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Abstract

Impurity transport has been investigated in the reactor-like conditions of the Alcator C-Mod divertor (divertor

plasma density P 1021 mÿ3, parallel heat ¯ux in the SOL 6 0.5 GW mÿ2). Trace amounts of the recycling impurity

gases helium, neon, argon, and krypton were injected into plasmas. A residual gas analyzer that samples the private ¯ux

region of the divertor was used for divertor impurity neutral density measurements. Compression ratios (Cz) of up to

400 and enrichment factors (gz) of up to 20 have been observed for argon in Alcator C-Mod discharges. Compression

ratios increase and enrichment values are constant or slightly increasing with line-averaged density for argon in Ohmic

discharges. Above the divertor detachment threshold density, Cz and gz both decrease. During H-mode operation,

compression and enrichment ratios for argon decrease relative to their Ohmic values. For similar plasma conditions,

impurity compression ratios and enrichment values increase with the mass of the impurity. This mass scaling may be

partially explained by the decrease in the ionization mean-free-path with increasing impurity mass. Ó 1999 Elsevier

Science B.V. All rights reserved.

Keywords: Alcator C-Mod; Impurity transport; Mass spectroscopy; Divertor plasma

1. Introduction

It is envisioned that dissipative divertor operation

will be necessary for a fusion reactor to tolerate the

power ¯owing to the divertor plates. Large volumetric

losses are thus required in the divertor region to dissi-

pate this power and reduce the heat loads on the divertor

plates to technically feasible levels [1]. These scenarios

will probably require the use of seeded impurities to

radiate this power and will further emphasize the al-

ready important issues of impurity transport and ex-

haust. In order to minimize the detrimental e�ect of such

impurities on the core plasma, including fuel dilution

and cooling, impurities must be con®ned to the divertor

with minimal concentrations in the core and scrape-o�

layer (SOL) plasma. This preferential compression of

impurities would also aid in pumping helium born in the

core plasma.

The retention of recycling impurities in a divertor is

determined both by the distance a neutral impurity atom

travels before it is ionized and the action of a variety of

forces [2,3]. Two measures of this divertor retention are

impurity compression and impurity enrichment. Impu-

rity compression can be de®ned as

Cz �
ndiv

0;z

ncore
z

; �1�

where ndiv
0;z is the divertor impurity neutral density and

ncore
z is the core impurity ion density. Maximizing Cz will

result in more power exhaust through radiation in the

divertor and in less contamination of the core plasma.

Impurity enrichment can be de®ned as

gz �
Cz

CD

; �2�

where CD � 2ndiv
D2

.
�ncore

e is the deuterium compression.

Impurity particle exhaust is enhanced by enriching the
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impurity level with respect to the fuel gas in the divertor.

This should aid in the removal of the impurity by

pumping.

Experiments have been performed on Alcator C-Mod

with the recycling impurities helium, neon, argon, and

krypton to investigate these impurity transport issues.

Similar experiments have also been done on the AS-

DEX-Upgrade [4], DIII-D [5], and TdeV [6] tokamaks

with helium and neon gases.

2. Experiment description

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

with a `vertical-plate' divertor geometry and molybde-

num walls and divertor plates. See Ref. [7] for a general

description of the tokamak and its principal diagnostics.

It operates routinely in either the high-recycling or the

detached divertor regime. To investigate impurity

transport in the reactor-like conditions of the Alcator C-

Mod divertor (divertor plasma density P 1021 mÿ3,

parallel heat ¯ux in the SOL6 0.5 GW mÿ2), trace

amounts of the recycling impurity gases helium, neon,

argon, and krypton were injected into plasmas of vary-

ing character; Ohmic, L-mode, H-mode, detached di-

vertor, etc. The gases were pu�ed from either the outer

midplane or the divertor slot with a piezoelectric valve,

although for recycling gases, pu� location is not an

important factor in core penetration [8]. The core im-

purity ion density is measured with a variety of methods

and the divertor impurity neutral density is measured

with a quadrupole mass spectrometer [9,10]. This mass

spectrometer, also known as a residual gas analyzer

(RGA), samples the private ¯ux region of the divertor.

This technique is di�erent than other measurements of

impurity neutral density in the divertor which use

modeling of the temporal behavior of the core impurity

level [4,6] or the impurity emission from a Penning

gauge [5].

The RGA is located some distance (�1.7 m) from the

divertor volume and is isolated from it by a pressure-

limiting aperture. Fig. 1 is a schematic that shows the

location of the RGA volume with respect to the lower

closed divertor. The aperture is used to limit the pressure

in the RGA volume to less than 0.1 mTorr because the

pressure in the vertical port can reach values greater

than 150 mTorr. Therefore, measurements made in the

RGA vacuum chamber must be transformed to re¯ect

what is actually in the tokamak divertor volume.

This transformation is a two-step process. The ®rst

step involves solving an equation for molecular ¯ow

through an aperture between two chambers [11]. In this

case the chambers are the vertical port and the RGA

volume. The partial pressure in the RGA volume, PRGA,

is related to the partial pressure at the bottom of the

vertical port, Pport (Fig. 1), by

Pport � V
C

� �
dPRGA

dt
� S � C

C

� �
PRGA; �3�

where V (RGA volume)� 1.2 l, S (pumping speed)� 16

l/s, and C (aperture conductance)� 1.33 ´ 10ÿ2 l/s (for

D2). The second step involves a transform of Pport up the

vertical port to obtain the partial pressure of the impu-

rity in the divertor region, Pdiv (Fig. 1):

Pdiv � Pport � s
dPport

dt
; �4�

where s� port delay time �0.05 s for D2. The delay

times and RGA vacuum chamber characteristics are

determined from gas pu� calibrations. Conductance and

delay time scale with 1=
�����������������������������
impurity mass

p
.

An example of such a deconvolution for a calibration

pu� into an evacuated torus is shown in Fig. 2. The

actual torus pressure measured with an ionization gauge

is shown by the solid line. In this case the pressure in the

torus is equivalent to the pressure in the divertor. PRGA

is shown by the dashed line and the deconvolved Pdiv by

the squares. The agreement between the deconvolved

Pdiv and the actual measured pressure in the torus is

good. Obtained from such a gas pu� is a current/pres-

sure sensitivity factor for each impurity. Calibration

pu�s have been done over a range of deuterium pres-

sures from 0 to 120 mTorr. This RGA has good sensi-

tivity, �3.5 ´ 10ÿ4 A/Torr for argon, and `fast' time

response, typically 30 ms per acquired mass.

A variety of methods is used to determine the

impurity density in the core plasma. The helium used is

the 3He isotope because the 4He isotope cannot be

Fig. 1. Schematic showing the location of the RGA with respect

to the lower closed divertor of Alcator C-Mod. The vertical

port, the conductance-limiting aperture, and the RGA volume

are shown as well as the pressure measurement locations.
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distinguished from the deuterium fuel gas by the RGA.

The power deposition pro®le due to mode conversion

electron heating in D(3He) ICRF-heated discharges is

used to determine the core helium density. The deposi-

tion pro®le is measured by modulating the ICRF power

and then carrying out a break-in-slope analysis of the

electron temperature temporal behavior. The core heli-

um density is accurately inferred by varying the 3He

concentration in a full-wave ICRF code [12] until the

electron power deposition pro®le predicted by the code

agrees with the measured pro®le.

Core neon and krypton emission lines are measured

with an extreme-ultraviolet spectrograph [13]. Impurity

ion charge-state densities are calculated using the MIST

impurity transport code [14] with the appropriate

transport coe�cients [15]. In conjunction with an atomic

physics package, the MIST calculated impurity density

pro®les are converted to impurity emission line-bright-

ness and then scaled to match the measured line-

brightness. The total impurity density is then obtained

by summing the individual charge-state densities.

A similar technique is used to determine the core

argon ion density. The emission lines from He-like argon

are measured with an X-ray crystal spectrometer [16].

However, coronal equilibrium, i.e. no transport, is as-

sumed to calculate the fully stripped, H-, He-, and Li-

like argon density pro®les. The rest of the argon density

calculation follows as above. The determination of the

core argon ion density is the most accurate because the

charge-state used to calculate the normalization factor is

located in the center of the discharge. The charge-states

used for the neon and krypton normalizations are lo-

cated nearer the edge of the plasma and are thus more

dependent on the transport coe�cients used in the

charge-state balance calculation and more dependent on

the local density and temperature.

3. Results

Measurements of impurity compression, Cz, and

impurity enrichment, gz, have been made in a variety of

discharges with pu�ed recycling gases. Fig. 3 shows the

time behavior of an Alcator C-Mod discharge for which

impurity compression and enrichment measurements of

argon were made. This was a 1.0 MA, lower single-null

attached divertor discharge that had �9 ´ 1017 argon

atoms pu�ed into it at 0.3 s, Fig. 3(b). The divertor ar-

gon neutral density, ndiv
0;Ar, and the core argon density,

ncore
Ar , are shown in Fig. 3(a) and (b), respectively. It is

seen that the neutral argon builds up in the divertor and

is fairly constant by 0.7 s. The core argon density level

reaches a steady level somewhat earlier. This is typical of

a recycling gas such as argon. Shown in Fig. 3(c) and (d)

are the divertor neutral deuterium density, ndiv
0;D, and the

line-averaged core electron density, ncore
e , which for the

Fig. 3. Argon compression (e) and enrichment (f) values mea-

sured in a 1.0 MA Ohmic SN attached divertor discharge. Also

shown are the argon and deuterium densities measured in the

divertor and core plasmas.

Fig. 2. An argon gas pu� into an empty torus is used to de-

termine RGA sensitivity. Shown are the pressure in the torus

(solid line) measured with an ion gauge, the partial pressure

(´2000) in the RGA volume, PRGA (dashed line), and the de-

convolved torus pressure, Pdiv (squares). The RGA sensitivity

for argon is 3.5 ´ 10ÿ4 A/Torr.

356 J.A. Goetz et al. / Journal of Nuclear Materials 266±269 (1999) 354±359



measured Zeff � 1 is equal to ncore
D . The argon com-

pression, CAr, and enrichment, gAr, are shown in

Fig. 3(e) and (f), respectively. The compression of argon

increases as the divertor pressure increases, eventually

reaching an equilibrium value of about 350±400 for this

particular discharge. The enrichment of argon also in-

creases during this time period, and reaches a steady

value of approximately twenty.

Argon is usually pu�ed in trace amounts into Alcator

C-Mod plasmas to facilitate ion temperature measure-

ments. As a result, there is a wide range of discharges for

which compression and enrichment values are measured.

Fig. 4 is a summary of these measurements. It is seen in

Fig. 4(a) that the compression of argon increases, up to

values of greater than 350, with increasing line-averaged

density in attached Ohmic plasmas (open squares). En-

richment values are relatively constant or increase

slightly as the density is raised below the detachment

threshold, see Fig. 4(c). This implies that the argon

compression is increasing with line-averaged density at

least as fast as the deuterium compression, see Fig. 4(b).

The dependence of CAr and gAr on the divertor neutral

pressure is similar to that of line-averaged density. This

is because of the relationship of divertor neutral pressure

to the line-averaged density in Ohmic plasmas [17].

The scaling of impurity compression and enrichment

change substantially at higher densities. Above the

Ohmic divertor detachment threshold density, CAr and

gAr both decrease as seen in Fig. 4 (solid squares). The

number density of impurities in the core plasma in-

creases as ncore
e is increased past the detachment thresh-

old and the number of neutral impurities measured in

the divertor decreases. The argon enrichment value

drops due to the fact that the argon compression de-

creases after detachment, yet the deuterium compression

remains constant (Fig. 4(b)). This decrease in both CAr

and gAr is another disadvantage of detached divertor

plasmas in comparison to plasmas in the high-recycling

regime [18].

During enhanced-Da (EDA) H-mode operation [19],

impurity compression and enrichment ratios decrease

from their L-mode values as seen in Fig. 4 (open circles).

This change in CAr is due both to an increase in the core

impurity ion density and a decrease in the divertor im-

purity neutral density. Because of the change in trans-

port associated with EDA H-mode [15], the argon level

in the core increases to a larger but steady-state value.

The deuterium compression also decreases when the

plasma goes into H-mode. The decrease in gAr observed

is due to a larger decrease in CAr than in CD.

Divertor detachment has been achieved with H-mode

con®nement on Alcator C-Mod [20]. Measurements of

the argon compression and enrichment have been made

for this type of discharge as well. They indicate that

upon detachment of the divertor with H-mode con®ne-

ment, the compression and enrichment values drop.

These changes are not as dramatic as in an Ohmic or L-

mode detachment and are not obvious from Fig. 4.

(solid circles).

For similar Ohmic discharges, the compression and

enrichment of the recycling impurities helium-3, neon,

argon, and krypton have been compared. It is found

that Cz and gz both increase with impurity mass number.

Such an increase in compression ratio between helium

and neon is also observed on ASDEX-Upgrade [4]. It is

also observed that the amount of degradation in com-

pression after detachment depends on the mass of the

impurity. Comparing measurements made at ncore
e �

1:5� 1020 mÿ3 (attached) to those made at ncore
e � 2:8�

1020 mÿ3 (detached) it is seen that there is a fractional

change in argon compression of �40% and in neon

compression of �15%. The deuterium compression ac-

tually increases between these values of line-averaged

density.

4. Discussion

The compression of impurities into the divertor de-

pends on the balance of di�erent forces along the mag-

netic ®eld and on plasma ¯ows as well as on ionization

Fig. 4. Argon compression (a) and enrichment (c) values are

measured in Ohmic (squares) and H-mode (circles) discharges.

Detached divertor discharges are represented with ®lled sym-

bols. Also shown are the measured deuterium compression

values (b).
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location and core transport [2,3]. At low density, the

plasma ¯ow in the Alcator C-Mod scrape-o� layer is

reversed near the separatrix and is toward the divertor

farther out in the SOL. As the line-averaged density is

increased to the detachment limit, the ¯ow reversal

weakens and the ¯ow becomes toward the divertor

across the whole SOL [21]. Thus the frictional force on

impurities would act to increase compression during

detachment. The temperature gradient along ®eld lines

increases only slightly after the divertor detaches. The

combination of these forces does not change drastically

during detachment. In addition, the core transport does

not change measurably after detachment [8]. It can be

postulated that the observed drop in argon compression

after detachment is likely due to changes in the ioniza-

tion location.

The ionization mean-free-path, kion, can be written as

kion � v0;z

nehrviion

; �5�

where v0;z is the velocity of the neutral impurity, ne is the

local electron density, and árvñion is the cross-section for

ionization. The cross-section for ionization is dependent

upon the local electron temperature, Te. Fig. 5 is a plot

of Cz and gz versus ionization mean-free-path in a

plasma with ®xed ne� 5 ´ 1020 mÿ3 and Te� 10 eV for

the recycling impurities helium-3 (lower triangle), neon

(upper triangle), argon (circle), and krypton (square).

The neon, argon, and krypton measurements shown in

Fig. 5 are from detached Ohmic plasmas. These condi-

tions are typical of the plasma just beyond the detached

region and the energy of the recycling impurity has been

chosen to be a large fraction of the incident energy, in

this case, 2kTe. The helium measurements were made in

discharges with toroidal ®eld of 7.9 T and an attached

divertor because of the D-3He heating scheme used. It is

seen that compression and enrichment are largest for

impurities with the shortest ionization mean-free-path.

The ionization mean-free-path is important in the

transition from attached to detached divertor, as indi-

cated by the impurity mass dependence of compression

degradation. In Ohmic detached plasmas, there is an

extended region of plasma in the divertor with Te < 1

eV and ne > 1021 mÿ3 [22]. This region is clustered

around the outer divertor leg and is within a few centi-

meters of the X-point. The kion for such a plasma is

much larger than the divertor dimensions for all impu-

rities considered in this study. These impurities will

readily traverse this region and should lead to easier

penetration of the core plasma. This would result in the

observed decrease of the impurity compression that oc-

curs in Ohmic plasmas after detachment. The appear-

ance of this region close to the separatrix also helps to

explain how the compression of argon is degraded by

detachment more severely than neon or deuterium. Ar-

gon, which has a shorter kion than neon or deuterium, no

longer has an extended region of ionizing divertor

plasma to screen it from the core. Therefore, impurities

with short ionization mean-free-paths are a�ected most

by detachment.

It has been reported previously [23] that the screening

of argon improves, i.e. fewer argon atoms penetrate the

core, as the density is raised below the detachment limit.

This has been ascribed to the high density and large

power ¯ows in the SOL. It is also seen from Eq. (5) that

for a given temperature in the divertor, an increase in the

local density will result in a shorter kion. This also would

decrease the number of impurities penetrating the core

and increase the compression.

5. Conclusions

Impurity transport has been investigated on Alcator

C-Mod by measuring the impurity compression and

enrichment factors for a variety of discharge conditions.

Compression ratios of up to 400 and enrichment factors

of up to 20 for pu�ed argon have been measured for

lower single-null divertor discharges. Compression ra-

tios increase with increasing line-averaged density up to

the detachment threshold due to the improved screening

of impurities at higher density. Enrichment values re-

main constant or slightly increase with increasing line-

averaged density up to the detachment threshold. This is

Fig. 5. Impurity compression (a) and enrichment (b) are de-

pendent on the ®rst ionization mean-free-path of the impurity.

Shown are detached discharges with pu�ed krypton (square),

argon (circle), neon (up triangle). The helium (down triangle)

discharges are not detached. The ionization is calculated for a

10 eV 5 ´ 1020 mÿ3 background plasma.

358 J.A. Goetz et al. / Journal of Nuclear Materials 266±269 (1999) 354±359



because the compression of deuterium is increasing with

line-averaged density almost as fast as the argon com-

pression. Although the available data for other recycling

impurities such as helium, neon, and krypton is sparse,

these scalings appear to hold for these impurities as well.

Above the Ohmic divertor detachment threshold, the

argon compression and enrichment fall precipitously.

The compression ratio drops because the screening of

impurities decreases when the divertor detaches. The

enrichment value decreases because, in contrast to the

argon compression dropping, the deuterium compression

remains essentially constant after divertor detachment.

Measurement of impurity compression ratios and

enrichment values have also been made in H-mode

plasmas. It is found that compression and enrichment

values are much smaller than their L-mode values. This

is due mostly to an increase in the core impurity density

from the enhanced con®nement characteristic of the H-

mode plasma. The divertor neutral impurity density

decreases slightly, as does the divertor neutral deuterium

density as the plasma enters the H-mode regime.

As is observed on other tokamaks, impurity com-

pression and enrichment values increase with increasing

atomic mass number. The ionization mean-free-path for

impurities in the divertor plasma appears to be a crucial

variable in describing the results. Di�erent recycling im-

purities have di�erent ionization mean-free-paths due to

the di�erent cross-sections and masses. As the ionization

mean-free-path decreases, the impurity compression and

enrichment values increase, that is, the easier it is for an

impurity to be ionized, the easier it is to compress that

impurity into the divertor. These experiments bode well

for the ability to operate with an impurity-seeded radia-

tive divertor that simultaneously retains a clean core

plasma. This should be possible in a radiative, high-re-

cycling divertor that is very nearly detached.
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