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Abstract

Experiments to study the exhaust of noble gases (helium and neon) with cryopumping in DIII-D (Advanced Di-

vertor Program (ADP) con®guration) and in JET (Mk1 con®guration) found signi®cant di�erences in the global ex-

haust rate of helium, while e�cient neon exhaust was observed in both machines. An attempt to better understand the

basic processes governing the exhaust of noble gases in ELMy H-mode with cryopumping has been undertaken. Since

divertor geometries investigated in the DIII-D and in the JET cases have signi®cant di�erences, a comparative modeling

study has been undertaken using the MIST core impurity transport code and the b2.5 time-independent divertor

transport code. Photodiode measurements are used to determine ELM frequency, and charge-exchange recombination

(CER) measurements are compared with the MIST ELM model to evaluate transport coe�cients in the core plasma. A

signi®cant reduction in the anomalous di�usivities is found for the non-ELM component of radial transport without the

need for a pinch velocity, and the model provides a more coherent description than the conventional ELM-averaged

approach. Sensitivity to boundary conditions has been studied through establishment of a database of divertor en-

richment cases using b2.5. Ó 1999 Elsevier Science Inc. All rights reserved.
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1. Introduction

The particle balance for noble gases in ELMy H-

mode is of fundamental interest because of the need to

exhaust helium in a reactor and of operational interest

since injection of non-reacting gases (neon, argon and

krypton) is proposed to produce a highly radiative di-

vertor and thereby reduce the heat ¯ux to the graphite

divertor tiles [1]. The suitability of H-mode con®nement

for reactors relies on the observed bene®cial e�ect of

ELMs in maintaining quasi-steady densities of both the

working gas and the impurities. While ELMy H-mode

energy and particle con®nement have been found to be

compatible with next-step reactor requirements in many

machines, (e.g., ITER) [2], recent observation of greatly

enhanced heat ¯uxes during `type-I' ELMs raises doubts

[3,4]. Thus, a better quantitative description of the trade-

o� between the ELM amplitude needed for e�ective

particle exhaust and a tolerable maximum heat ¯ux is

required.

Previous experiments on the exhaust of helium and

neon with cryopumping in DIII-D [Lower Single Null

(LSN) ADP con®guration] and in JET (LSN Mk1

con®guration) found signi®cant di�erences in the global

exhaust rate of helium, while e�cient neon exhaust was

observed in both machines [2,5±7]. Experiments were

done in H-mode with `giant' or `type-I' ELMs. Esti-

mates [8] show that helium ions must be removed within

7±15 energy con®nement times to maintain continuous

reactor operation (s�He=sE � 7±15 ). Utilizing argon frost

pumping (a 10 lm argon frost layer) of helium on DIII-

Journal of Nuclear Materials 266±269 (1999) 1084±1090

* Corresponding author. Tel.: +1 423 576 3739; fax: +1 423

576 7926; e-mail: hillisdl@ornl.gov.
1 Research sponsored in part by the US Department of

Energy, under contract number DE-AC05-96OR22464 with

Lockheed Martin Energy Research Corporation.

0022-3115/99/$ ± see front matter Ó 1999 Elsevier Science Inc. All rights reserved.

PII: S 0 0 2 2 - 3 1 1 5 ( 9 8 ) 0 0 5 6 3 - 7



D a value of s�He=sE � 8 [5] was achieved, which is en-

couraging for a future fusion reactor. Utilizing a similar

10 lm argon frost layer on JET in the Mk1 divertor, a

value of s�He=sE � 15±20 was obtained [6]. The observed

di�erences for helium exhaust were ascribed to di�er-

ences in the application of the argon frost technique [9]

and to the injection of deuterium and helium to deduce

the helium pumping speed prior to the JET experiments.

This substantially reduced the helium pumping and

spoiled/``poisoned'' the argon frost layer for providing

high e�ciency helium pumping. Neon is readily pumped

by the cryopumps of both the JET and DIII-D pumping

systems. Subsequent experiments with D2 injection in

DIII-D have shown that neon divertor enrichment is

greater than that of helium, and that both can be en-

hanced with an induced D� ¯ow in the scrape-o� layer

[10,11].

This paper examines the core, scrape-o� layer and

divertor processes governing helium and neon exhaust

to identify similarities and di�erences. Since the divertor

geometries in the cases studied (DIII-D ADP and JET

Mk1) are signi®cantly di�erent, a comparative modeling

study has been employed to relate exhaust processes in

these two experiments. The processes considered are:

ELM e�ects on core transport and enrichment, relative

e�ect of wall re¯ection coe�cients for helium and neon

in providing e�ective exhaust, and device-speci®c ex-

haust e�ects: argon-frost poisoning (for JET Mk1). The

modeling components are: time-dependent MIST core

radial impurity transport code [12], the b2.5 divertor

code [13,14], and the B2-Eirene code system [15,16].

Attention is drawn to previous analysis of these pro-

cesses in JET discharges using EDGE2D, CHEAP-

SANCO, NIMBUS, and other codes [17,18].

2. ELM e�ects on core transport

In the MIST ELM model [19], an ELM event is

modeled as the expulsion of a speci®ed fraction of all the

k charge-state densities, AELM nk(q,t), for a normalized

radius q > qELM. AELM is the expulsion fraction, qELM is

the radius where ELMs a�ect the particle transport, and

nk(q,t) is the density of the impurity species. This ap-

proach di�ers from previous models [20,21] in that the

ELM is treated as an instantaneous MHD instability,

rather than as an extended period of high (L-mode or

hybrid) di�usivity. An extended period of high recycling

does occur in this model, but with a duration and

magnitude governed by the system exhaust and quies-

cent transport parameters, rather than by an ad-hoc

enhanced ELM di�usivity. The times of ELM events

(frequency, fELM) are determined by the measured time

histories of the Da signals. The expulsion fraction is not

determined by the Da signal, and thus both AELM and

qELM become ®tting parameters, replacing the ad hoc

time dependent variation in the anomalous di�usivity,

DA, and in the pinch velocity, Vp. As an example of the

application of the MIST ELM model, Fig. 1 shows the

evolution of the neon density in DIII-D (shot 86944) in

which neon was continuously injected at an increasing

rate throughout the discharge. This increasing neon in-

jection rate causes the large rise in the neon density to-

ward the end of the discharge, as well as producing a

change in fELM from 55 Hz down to 10 Hz starting at

t � 2.75 s. With the ELM model, the Ne XI density

measured by CER during this transition is ®t with a

Fig. 1. Comparison of results from MIST ELM model (solid

lines) with measured NeXI density (data points) at q� 0.5

versus time for DIII-D shot 86944. During the shot the ELM

frequency varies from 55 Hz to 10 Hz; (a) A variation of the

assumed expulsion fraction due to ELMs in the model with

DA(edge)� 0.7 m2/s and qELM� 0.8; (b) A variation of

DA(edge) is shown with the expulsion fraction� 0.2 and

qELM� 0.8. The inset in (a) shows a typical ®t to the neon

density radial pro®le.
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time-independent anomalous di�usivity pro®le

[DA(core)� 0.10 m2/s and DA(edge) varied for the best

®t] and with qELM� 0.8, while fELM is determined from

Da, and AELM is selected for each ELM event between

0.3 and 0.6. Fig. 1(a) shows results from the model when

the assumed ELM expulsion fraction for neon is varied

from 20% to 100% and DA(edge)� 0.7 m2/s; likewise,

Fig. 1(b) shows a variation of the anomalous di�usivity

DA(edge) from 0.5 to 1.0 m2/s at a ®xed ELM expulsion

fraction of 0.2 and a ®xed DA(core)� 0.10 m2/s. Without

the ELM model the transition must be modeled by

varying DA, while the ®t in Fig. 1 was obtained with a

®xed DA pro®le (edge value� 0.7 m2/s). Best ®ts are

obtained with DA� 0.7 m2/s, AELM � 0.5, and

qELM� 0.8 using a pinch coe�cient, Cv� 0, or pinch

velocity, Vp� 0, in contrast to earlier results for helium,

in which Cv� 1 was found to be optimum. These values

of DA and AELM are not unique and other combinations

might work equally well. These quantities could be de-

termined experimentally if higher time resolution CER

measurements (integration times �<0.5 ms) were

available, but currently they are ®tting parameters. A

non-zero inward pinch term cannot be ruled out by

comparison of the modeling results with the data, but

best ®ts were found for Cv� 0. The anomalous di�u-

sivities which result from the MIST ELM model are

typically a factor of 3 lower than the di�usivities inferred

from the conventional time-averaged analysis, which

includes ELM e�ects as part of the anomalous di�usi-

vity. For core modeling, the e�ective global recycling

coe�cient is taken to be 0.96 for neon, as determined by

®ts to the pumping decay after impurity injection.

For comparison, the ELM model has been applied to

model `type-I' ELM behavior in JET helium and neon

exhaust experiments for the Mk1 con®guration. In

Fig. 2(a)±(c) the time dependence of Da, carbon, beryl-

lium, and helium edge impurity light is shown for a

typical helium case without argon frosting of the cry-

opump (pulse 30725). The strike point recycling light for

each of the impurities shown in Fig. 2(a)±(c) exhibits a

similar behavior. These regular `type-I' ELMs exhibit a

cyclic behavior which allows us to analyze intra-ELM

behavior. The Da, carbon, and edge helium signals are

shown in Fig. 2(d)±(f) where the individual ELM events

have each been remapped onto a single characteristic

cycle time, which starts with the beginning of the ELM

event. While the Da and impurity signals are correlated,

the response to ELM events di�ers, re¯ecting the dif-

ferences in recycling properties of the species. The car-

bon and beryllium behavior di�ers from that of the

Fig. 2. Measured strike point light for (a) Da and carbon, (b) beryllium, and (c) helium for JET pulse 30725. The Da signal (dotted line)

is compared with the impurity signals in (a)±(c). The repetitive behavior during the four giant ELMs allows the mapping of the periodic

time behavior onto a common time axis (d)±(f), which is given by the ®rst ELM event. (d) Shows the Da behavior for the four ELM

cycles in (a), (e) shows the evolution of carbon during this cycle, and (f) shows the same for helium. The di�erent symbols in (d)±(f)

correspond to each of the four individual ELM events.
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extrinsic impurities (helium or neon) and this allows us

to use MIST modeling of the carbon and beryllium time

dependence to establish the ELM-model parameters

AELM and qELM. These ELM parameters are then used

for the simulation of the extrinsic injected impurities,

either helium or neon. Fig. 3(a) compares the evolution

of the helium density measured via CER spectroscopy

with (solid line) and without (dashed line) the model for

ELM impurity expulsion in JET (shot 30725), while

Fig. 3(b) shows the neon evolution compared with the

MIST ELM model (shot 32778). For both helium and

neon, best ®ts are obtained using a pinch coe�cient,

Cv� 0. The edge di�usivity which results from the MIST

ELM modeling yields DA� 1.2 m2/s with AELM � 0.5

and qELM� 0.8; whereas, a value of DA � 4 m2/s is

needed to describe the helium density evolution found in

Fig. 3(a) if the ELM model is not used. From the

modeling of these helium and neon experiments on DIII-

D and JET, the value of DA which is obtained by ex-

plicitly treating the ELMs, is typically a factor of �3

lower than the di�usivities inferred from the conven-

tional time-averaged analysis. For both DIII-D and

JET, utilizing this ELM MIST model a time indepen-

dent DA � 1.0 m2/s describes the data and no inward

pinch term is required. These smaller values for DA are

more in line with those expected from neoclassical the-

ory, but a more detailed accounting of the core transport

(comparison with neoclassical rates), SOL transport

(with ELM e�ects), and divertor plenum impurity bal-

ance would also require simultaneous high time- and

space-resolution diagnostic measurements, which cur-

rently are not available. In this analysis DA and AELM

are ®tting parameters because high time-resolution di-

agnostic measurements of the impurity components are

not available and other combinations of these parame-

ters may give similar ®ts to the data. The analysis pre-

sented here provides a direct and simple model for

treating the ELM expulsion of impurities and provides a

useful method for evaluating impurity transport in EL-

Ming H-mode discharges.

3. Divertor enrichment

The retention of impurities, i (helium or neon) in the

divertor is often characterized by the divertor enrich-

ment, gi
Div, and the divertor compression, Ci

Div parame-

ters. Here the divertor enrichment is de®ned as the ratio

of helium (neon) concentration at the midplane sep-

aratrix to the concentration at the divertor separatrix

gi
Div � Ki�div�=Ki�mid� and the divertor concentration

Ki � ni=ne. The divertor compression is given by

Ci
Div � nHe�div�=nHe�mid�, where nHe�div� is the helium

density in the divertor and nHe�mid� is the helium den-

sity at the midplane separatrix. More e�cient exhaust of

neon observed in JET Mk1 experiments relative to he-

lium is consistent with previous observations in DIII-D

and ASDEX-Upgrade [10,22]. The pumping plenum

concentrations were measured in the latter experiments

via a modi®ed Penning gauge, and higher neon com-

pression was observed relative to helium. The JET

Penning gauge system for helium and neon measure-

ments in the sub-divertor was not yet installed during

the discharges discussed here; therefore, the b2.5 code

has been used to estimate the relative divertor concen-

trations for comparison with DIII-D. Experimental

measurements of core plasma parameters, helium and

neon density pro®les from CER, as well as divertor

Fig. 3. (a) Comparison of MIST evolution with (solid line) and

without (dashed line) the ELM model for helium injection in

JET pulse 30725, without argon frost. DA� 1.2 m2/s for solid

curve and DA� 3.6 m2/s for the dashed curve; (b) Comparison

of MIST ELM model (solid line) for neon injection in JET pulse

35402 with 4 Hz giant ELMs. DA� 1.2 m2/s for the solid curve.

The insert shows the ELM activity.
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measurements (Langmuir probe ne and Te pro®les and

divertor spectroscopy of D, Ne, and He) are utilized as

input to b2.5. The b2.5 model is an enhanced version of

the b2 code which treats the role of fast re¯ected parti-

cles and plenum-induced gas sources. The particle and

energy re¯ection coe�cients derived from TRIM simu-

lations [23] are used to determine the fraction of parti-

cles striking the divertor plate which undergo direct

re¯ection (RN) and the fraction of the emitted energy

which is carried by the re¯ected particles, RE. The re-

mainder of the particles (unity recycling for non-argon

frost cases) are emitted with thermal energies. The code

has been run in 5 (deuterium and helium) and 13 (deu-

terium and neon) species versions. Radial di�usivities

are the same as the edge values for the MIST modeling:

DA� 1.2 m2/s and Vp� 0. A description of the particle

sources from the divertor plate recycling, as well as

deuterium and impurity gas injection from the midplane

and divertor is included. The STRAHL database [24] is

used in the helium/neon comparisons.

Previous comparisons of helium enrichment [10] with

that of other non-reacting gases (neon and argon) have

explained the observed higher enrichment of neon (and

argon) relative to helium by stressing the di�erences in

ionization potential: a longer mean free path for recycled

helium atoms leads to a ®rst ionization outside the re-

gion of strong deuterium ionization near the divertor

plate. Thus an increased D� ¯ow in that region is inef-

fective in producing high enrichment.

However, modeling of these JET Mk1 experiments

suggests an equally important e�ect of fast re¯ected at-

oms in reducing the helium enrichment. JET Mk1 ex-

periments were conducted with beryllium coated carbon

surfaces. Fig. 4 shows the variation in energy re¯ection

Fig. 4. Comparison of the energy re¯ection coe�cients for

deuterium, helium, and neon incident on carbon and beryllium

for an assumed incidence angle of 45°. While deuterium and

helium have similar values, energy re¯ection for neon is at least

10 times lower than either of these. The pulses considered here

were conducted with both beryllium coated carbon tiles and

beryllium tiles.

Fig. 5. Results of a b2.5 survey for conditions of JET pulse

33994 (helium) and 32778 (neon) showing the sensitivity of

divertor and midplane helium (neon) concentrations, enrich-

ment, and compression to the assumed fraction of the TRIM

value, fTRIM.
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coe�cients (TRIM values) expected for helium and neon

incident on carbon and beryllium for the energy range

observed in these experiments [from divertor probes

Te � 30±60 eV, with corresponding impact energy (3hZi
kTe + 2 Ti6 200 eV)]. Generally, smaller values are

expected, due to the surface roughness of actual divertor

plates and also due to the incomplete coverage of carbon

with beryllium. Fig. 5 shows the results from the b2.5

calculations when the assumed energy re¯ection coe�-

cient (RE) is varied with respect to the TRIM value for

helium (pulse 33994) and neon (pulse 32778) by varying

fTRIM from 0.1 to 1.0 through the relation

RE� fTRIM á RE(TRIM). From Fig. 5 the helium com-

pression is �2 and for neon �12 at the TRIM values

(fTRIM� 1.0), while the helium enrichment is �0.5 and

for neon enrichment �1.1. As the energy re¯ection co-

e�cient is reduced for helium (fTRIM < 1.0) the com-

pression rises by a factor �5, whereas, for neon the

compression remains �12. Because of the low value for

the direct re¯ection coe�cient (R � 0.01) for neon, most

of the recycled neon emerges at thermal energies and

with its larger mass the neon residence time in the vac-

uum plenum will be �300 times longer than that for

deuterium. Some of the reported discrepancies [10,25] in

neon inventory during injection experiments may be due

to this e�ect alone. Due to variations in the roughness of

the divertor tiles fTRIM is probably between 0.5 and 1.0.

Table 1 shows the modeled enrichment and compression

values for the JET Mk1 divertor for helium and neon

compared with those measured on DIII-D and ASDEX.

Very good agreement is observed between the two cases.

Typically, the helium and neon enrichment are:

gHe
Div � 0:9; gNe

Div � 1:1, respectively; while the helium and

neon compressions are found to be: CHe
Div � 3

and CNe
Div � 11, respectively. Values found in parentheses

in Table 1 for DIII-D are enrichment and compression

values with an induced scrape-o�-layer ¯ow [10]. It

should be noted that these b2.5 calculations are time

independent and the enrichment and compression fac-

tors are most representative for the time period between

ELMs. During periods of ELM activity the enrichment

may vary by large factors. Recent preliminary mea-

surements [26] on the JET Mk2 divertor in L-mode in-

dicate that the helium enrichment is �0.8±1.1, also

providing con®dence in the values reported here for

Mk1 utilizing the b2.5 modeling.

4. Conclusions

Comparison of DIII-D and JET Mk1 helium and

neon exhaust experiments has been made with respect to

core transport (ELM e�ects) and divertor enrichment.

The experiments are quite di�erent due to signi®cant

di�erences in divertor geometry and the size of the to-

kamak. A comparative modeling study ®nds similar re-

ductions in inferred edge di�usivity when an ELM

instability model is applied. The ELM model replaces

the usual ad hoc ELM-averaged di�usivity with new

parameters describing the fraction of impurity density

which is expelled during an ELM event and the radius

over which the ELM is e�ective in purging impurities.

For both DIII-D and JET, the edge di�usivity, DA � 4

m2/s, is found if ELM e�ects are not included in the

model; whereas, DA � 1.0 m2/s if the ELMs are explic-

itly included in the model without the need for a time

varying DA or pinch velocity (Vp� 0). Since the inferred

core radial di�usivities are reduced with respect to ELM-

averaged models, a closer comparison with neoclassical

theory for the di�usivity may be warranted. Utilizing the

b2.5 code and experimentally measured core and di-

vertor plasma properties, the divertor enrichment and

compression in the JET Mk1 con®guration were calcu-

lated and found to be sensitive to the di�erences in

particle re¯ectivity between helium and neon. The much

lower particle re¯ection coe�cients for neon leads to a

larger predicted enrichment, relative to helium. This is

consistent with observations that neon is more readily

exhausted than helium. Finally, a detailed examination

of core transport, exhaust, and divertor enrichment

should include the e�ect of impurity purging during

ELM events, which are quite complex. To further in-

vestigate the fast time scales of ELM events and the

underlying mechanisms for impurity entrainment and

compression higher time resolution edge and divertor

diagnostics will be required.

Table 1

Comparison of helium and neon enrichment and compression factors in ELMing H-mode discharges for JET(Mk1), JET(Mk2), DIII-

D and ASDEX-U

Impurity JET(Mk1) a JET(Mk2) [26] DIII-D[10,11] ASDEX-U[22,25]

Helium enrichment 0.6±1.0 0.8±1.1 0.9 (1.1) b 0.3±0.4

Neon enrichment 1.1 1.0±1.2 (1.6±2.3) b

Helium compression 2±4 4.3 (6.1) b 3.5(1±3)

Neon compression 11 4.6±7.8 (6.2±14.2) b 13

a Values based upon b2.5 modeling described in the text.
b Values found in experiments with induced ¯ow in the scrape-o� layer (see Refs. [10,11]).
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