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Abstract

Core impurity transport has been investigated for a vanégonfinement regimes
in Alcator C-Mod plasmas from x-ray emission following ioj®n of medium and
high Z materials. In Ohmic L-mode discharges, impurity s@ort is anomalous ([
> D,.) and changes very little across the LOC/SOC boundary. InH@Rated L-
mode plasmas, the core impurity confinement time decreaiesnereasing ICRF in-
put power (and subsequent increasing electron tempeyatuddancreases with plasma
current. Nearly identical impurity confinement charadics are observed in I-mode
plasmas. In EDA H-mode discharges the core impurity confer@rtimes are much
longer. There is a strong connection between core impuoitficement time and the
edge density gradient across all confinement regimes studiee. Deduced central
impurity density profiles in stationary plasmas are getefht, in spite of large am-
plitude sawtooth oscillations, and there is little evidew¢ impurity convection inside
of r/a = 0.3 when averaged over sawteeth.



|. Introduction

Understanding particle transport is essential for préaticof the density profile
in ITER and other future reactor scale devices. In order tdeytheory and simu-
lation, direct observations of ion particle transport aeegssary, but this is difficult
in practice. A useful proxy is through the use of impuritieg)ich are easy to in-
ject and measure. Understanding impurity transport is imapd in its own right,
since impurity accumulation can lead to ion dilution andiatide collapse. In the
enhanced confinement operational regimes (H-mode and [a8as) envisioned for
future devices, long impurity confinement times are widegrg with impurity trans-
port approaching neo-classical levels in the barrier relo 2, 3, 4, 5, 6, 7, 8, 9, 10,
11, 12, 13, 14, 15, 16, 17, 18, 19, 20]. Since the neo-cldssigaurity density pro-
file peaking factor increases strongly with atomic chargenétie and ITB plasmas
in devices with tungsten (Z = 74) walls will potentially haseserious problem with
tungsten accumulation and subsequent radiation. Furkdaeeebating this issue is the
wall erosion due to ELMs associated with H-mode. Severakgmrpents have indi-
cated some relief from the core impurity accumulation peoblsing electron heating
[14, 15,17, 21, 22, 23, 24, 25, 26, 27]. In constrast, imgustated issues are not so
serious in L-mode plasmas, which are long known to exhilmnaalous impurity trans-
port [28, 29, 30, 31, 32, 10, 33, 34, 35, 36, 11, 37, 38, 39].eRtyg there has been an
emerging understanding of L-mode impurity transport tigfogyro-kinetic and fluid
simulations [21, 17, 22, 40, 41, 42, 26, 43, 44, 27, 45, 46}luiding the effects of
ITG modes and TEMs. A detailed study has been performed fdto@-plasmas in
the region 0.3 r/a < 0.6 [43, 44, 46]. Unfortunately, the energy confinement prop
erties of L-mode are not currently attractive for react@rarios. An alternative is the
I-mode regime [47, 48, 49, 50, 51, 52], which combines thedgermergy confinement
of H-mode with the poor (yet favorable) particle and imppdbnfinement of L-mode.

In this paper the core impurity confinement properties ofiand H-mode plasmas
in Alcator C-Mod will be compared. Following a brief outlioéthe experimental setup
in section Il, including representative x-ray emissivitgfiles, impurity transport in L-
mode plasmas will be described in section lll, presentirggrisults of scans of the
electron density, auxiliary heating power, plasma currrbidal magnetic field and
background ion mass. In section IV impurity confinement mdee will be discussed,
describing scans of plasma current and impurity mass vieltbby a description of the
dependence of impurity transport on plasma parameters A dnode discharges in
section V. A general discussion and comparison of impuréggport in all operational
regimes, and the relation to energy confinement and the eslgsty gradient, will be
presented in section VI.

I1. Experimental Setup

This detailed study of core impurity transport has beengoeréd on the Alcator
C-Mod tokamak [53] (major radius R = 0.67 m, typical minorited a, of 0.21 m,
with molybdenum plasma facing components). Operation w#s lvoth forward and



reversed magnetic field/plasma current, and in the uppgtesivull (USN) and lower
single null (LSN) configurations, mostly with deuterium \Wimg gas. Line averaged
electron densities were in the range from 0.4 ta&L.0?°/m3, toroidal magnetic fields
between 3.3 and 6.5 T and with plasma currents between 0.2.ardA (9 < gg5 <
3). Auxiliary heating was provided by ICRF waves (D(H) miitpheating) [54] with
power up to 4 MW. Current density profile modification can bleieeged through use of
lower hybrid range of frequencies (LHRF) waves [55] at 4.6zGWiith total power up
to 1.2 MW [54]. A set of corrections coils allows [56] for exaiion of n = 1 magnetic
perturbations which can be used to induce locked modes.gUbaese tools, C-Mod
has access to the following confinement regimes: Ohmic Lenwith linear Ohmic
confinement (LOC) and saturated Ohmic confinement (SOC)FIG&ated L-mode,
I-mode [48], and enhanced,JEDA) [57] and ELM-free H-mode.

Electron densities were determined from a two color interfester, fast electron
temperature evolution using electron cyclotron emissiB@E) and Zg from visi-
ble bremsstrahlung [58]. Electron density and temperature profiles were prediby
Thomson scattering [58]. Core toroidal rotation and iongerature profiles were
measured with an imaging x-ray spectrometer system [59, 8@ impurities calcium
(Z = 20, from Cak), molybdenum (Z = 42) and tungsten (Z = 74) were injeotied
a multi-pulse laser blow-off system [39]. Core impurityrisport was characterized
by spectroscopic measurement of subsequent x-ray emissimrhighly ionized He-
like and H-like calcium (CE* and Ca&°") [61] in addition to Ne-like molybdenum
(Mo321) [36] and tungsten charge states neat*¥W[62]. The most intense calcium
x-ray transitions observed are the'€a Ly, doublet (1s'S, /; - 2p *P;/, at 3018.50
mA and 1s'S, 5 - 2p*P, ), at 3023.92 n) and the C&+ resonance line w (2s'S,

- 1s2p!'P; at 3177.26 M) and forbidden line z (1%5'S, - 1s2p3S,; at 3211.13 ).

In the core plasma, the upper levels of these transitionp@pealated predominantly
by collisional excitation. A variety of x-ray instrumentsaw/utilized for observations
of core impurity emission following injection: a single aldovon Hamos type spec-
trometer [63] (time resolution 1 ms), the high resolutioatsdly imaging Johann type
spectrometer system [59, 60] and a low energy resolutiarksafy array [58]. For the
imaging Johann spectrometers, typical time resolutio®img, although it is possible
operate at 6 ms (total acquisition plus readout time). Mbgh@discharges presented
in this study exhibited sawtooth oscillations, with pesoaf order 10 ms, and most
observations are sawtooth averaged.

Typical x-ray emissivity profiles are centrally peaked. Tdwmmplete emissivity
profile evolution for calcium lines is available from the ayrimaging spectrometer
system [59] following tomographic inversions [60]. An exalmof an emissivity pro-
file for the resonance line w of C&" obtained at one time point during the impurity
decay phase following an injection into a 5.4 T, 0.8 MA deiuter L-mode plasma
with 1.3 MW of ICRF power &n,> = 1.2x10%°/m?, g5 = 4.6) is shown in the top
frame of Fig.1. Most of the emission is from inside of r/a =,Guhich indicates that
the central chord brightness reflects the impurity behawitie core. Shown for com-
parison is the electron temperature profile from Thomsottesdag (with fit). In the
bottom frame is shown the electron density profile (and fit)icl is slightly peaked.
Also shown is the total calcium density, deduced from the viseivity profile and
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Figure 1: Profiles for a 5.4 T, 0.8 MA deuterium Ohmic L-modagpha with<n.> =
1.2x10%°/m3. Top frame: resonance line w (€4 emissivity profile (solid red) and
electron temperature profile (green dots, with fit, greerheddine). Bottom frame:
electron density profile (green dots, with fit, green dasieg) land relative total cal-
cium density profile (solid red) at one particular time dgrithe impurity decay fol-
lowing injection. The sawtooth inversion radius was-R.77 m.



the upper level population model for He-like ions [64]. Thssumes that individual
charge states are in coronal equilibrium, and includes ljatipa of the upper level by
collisional excitation and radiative recombination. THeduced calcium density pro-
file is insensitive to sawtooth oscillations in this casesithe excitation rate for the w
line and the ionization rate for C& have a similar electron temperature dependence;
the ratio of these two rates changes by only 15% between 1.2 &nkeV. The total
calcium density in the core for this discharge is quite flahimi the error bars, so there
is no evidence for a particle pinch inside of #&0.5. Flat core calcium density profiles
are also routinely observed in I- and H-mode plasmas wheraged over sawtooth os-
cillations. This justifies the use of an effective impuriiffasivity, D¢, derived from
the long time scale impurity confinement time.

I11. L-mode

Impurity transport behavior and parameter scalings in ldenplasmas will be ex-
plored in this section. Shown in Fig.2 are discharge timéohiss for a 5.4 T, 0.8
MA deuterium plasma with five CaHRnjections, and five levels of ICRF D(H) minor-
ity heating power. This discharge was in the USN configuratidth the ion BxVB
drift direction downward (‘unfavorable’) in order to prevea transition into H-mode.
Injection times were 0.565, 0.765, 0.965, 1.165 and 1.3@wisciding with 200 ms
intervals of ICRF power in 1 MW steps. The first injection watia purely Ohmic
L-mode target with an average density of £ 11?°/m3. At this density, with g5 = 4.6,
the plasma was in the satured Ohmic confinement (SOC) re@5 &6, 67, 68], which
is thought to be dominated by ITG mode turbulence. A globadurity confinement
time, 77, of 26 ms was deduced from the decay of thé®Casignal (first injection,
bottom frame) which corresponds to an effective diffugiyignoring convection and
elongation) Rg = a?/(2.405%7; ~ 0.29 nt/s, whereu is the plasma minor radius and
2.405 is the first zero of the zero order Bessel function. Bhimuch larger than the
core neo-classical diffusivity, R (~ 0.02 nt/s) [69, 7], so the impurity transport in
L-mode is regarded as anomalous. Examination of the subsénjections with in-
creasing ICRF heating power (and electron temperaturepts\a systematic decrease
in the core impurity confinement time. This is directly apgdrfrom a comparison of
Cat®t time histories as shown in Fig.3; the normalized brightes$sve been adjusted
in time relative to each injection. The core impurity confirent time decreases sys-
tematically nearly a factor of two from 26 ms (fitted expon@rdecay shown) for the
first injection to 14 ms for the fifth. [y correspondingly increases from 0.29 to 0.54
m?/s. The results of the ICRF power scan for this discharge arersarized in Fig.4,
showing R,¢, which is the sum of the Ohmic and ICRF heating power. In thdiame
is the core impurity confinement time, which decreases 8yeaith increasing total
input power. Similar behavior has been observed in JET aklwram heated L-mode
plasmas [9]. Shown by the curves are the scalings derivedHdrand Tore Supra
[35] (dashed line proportional to,R —°7 at fixed density) and C-Mod [43] (solid line
proportional to B, —-'®). The observed power scaling for this one particular disgha
seems to lie between the two curves. Other concomitant esahging this power scan
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Figure 3: The normalized C&" brightness time histories for the five injections from
the discharge of Fig.4, shifted such that the injection &rfte565 s, solid green; 0.765
s, mustard dotted; 0.965 s, red dashed; 1.165 s, purpledidasth-365 s, black chain)
are at 0 ms. Shown by the thin green line is an exponentialfitddirst injection, with

a decay time of 26 ms.
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are systematic increases in the electron (bottom frame)amgemperatures. Energy
confinement is known to degrade with power in ITG mode dontihamode plasmas,
so this decrease in core impurity confinement may be related.

Whether this anomalous impurity transport is a feature of M@e dominated
regimes can be investigated by examining impurity confingraeross the LOC/SOC
boundary. It is widely thought that in the low collisionglit OC regime, TEMs are
important in governing transport and that in the high cahslity SOC regime, ITG
modes are dominant. The direction of the core rotation ¥igldas been shown to be
a very sensitive indicator of this surprisingly sharp traos [65, 66, 67, 68]. An easy
way to cross this boundary is to vary the collisionality bynging the electron density.
Shown in Fig.5 are parameter time histories for a 5.4 T, 0.8 ®Hmic deuterium
discharge with CaFinjections (middle frame) and a density ramp (top frame)ohhi
enables the transition from the LOC to the SOC regime (fae thirrent and field the
critical transition density is-0.8x 102°/m3). In the bottom frame is the central rotation
velocity which begins to reverse direction at the criticahdity (marked by the dotted
horizontal line in the top frame). In spite of this change ignsof the core rotation,
there is very little effect on the core impurity confinemexgtcan be seen by comparing
the decay phase of the x-ray brightness in the middle frarheréfmay be some subtle
differences in the rise times of the x-ray signals followthg injections. It should be
noted that these injections were large enough to perturleldetron temperature and
density profiles. The results of a systematic shot by shositdeacan (at fixed &)
across the LOC/SOC boundary are shown in Fig.6. There is litdeydependence
of the core impurity confinement time on electron densityraveange from 0.5 to
1.3x10%°/m3 for these 5.4 T, 0.8 MA deuterium discharges for which the [SXX0C
boundary is~0.8x10?°/m? [65, 66, 67, 68]. In contrast there is a sign change (reversal
in the core rotation velocity (second frame) and a signiticdrange in slope of the
global energy confinement time (top frame). The solid linpicks the neo-Alcator
scaling [70], a linear increase with density, and the daslwede represents the ITER-
89 L-mode scaling law [71], very weakly dependent on der(sigyurated). This is the
origin of the names LOC and SOC. There is also a noticeablegehin the electron
density scale length at the mid radius (third frame); thdilg®become increasingly
peaked in the LOC regime, then saturate and flatten afterahsition [66, 72, 67, 68].
The relative insensitivity to density in the bottom frameygests that core impurity
confinement has a similar behavior in both TEM and ITG modeidant Ohmic L-
mode regimes [46].

The mustard asterisks in the bottom frame of Fig.6 are thauiitypconfinement
times from hydrogen plasmas; there is very little diffebetween the impurity con-
finement times in hydrogen and deuterium Ohmic L-mode plasi@hown in Fig.7 is
the impurity confinement time as a function of the averagesméthe working gas for
5.4 T, 0.8 MA Ohmic L-mode plasmas. The electron densitieewethe range from
0.5-0.6x10?°/m3. The working gas mass was determined from the measuredtbrigh
ness ratios of H to D Balmet. There is typically about a 10% hydrogen fraction
in nominal deuterium plasmas. This independence of impednfinement time on
background ion mass in these L-mode plasmas is in contrdsettyends previously
observed in circular, limited discharges [28, 29].

The core impurity confinement time in Ohmic plasmas has beend to increase
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with increasing plasma current at fixed magnetic field [28,28 73]. Similar be-
havior is exhibited in ICRF heated L-mode discharges [48]s@en in Fig.8, which
is a comparison of 5.4 T deuterium plasmas with 1.0 MW of ICRRer at currents
0.6 and 1.0 MA, each with five CaHknjections. It can be clearly seen that the higher
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Figure 8: Time histories of the plasma current, electrorsitgncentral electron tem-
perature, ICRF power and &4 brightness for 5.4 T deuterium discharges at 0.6 MA
(solid green) and 1.0 MA (red dashed).

=
o

plasma current discharge has longer impurity confinememtgi The results of the
complete plasma current scan for 5.4 T deuterium dischavijes<n, > = 1x10°°/m3
and 1.0 MW of ICRF power are shown in Fig.9, capturing the samed as seen
in purely Ohmic plasmas. The solid curve is proportional t6% which was found
from a regression analysis of C-Mod data [43]; the dashedecig proportional to
I,-3* which was derived from observations from JET and Tore SugBh [This depen-
dence on plasma current has been reproduced in gyro-ksigtidations of impurity
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confinement in the core temperature gradient region {0r8a < 0.6) [43] in C-Mod
discharges. Whether it is a coincidence that this similaxdtields in the plasma center
where the gradients are weak is not known.

The dependence of the core impurity confinement time ondafanagnetic field
has also been investigated. Shown in Fig.10 is a comparfqmarameter time histories
for two 0.8 MA deuterium Ohmic dischargesi.> = 1.0x 10?°/m?3) with magnetic
fields of 3.3 and 6.5 T. There is very little difference in tha'T brightness time
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Figure 10: Time histories of the toroidal magnetic field célen density, central elec-
tron temperature and €& brightness for 0.8 MA deuterium Ohmic discharges at 6.5
(solid green) and 3.3 T (red dashed).

histories and impurity confinement times with a factor of tef@nge in the toroidal
magnetic field. The results of the full magnetic field scansdr@wn in Fig.11, along
with a curve proportional to 818, a scaling which was derived from a regression anal-
ysis of C-Mod data [43]. This scaling is in contrast to theaations from Alcator C

15
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[29] and TCV [38] which showed a marked drop in the impurityfioement time as
the toroidal magnetic field was increased. The relativelyrgs plasma current depen-
dence of impurity confinement and weak dependence on madield suggest that
the inverse rotational transform q is not the governing peter.

The influence of sawteeth on core impurity confinement has beestigated with
the use of external magnetic field perturbation coils [56fick can induce locked
modes that lead to a suppression of sawteeth and a brakihg obte toroidal rotation
[74]. Shown in Fig.12 is a comparison of parameter time hissdfor two 5.4 T 0.8 MA
deuterium Ohmic L-mode target plasmasat, > = 0.9x 10°°/m3, one with A coils ap-
plied to suppress sawtooth oscillations. The overall intploehavior, including core
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Figure 12: From top to bottom, time histories of the averdgetmn density, central
electron temperature and central chord x-ray brightnessafo 5.4 T, 0.8 MA deu-
terium Ohmic discharges with (red) and without (green) mekfield coil application.
Cak; injections were at 1.0 s.

1140402019,022
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impurity confinement time, is quite similar in both casespitesthe suppression of
sawteeth. This indicates that in this particular case otkdd mode plasma, sawteeth
do not have much of an effect on core impurity transport, intiast to earlier studies
[75]. However, to study in detail the effects of sawteeth oredmpurity confinement,
time resolved impurity profile measurements are necesseaytione scale short com-
pared to the sawtooth period. A comparison of dischargéds seitvtooth stabilization
from lower hybdrid current drive would also be informative.

The bottom line from this section is that impurity confinernimes are relatively
short in L-mode plasmas, and impurity accumulation is natodolem.

V. I-mode

I-mode is an enhanced confinement regime which featuresnéeye confine-
ment of H-mode with the particle and impurity confinementpandies of L-mode
[47, 48, 49, 50, 51, 52]. This is manifested in the presenca steep edge temper-
ature gradient without a steep edge density gradient, aatépa of the energy and
particle transport channels which are coupled in H-modee fitescription to attain
I-mode with auxiliary heating is simply to operate in the fawvorable’ configuration,
with the active X-point opposite to the ionB/B drift direction. The plasma of Fig.2
actually entered I-mode with the last two steps of ICRF Imgggiower, identified by
the formation of an edge temperature pedestal with a graisiexcess of~40 keV/m
and the appearance of an edge weakly coherent mode withefiegws100-200 kHz.
There is no clear signature of the L-I transition such as aotchange in edge D
light, which is often observed at the transition to H-mode.

Injections into a steady I-mode plasma (1.1 MA, 5.5 J5 g 3.2) are presented
in Fig.13. There was a substantial increase in the storeygrfeop frame) due to
an increase in the core electron temperature and the famatian edge temperature
pedestal, with a gradient 6140 keV/m. There was no change in the electron density
(<ne.> = 1.2x107°/m?) and no density pedestal formation (gradierit0?2/m?). The
average of core impurity confinement times for the four itits was 26.5 ms, similar
to typical L-mode values. In this case the core impurity auerfient time was deter-
mined from H-like C&°* since at these high electron temperatures He-liké Caas
burned out in the plasma center. A major advantage of I-msdiee L-mode impu-
rity confinement exhibited simultaneously with H-mode giyezonfinement. bk [76]
for this discharge was 1.0. In addition to the similar magpiét of impurity confine-
ment time, scalings with plasma parameters in I-mode arénisoent of those seen
in L-mode. Shown in Fig.14 is the core impurity confinementdias a function of
plasma current for deuterium I-mode discharges at 5.4 T aed #lectron density.
Unfortunately there are very few I-mode discharges at loagpia current. However,
there is a definite increase in the impurity confinement tinitl ymcreasing plasma
current, as was observed in L-mode.

Injection of molybdenum into I-mode plasmas reveals infation about the trans-
port dependence on impurity mass and/or charge. Shown ih3-igthe core impurity
confinement time as a function of atomic mass for 1.0 MA déutet-mode plasmas
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MA I-mode plasmas with B between 5.4 and 5.8 T andn.> between 1.3 and

1.7x10%%/m3.

is very little dependence on impurity mass, which is simitaobservations in Ohmic
L-mode discharges [29, 35]. These measurements were frbomhkke calcium and
neon-like molybdenum, so the charge to mass ratio only ddr@anm 0.45 to 0.32, not
a large range in this quantity. Overall, impurity confinemien-mode is very similar
to that found in L-mode, and impurity accumulation is not ssuie.

V. H-mode
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H-mode has been chosen as the operational regime for ITERoE€Ause of its
good energy confinement properties. Unfortunately, impuronfinement times are
much longer in H-mode plasmas, as mentioned in the intraaluctFor Alcator C-
Mod, a particular variety of H-mode (EDA H-mode [78]) has betudied extensively.
An example of the core impurity transport properties is desti@ted in Fig.16 showing
a single Cakinjection into a 5.4 T, 0.8 MA deuterium EDA H-mode discharlyethis
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Figure 16: Parameter time histories for a 5.4 T, 0.8 MA deéuterEDA H-mode dis-

charge with a single CaHnjection (1.0 s). From top to bottom, the plasma stored

energy, average electron density, central electron tesyrey, ICRF power (and radi-

ated power) and C&" brightness.

o
o
N
o

case the core impurity confinement time was 154 ms, nearlyréer @f magnitude
longer than seen in the I-mode plasma of Fig.13, which haddhee ICRF power and
Ohmic target density, similar stored energy ang ldonfinement factor. In EDA H-
mode there are increases in both the electron density anmetatare which contribute
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to the increased stored energy, and the formation of edgespedd in both density and
temperature. This longer impurity confinement time is dusiglyy to reduced core
diffusivity but mainly due to the presence of a neo-claddika inward pinch in the
vicinity of the pedestal density gradient [8, 9, 11, 12, 18, 16, 18, 19]. In L- and
I-mode plasmas, there is no density pedestal [47, 48, 480%nd hence no strong
inward impurity pinch at the edge.

Although the magnitude of the core impurity confinement tisvauch longer in H-
mode, the scaling with plasma current appears to be sirithet observed in L- and I-
mode plasmas. This is demonstrated in Fig.17, which is a adsgn of the normalized
Cat®t brightness time histories from three 5.4 T deuterium EDA B discharges
with different plasma currents. There is a strong reductioimpurity confinement

EDA H-mode

— 0.82 MA, 154 ms -

1.0+
Y 1T 0.62 MA, 85 ms
08k --- 043 MA, 34 ms

normalized Ca'®* brightness (arb)
o
(@]
I
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00 -I Lottt v L I ?nTn’n\n\H.u 11 |”|‘:ln"nli.n'lni;ln"n'f'n'q-n
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t(s)

Figure 17: Normalized C&*t brightness time histories from three 5.4 T deuterium
EDA H-mode discharges with plasma currents of 0.82 (solil),r@.62 (dotted green)

and 0.43 MA (dashed purple).
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time as the plasma current is lowered. This is not an entiielgn comparison, since
due to a lack of density control in H-mode plasmas, theseetbigcharges had three
different electron densities: 2&.0°°/m? for 0.82 MA, 1.8x 10?°/m? for 0.62 MA and
1.4x10%°/m3 for 0.43 MA. It is not possible to rule out a potential denslgpendence
of the impurity confinement time in H-mode plasmas. The sgadif the core impurity
confinement time with plasma current for a series of 5.4 T efawh EDA H-mode
discharges is shown in Fig.18. There is an apparent stropgndience of impurity

EDA H-mode
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Figure 18: The core impurity confinement time as a functioplaéma current for 5.4
T deuterium EDA H-mode discharges, unsorted for electraside

confinement time with plasma current in EDA H-mode dischsygémilar to what is
observed in L- and I-mode, although for the H-mode disctartiee electron density
was not held constant during the current scan.

Information regarding the impurity confinement dependemcenpurity mass has
been addressed by injecting tungsten into EDA H-mode plag6#. The subsequent
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tungsten emission has been monitored with the soft x-ragyawhich is sensitive to
3d - 4f transitions near & in charge states between®V and W3+ [81] for core

electron temperatures between 1.5 and 3.5 keV. The corgitypanfinement time as
a function of injected impurity mass is shown in Fig.19 fot 9, 0.6 MA deuterium
EDA H-mode discharges within,> between 1.8 and 2:310°°/m3. There does not

EDA H-mode
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Figure 19: The core impurity confinement time as a functioimjafcted impurity mass
for 5.4 T, 0.6 MA deuterium EDA H-mode discharges, with elestdensity between
1.8 and 2.%10?°/m3.

seem to be much dependence of core impurity confinement anritppnass.

One defining feature of EDA H-mode is the presence of the QDaberent Mode,
an electron drift wave residing near the last closed fluxamgr{82], which is thought
to regulate particle transport in the absence of ELMs. Theeeno such pedestal re-
laxation mechanisms in ELM-free H-modes, and as such thiasenps are transient
in nature, suffering from impurity build-up and radiativellapse. An example of ex-
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tremely long impurity confinement in an ELM-free H-mode [BT] (5.5 T, 0.9 MA
deuterium) is shown in Fig.20. Following the GaiRjection at 1.2 s, the plasma (re-

ELM-free H-mode
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Figure 20: Parameter time histories for a 5.5 T, 0.92 MA deurte ELM-free (be-
tween 1.22 and 1.36 s) H-mode discharge with a single, @gection (1.2 s). From
top to bottom, the plasma stored energy, average electrwitgdecentral electron tem-
perature, radiated power (and, Drightness) and C&" brightness.

)entered ELM-free H-mode at 1.22 s (seg bBrightness). Unlike the Ohmic, L-, I-
and EDA H-mode cases, the €4 brightness did not decay, but remained constant,
indicating impurity accumulation [11] (and an ill defineddavery long impurity con-
finement time~700 ms from a fit). During the time interval from 1.22 to 1.36h&re
was a steady increase in the electron density and a facteoahtrease in the radiated
power (a substantial fraction of the 3 MW from ICRF), whicH te the collapse of the
H-mode. The long impurity confinement in H-mode, with theguially dangerous
neo-classical pinch for high Z materials, should raise regksfl
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V1. Discussion

In an effort to unify observations across the different aoerfiient modes, various
metrics have been compared. For example, particle (impuwanfinement is some-
times connected to energy confinement. The core impuritfinement time (from
calcium injections) as a function of confinement factgy tit shown in Fig.21. For

Impurity Confinement Time
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Figure 21: A log plot of the core impurity confinement time afuaction of energy
confinement factor k) for L-mode (asterisks), I-mode (dots), EDA H-mode (triaag)l
and ELM-free H-mode (squares). The line is a fit to the L- anchétde points.

L- and H-mode, there is a very strong correlation betweerunitypand energy con-
finement [19], as shown by the solid line. This connectiorrgkbn in I-mode, which
combines the good energy confinement of H-mode with the gmdrfévorable) impu-
rity confinement of L-mode; this is one of many attributes-ofidde which makes it
superior to H-mode. For comparison, the core impurity canfiant time as a function
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of confinement factor b} is shown in Fig.22. These points represent the full range of
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Figure 22: The core impurity confinement time as a functioermérgy confinement
factor Hyg for L-mode (asterisks), I-mode (dots) and EDA H-mode (ias).

plasma current, toroidal magnetic field, electron dengity ECRF power. There is a
bit of overlap between the L- and I-mode points; there is rargipower threshold for
entering I-mode as there is for H-mode. The I-mode pointshidmpressive values of
Hos with the excellent impurity confinement properties of L-reodt should be noted
that many C-Mod H-mode discharges do not follow thg Bcaling law [76] (or Hg),
which contributes to the large range of H factors.

One fundamental difference between I- and H-mode is thattieeno density
pedestal in I-mode. Impurity confinement time scaling witlye density gradient does
a better job of unifying L-, I- and H-mode observations, asvah in Fig.23. There
is a strong correlation between the two quantities and irsizast to Figs.21 and 22,
the L- and I-mode points overlap. This dependence of impaanfinement time on
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edge density gradient actually explains the apparentrgcalith plasma current in
EDA H-mode plasmas (Fig.18). There is a strong connectibnden pedestal density
gradient and plasma current in EDA H-mode plasmas [83], amdstrated in Fig.24.
The large density gradients at the edge of H-mode plasmasrig® to a substantial
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Figure 24: The pedestal density gradient for EDA H-modemksas a function of
plasma current, for discharges with impurity injection.

inward neo-classical impurity pinch, which leads to longirity confinement times.
This implies that the large inward impurity convection & #tdge dominates the core
impurity confinement times [75]. Similar behavior is seethie core of plasmas with
ITBs.

A summary of the impurity confinement results for differepeaational regimes
is presented in Table 1. In the second column is the range.g@fderived from the
core impurity confinement time shown in the first column. Timgy not be strictly
applicable for the H-mode discharges where the confinenmaestare dominated by
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regime 7r(ms) D (Mm?s) maxV (m/s) [Refs] strongdep. weakdep. drive
Ohmic L- LOC | 15-27 0.28-0.50 ne TEM?
Ohmic L- SOC| 15-27 0.28-0.50 ~0 [11] [ Ne ITG
ICRF L- 15-35 0.22-0.50 4 Bt ITG
ICRF I- 15-35 0.22-0.50 4 Mz ITG
EDA H- 35-300 0.025-0.22 -10 [11] vn Mz neo-cl
ELM-free H- 50-3000 0.0025-0.15 -30 [11] neo-cl
ITB accum. -100 [14] neo-cl

Table 1: Impurity confinement properties for different C-diaperational regimes.

the edge impurity pinch. In thé8column are previously derived values for the inward
convection, with C-Mod references given in thé& 4olumn. The 5" and 6" columns
indicate the strongest and weakest scalings with plasmenpsers, respectively. In
the last column is listed the predominant drive for transpBor most L- and I-mode
plasmas, ITG modes dominate. In regimes with turbulencergggion and transport
barrier formation, neo-classical effects dominate in thgibr regions; in the edge for
H-mode and near the mid radius for ITB plasmas.

Turbulence drives which rely on temperature and densitgigras are small in
the very core (r/a< 0.3) but may be significant in the steeper gradient regiors (0
< rla< 0.6) [43]. The quantityy = L,,/L7 = nVT/TVn is a measure of the relative
impact of the temperature and density gradients. The rpdidile of; for electrons is
shown by the solid curve in Fig.25 for typical Ohmic L-modeasliéy and temperature
profiles. In the mid radius region of this Ohmic L-mode disgeqn varies between 1
and 3.5; inside of r/a = 0.2 both the temperature and densitigs are very flat, and
it is difficult to evaluate. Profiles ofy for ions are similar insofar as the electron and
ion temperature profiles are similar; ion density profiles ot measured in C-Mod.
The radial profile ofy for electrons for a typical I-mode plasma is also shown by the
red dotted line, and ranges between 1.5 and 3.5. For a tyidicabde discharge, the
n profile for electrons is shown for comparison by the dashegmtine, and ranges
from 2.5 to 5.

VII. Conclusions

The core impurity confinement properties of L-, I- and EDA e plasmas have
been investigated using laser blow-off of Ca, Mo and W, ard tlollowing the sub-
sequent emission with a variety of x-ray diagnostics. Fondde discharges, impurity
confinement times are in the range from 17-35 ms, resultiri@,inbetween 0.22 and
0.45 n?/s, and the transport can be characterized as anomalou©Hroic plasmas,
there is very little difference between impurity transpoitOC and SOC regimes, and
little dependence of impurity confinement on toroidal magngeld or background
ion mass. For ICRF heated L-mode plasmas, the impurity cemfémt time increases

31



eta_e
w
I

L L L
1100308028, 1120706022, 1100308019

0.70 0.75 0.80 0.85
R (m)
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with plasma current and decreases with input power. Thegtlependence on plasma
current and weak dependence on magnetic field suggests ihabtjthe relevant pa-
rameter. Impurity transport in I-mode plasmas is very samib that observed in L-
mode, including the scaling with plasma current and inddpane on the mass of the
injected impurity. Impurity confinement times in EDA H-mogsmas are nearly an
order of magnitude longer. The longer impurity confinemead been linked to the
steep edge density gradient. In fact there is a strong atioalbetween core impurity
confinement time and edge density gradient across all conéineregimes. Deduced
sawtooth averaged impurity density profiles in the core areecally flat, which sug-
gests that there is a weak impurity pinch inside of~/a.3.
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