alcator C-Mod [2,3]. Both experi-
ments compared the time histories of the Ly, and D,
lines when viewed along essentially identical lines-of-
sight. (See the “Scannable view” shown in Fig. 2.) Since
both lines arise from the same upper state, the ratio of
their brightnesses is known and constant unless Ly is
trapped or scattered before it reaches the detector. These
plasmas are transparent to D,. In Alcator C-Mod the
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Lyy/D, ratio has been observed [3] to drop to ~ 25% of
its optically thin value. Typically the ratio decreases with
increasing D, brightness. The ratio also varies somewhat
depending upon the viewing geometry, as might be ex-
pected. If Ly is trapped, then Ly, is predicted to be even
more trapped. It should be possible to use the Ly;/D,
ratio in combination with modelling of the radiation
transfer to determine the opacity of the Lyman series
along a given line-of-sight. However, it may require a
full 2D treatment of the divertor since the radiation field
depends upon emission at points outside the field-of-
view. While this should be possible with the CRETIN
code, it remains a goal at this time.

Significant progress can be made on the problem of
determining the recombination rate by treating a much
simpler 1D problem. This has been done in two ways,
first by modelling photon diffusion in a uniform volume,
and second, by modelling photon transport in both
space and frequency using the CRETIN code. (In both
cases 7, was taken to be equal to 7., and both Doppler
and Stark broadening were included.) For the spatial-
diffusion-only treatment, CRAMD was modified to in-
clude a model for photon transport through a cylinder
of uniform temperature and density with a 0.02 m di-
ameter, AL. Using the well-known escape factor
formalism [35], the radiative transition probabilities
were reduced by a factor of C/(1+ C), where C =
0.33 X (Amfp/ AL)2 and Ang is the mean-free-path for
photon absorption. Thus, C depends on the product
NCAL. In the cases where the Lyman lines are not opti-
cally thin, the definition for the number of recombina-
tions per photon, Eq. (1), is modified to reflect the fact
that the effective recombination rate is no longer a local
quantity, i.e.

<a;?§neni>vol (2)
E5~>2 ’

where ( ), is a volume average and Es_, is the average
D, photon flux escaping the plasma volume. (Of course
the Balmer lines are still thin in these cases.) The result is
shown by the dashed curves in Fig. 4. As expected, the
recombinations per photon drop rapidly as nN’AL in-
creases to ~ 2 x 10'® m=2. However, for larger values of
NCAL, the recombinations per photon drop only
slightly, since Ly, is strongly trapped in the interior of
the volume. Thus, the lower curves shown in Fig. 4
represent the appropriate ‘optically thick’ limit for these
plasmas.

The results using the spatial diffusion/escape factor
modelling have been compared with those calculated
using the CRETIN code. In this case the volume mod-
elled was a 0.02 m thick slab of uniform temperature and
density. The results are also shown in Fig. 4 where the
recombinations per photon curve calculated using
CRETIN (the squares) is compared with the dashed
curve. The CRETIN values are only slightly greater than

Rp, (Te,ne, T(2)) =

those of the escape factor modelling. Since the CRETIN
code models photon transport in both space and fre-
quency, and since diffusion in frequency allows a greater
number of photons to escape, the closeness of the two
results may mean that the reduction in opacity brought
about by frequency diffusion is partly compensated by
the fact that a slab geometry is somewhat thicker than a
cylindrical geometry, as modelled using CRAMD.
Nonetheless, the conclusion reached using the two dif-
ferent models with two different (but simple) geometries
is that the recombinations per photon are reduced from
the optically thin values by a factor from ~2 to 8, de-
pending on T..

5. Recombination rate results

Ideally, the measurements and calculations described
above allow accurate determination of the recombina-
tion rate by the following procedure: (1) measure the D,
emissivity profile (as shown in Fig. 2) or measure the D,
brightness along many chords spanning the divertor
region, (2) measure T, either using the slope of the ra-
diative recombination continuum or by using the high-n
line intensity scaling, (3) measure the Ly,/D,, ratio along
many chords spanning the divertor region and model the
results using a 2D radiative transfer code like CRETIN,
(4) measure the electron densities using Stark-broadened
Balmer lines, and (5) multiply the D, emissivity by the
number of recombinations per D, photon appropriate to
the measured temperature, opacity and density. In the
absence of a complete set of these measurements, a
number of approximations may be made. First, it is
likely that, at least for Alcator C-Mod, the optically
thick recombinations per photon curves are appropriate.
In other words, curves like that given by the squares in
Fig. 4, but generated for different densities, can be used.
Secondly, the temperatures and densities measured
along a limited number of views can be used to evaluate
the number of recombinations per photon. This utilizes
the reduced sensitivity of the recombinations per photon
(as compared to direct evaluation of the effective re-
combination rate coefficient). It also utilizes the advan-
tage that the number of D, photons emitted can be
reasonably well measured. This compensates for the
imperfect knowledge of details of the 7. and n. profiles
along a given line-of-sight.

This approximate procedure has been used to eval-
uate the time history of the recombination rate in an
Alcator C-Mod discharge in which the density was in-
creased during the shot in order to detach the plasma
from the divertor plates. The emissivities measured using
the D,-filtered TV view (Fig. 2) were used, as were the
recombination per D, photon curves (Fig. 4) as calcu-
lated by CRETIN. The total recombination rate is cal-
culated from
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/ESHZR(TmnWT) dD, (3)

vol

where in this very simplified treatment, R(7;,n, 1) is
taken as constant over the regions of non-zero D, em-
issivity. A more complete treatment using this method,
using additional views and a varying R, is given in Ref.
[15]. The result is shown in Fig. 5, where the recombi-
nation rate is shown along with the total ion current to
the divertor plates. The ion current is the other sink for
ions and is measured by two probe arrays mounted in
the plates. A slow detachment begins at ~0.7 s, when the
ion current starts to decrease. The thin solid line corre-
sponds to the result using Rp, ~ 35, the optically thick
value calculated by the CRETIN modelling for 7, =0.9
eV, n, = 10> m~3. The thick line shows the result using
R ~ 130 recombinations per D,, the CRETIN calculated
value at 0.5 eV. Although the optically thick curves were
used in this determination, it is noteworthy that spatial
inhomogeneities in N° tend to make the plasma less
thick, since thinner regions allow more Lyman photons
to escape. This effect would increase the recombination
sink shown in Fig. 5.

It is clear that in the fully detached state, the ion sink
from volume recombination is greater than or approxi-
mately equal to ion current to the plate and recombi-
nation can be a significant sink for ions. However, it is
also likely that the loss of ion current which occurs from
0.7 to 1.0 s has not been compensated by an increase in
volume recombination. This issue is discussed in detail
in Ref. [15], where more carefully determined time his-
tories of T, and n. were used in the analysis.

Measurement of the 2D emissivity profiles along with
the recombination per photon curves also allows diag-
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Fig. 5. Time histories of the two ions sinks: the total ion current
to the plates (dashed), and the volume recombination sink
(solid). The thick and thin solid lines correspond to the use of
different Rp, values in the determination of the recombination
sink. After ~0.7 s, plasma detachment from the outer divertor
plate begins and reaches a fully detached state just before 1.0 s.

nosis of the spatial structure of the recombining region.
For the discharge shown in Fig. 5, it is observed that, as
detachment occurs, the recombination moves away from
the plate and is distributed mostly along the outer leg of
the separatrix between the plate and the X-point, as
shown in Fig. 2.

6. Discussion and summary

The purpose of this paper is to describe a method by
which the volume recombination rate can be evaluated
using experimental measurements. An additional goal is
to detail some of the difficulties in this evaluation. It
should be clear that radiative transfer effects, although
necessary in the analysis, complicate the evaluation and
the interpretation of the measurements. The modelling
in simplified geometry, with uniform temperature and
density, which has been done for this work, is only a first
step to understanding the problem of sources and sinks
in these kinds of divertor plasmas. A more accurate
treatment of Stark broadening and Zeeman splitting can
be used in the radiation transfer modelling. 1D and 2D
modelling is possible using CRETIN, but eventually
radiative transfer should be coupled to codes like
UEDGE or B2-EIRENE which describe the neutral and
plasma processes in the plasma divertor/edge. The ra-
diative transfer problem can be studied experimentally
with good measurements of the Lyman and Balmer
spectra along the same view.

Other uncertainties are introduced in this method by
the assignment of a single 7, and n. to a single region
viewed by each chordal measurement. In fact, each
viewing chord passes through non-uniform plasma, and
the effects of this are difficult to quantify. Regions of
T, =23 eV or n. < 10%° m= (for C-Mod) are probably
not important, since there is essentially no recombina-
tion there and since those regions contribute little to the
D spectrum. It is the transition region from the plasma
whose parameters are measured, i.e. ~0.7 eV, 10* m~3,
to the hotter, less dense plasma, which complicate the
analysis and whose effects should be estimated. The
transition region is especially important in trying to
understand the Ly, ; emissions which come both from
the edges of the optically thick regions and from the
hotter transition region where ionization is occurring.
Refs. [3,30] analyzed features of the D° spectrum by
considering emission contributions from both a ‘cold’
and ‘hot’ (~3 eV) region within the field-of-view. These
improvements also move in the direction of a full 2D
description of the emission. Considering the approxi-
mations used here in order to deal with these compli-
cations, it 1is estimated that the experimental
determinations of the recombination rate are uncertain
by about a factor of 2. This uncertainty must be re-
duced, since, as evidenced by the curves in Fig. 5, the
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deduced recombination rate is neither negligible nor
overwhelming ion sink in the divertor for the cases of
interest.

In summary, measurements of the plasma parameters
in regions of recombining plasma show that typically
T. < leVandn = 1.5 x 102! m~3 in the Alcator C-Mod
divertor under detached conditions. Other measure-
ments show that at least the Ly, and Ly lines are sig-
nificantly trapped in these plasmas. It has been described
how D, emissivity profiles can be used in conjunction
with curves relating the number of recombinations to
the number of emitted D, photons to determine the rate
of volume recombination. The recombinations per
photon values are functions of temperature and Lyman
line opacity, and weakly dependent on electron density.
The effects of opacity upon the effective recombination
rate have been calculated in two ways: (1) considering
spatial diffusion of the photons out of a uniform volume,
and (2) using the non-LTE radiative transfer code
CRETIN which includes both spatial and spectral dif-
fusion. Both results show that radiative transfer is im-
portant in describing the ionization/recombination
balance under conditions found in the C-Mod divertor.
The ion sink due to volume recombination, evaluated
using these measurements and this formalism, is shown
to be significant in some detached discharges.
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