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Evolution of m easured profiles of densities, tem peratures, and velocitdes in the edge pedestal
region betw een successive ELM  (edge-localized m ode) events are analyzed and hterpreted In
temm s of the constraints in posed by particle, m om entum and energy balance in order t gain
nsights regarding the underlying evolution of trangport processes I the edge pedestal betw een
ELM s n a series of DD [J. Luxon, Nucl. Fusion 42, 614 (002)] discharges. The data fiom

successive nter-ELM periods during an othemw ise steady-state phase of the dischargesw ere com -
bined mto a com posite nterELM period for the purpose of mcreasing the num ber of data points
Tn the analysis. V aration of diffusive and non-diffusive oinch) particle, m om entum , and energy
transgport over the mterELM period are terpreted using the GTEDGE code for discharges w ith
plsma curents from 05 t©o 15 M A and InterELM periods from 50 to 220m s. D iffusive trans-
port is dom nant for g< 0.925, while non-diffusive and diffusive transport are very large and
nearly balancing in the sharp gradient region 0 925 < g< 1.0.Durng the nterELM period, dif-
fusive transport ncreases slightly m ore than non-diffusive transport, ncreasing total outw ard
transport. Both diffusive and non-diffusive transgport have a stong inverse conelation w ith
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ILINTRODUCTDN

The edge pedesal is an In portant r=gion of the plasn a
because there is experinenwal’ and theortical’” evidence
that overall plasm a perform ance depends on the edge pedes-
@l param eters. The sharp gradients found 1 the edge pedes-
talduring high-confinem entm ode © -m ode)*® operation are
thought t© be clossly rlated to the creased confinem ent
and perform ance of this operational regin e/ ® These realiza-
tons prioritize the developm ent of a m ore com prehensive
undersanding of the H -m ode edge pedesal. The diffusive
and non-diffusive trangportm echanism s that determ ne edge
pedestal stucture and transport, and the themm odynam ic and
electrom agnetic forces present In the edge, are subjects of
ongong research. For the full success of ITER and future
devices, the cum ulative results of these efforts m ust lnclude
apredictive capability foredge trangportand profile stucture
which encompasses a broad range of operating regimes,
plasm a events, and reactordesions.

An unfortunate characteristic of nom al H -m ode opera-
tion is the cyclical occunence of edge-localized m odes’

ELM s), which can dam age reactor com ponents. E fforts to
retan the high confinem entand good perform ance of H -m ode
operation, whilke elim hating or m iigating the ELM s, have
taken several different form s In recent years,"° and high-
perform ance operating r=gin es thatdo not feature ELM shave
been deve]oped.lz"_L3 The causes of Type I and other ELM s
have been betterunderstood through M HD peeling-ballooning
theory, ™ but the transportprocesses Iwolved in wbouilding the
edge pedesal afteran ELM  to the point w here another ELM

can occuy, are less thomoughly known. The present research
seeks t© understand edge transport during the rEouilding pro-
cess, which reconstructs the sharp edge gradients after every
ELM .A betterundersanding of the rebuilding process and its
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main drvers could contrbute towards ELM m igation or
elin mation efforts that focus on preventing the plasm a fiom
rmaching a satewherean ELM s lkely to occur.

The purmpose of the present research is to enhance the
understanding of the edge pedestal, contribute t© efforts to
olve the ELM problem , and contrbute to the developm ent
of a predictive capability forboth. To this end, the m easured
evolution of plasma parameters between ELM events is
nterpreted n tem s of the underlying evolution of diffusive
and non-diffusive transport. Specfically, we nterpret the
transport from  the evolution of m easured density, tem pera-
ture, @aton, etc., profiles, wking nto account both non-
diffusive effects due t© electrom agnetic forces foarticle
pinch) and ion-orbit Joss) and the requirem ents on the defini-
ton of the particle diffusion coefficient in posad by m om en-
tum balance, In order to identify those other transport effects
that must be accounted for by neoclassical and turbulent
transport, but we do not undertake a com parison w ith spe-
cific diffisive transport theories. (n this latter regard, we
note the experim ental evidence for ms@abilites present in the
pedesal rehuilding*®*® but do not firther address this topic
n this paper.) The present work is a bmwadly expanded
follow -up o the one described mRef.17.

The ELM s linked to this research are successive, Type I
(arge, wlatively low friequency, heating pow er dependent®)
ELM s Tn H-mode on D IIID , and the analysis is perform ed
for four DIID chots wih different plasma cunents.
Interpretation of this data is perform ed In the context of par-
tcle, m om entum |, and energy balance constraints on asfine a
tin e scale as possble n order to faciliate the identification
of mterELM evolution pattems. The m easured plasm a pro-
file evolutions and varations thereof w ith cunent are pre-
gented In Sec. II, w here the procedures for reducing the data
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to a form am enable to analysis are also described. Section ITT
discusses the terpretive m ethodology . The Iterpretation of
diffusive and non-diffusive transport and heat transfer n
these discharges is presented In Secs. IV and V . Conclusions
are summ arized In Sec.V I.

II. EXPERMENTAL DATA FROM DIID DISCHARGES
A .Data selection, procedures, and organization

The four shots selected for analysis are all D IIT-D **
ELM Ing H-mode chots fiom the same set of experim ents
with plasma curentsof 15,12,10,and 05 MA .The 15,
10,and 05M A dischargesw ere partofa current scan, being
gim ilar In other respects, while the 12 M A dhot was the
reference discharge for the scan, ncluded to Investgate
if signfficantly different plasma geometry affects cument
dependence found am ong the other three discharges. T a
right hand system , the positive toroidal direction is counter-
clockw ise when the tokam ak is view ed fiom above, and the
positive poloidal direction is dow nw ard at the outboard m id-
plane. For these shots, the toroidal plasn a cunent w as posi-
tve, the toroidal m agnetic field negative, and the neutal
beam was In a co-cunent configuration.

M ost of the imporant propertes of the curment scan
shots were approxin ately equal, with a toroidal m agnetic
fiedofB,% 211T,amajprmdiusofR% 1.76m ,am hor
radius of a% 059m, an elngation of j% 1.73, a beam
powerPo., %4 42M W , and a Jow er single null divertor con-
figuration. The reference shot 12 M A) had a different ge-
om etry than the cunent scan discharges, w ith an elongation
of j % 1 83, differentupperand low er trangularities, a larger
volum e, and the x-point located directly on the floor, rather
than above it. These properties, along w ith a slightly lower
toroidalfield stengthof B, % 2.06 T and a few otherm inor
differences, cause the reference shot 12 MA) da@a to be
som ew hat different fiom the cunent scan shots (X 05, 1,
and15MA).

This analysis ussd the established practice’® of constmct
g a composie nterELM period fiom a set of successive
terELM periods, all occundng during the quasi-steady-state
porton of an ELM Ing H-mode D D discharge. The nter-
ELM periods and quasi-steady-sate Intervals used to constmict
the com posite period for each of the four shots are shown n

Phys.Phsmas22,022508 (015)

The fourth plot In Figure 1 clearly shows that the
05M A shot mcluded many ELM s exhbitng “dithering”
behavior?® This is chamacterized by the presence of subse-
quent, am aller peaks occurring inm ediately after the large,
Tnital peak 1 the divertorD , signal w hich m arks the ELM .
The dithering behaviorw as not present n the higher-cunent
shots, and In order to m axin ize sim ilarity am ong the four
composie terELM periods being exam ined, i was
decided t© exclide from analysis those mterELM periods
exhibitng this “dithering” behavior forthe 0 5M A chot.The
nterELM periods In the quasi-steady-state period of the
05M A shot that were Included 1n the analysis are denoted
bya'p” nFigurel.

The ion data utlized in this research were gathered
ushg the DIIID CER CXRS diagnostc system ,*° and the
electton data w ere gathered using the D TITI-D Thom son laser
system 2° The measured data fiom each mterELM period
w ithin the tim e selection black recangles n Figure 1) were
com bined nto a com posite nterELM period foreach shot,
and these composite nterELM periods were then part-
toned nto chronologically ordered fractions of the whole,
hereafter referned to as ntervals. A coounting for m nin um
data quantity requirem ents and a desire for nanow time
ntervals (for high tine resolution), a mhinum hterval
w idth was found foreach shot. The m inimum nterval frac-
tonalw idth (©of the com posite nterELM period) fora shot
w as dependent on the num ber and length of the mterELM
periods In the tim e selection forthatshot.

The ELM event dismipts edge transport, breaks field
lines, and transports large quantities of particles and heat t©
the cham berw all. This study exam nes the rebuilding of the
edge pedesal and other param eters betw een these events,
and excludes the phenom ena that occur as a direct result of
the ELM . Tn orer to ensure the exclusion of transport
directly associated w ith the ELM  event, the divertorD , sig-
nal (chown in Figure 1) was closely m onitored for the large
oikes n this m easurem ent that are generally understood t©
mark the occurrence of an ELM . The first nterval of the
com posite nterELM period for a chot was begun after the
end of the longest of all of the leading ELM events In the
tim e selection for that shot was complete. An example is
Tustated n Figure 2.

The nterELM period param eters are summ arized I
Table I foreach shot, mcluding the m minum hterval w idth
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FIG. 1.The divertor D, signal
l ‘ fphotonsg) used to dentify ELM s for
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FIG .2.A smpl hterELM period forthe 1 5M A shot. The shaded area is
considered to be part of the ELM event (0% -5% of the nterELM period).
The first Interval to the right of the ELM  event is the m inimum w idth for
this shot (5% ), and spans fiom 5% t© 10% ofthe mterELM period.The sub-
sequent ntervals represent 10% -20% , 20% -30% , 30% -40% , 40% -60% ,
60% —80% ,and 80% -99% of the com posite nterELM period.

and the longest leading ELM event duration. The m Inin um

nterval width (est tine resolution) for a shot is directly
rlated o the ol length of tim e elapsing between ELM s In
the tine selection for that chot. M easurem ents show that
plagn a param eters change m ore @pidly early in the hter-
ELM period; for the chronologically early ntervals in the
com posite mterELM period, the m ininum Interval w idths
are used, w hile coarser tin e resolutions are used n the later
nterwals (usually a resolution of 20% , sartng wih the
40% -60% Interval,asshown n Figure 2).

The Intervals of the composie terELM period for
each of the shots are shown in Figure 3. The rlationship
betw een the fractional w idth (of the com posite mterELM
period for each shot) that an Iterval possesses, and the
length of the same Interval n absolute time, is digolayed
graphically. The location of the ntervals from each shotand
their w idths, with respect to absolute tine, In wrlation t©
those of the mtervals of the other shots are also digplayed.
The 15M A dhot, In the uppem ost position, has the Iongest
average nterELM tm e of 220m s for each shot, and there-
fore, its ntervals collectively goan the largest space. Due t©
Soace constaints and for clarty, only five ntervals are
show n foreach of the four shots In m ostplots in the paper.

TABLE I.Chamcteristcs of the selected ELM ing H-mode D III-D quasi-
steady-sate period from each shot. Percentages are the matio of the mterval
w idth to the total com posite nterELM period of the shot, and “best tine
resolution” In the text refers o the highest tim e resolution m ninum hter-
valw idth) available for the com posite interELM period of each shot. The
last colum n notes the end of the w idestD 5 spke of any leading ELM event
I the selected nterELM periods foreach shot.

Longest
Average Num berof M Ininum leading ELM

Plhama nterELM nterELM nterval event
curent I, period periods w idths duration
05 54ms 13 selected 175% 75%
10 156ms 13 75% 75%
12 125ms 4 10% 65%
15 220ms 6 5% 5%

Phys.Phsmas22,022508 2015)
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FIG . 3.The Intewvals of the composite interELM period for each shot,
shown in absolute tim e. The shaded area represents the length of the w idest
leading ELM event of the mterELM periods In the shot, while the black
lines represent the end of the com posite nterELM period foreach shot. The
continuous vertical Ines In thisplotare located at 0, 55,110, and 220m s in
absolute tim e.

The shortaverage nterELM period length ( 55m ) for
the 05M A chot 1im ied the length of the analysis period and
the m axinum tim e resolution for this shot. To counter these
lin iations, the location of the end of the longest leading
ELM event was determ Ined In a m ore aggressive m anner,
while sdll attem pting to fully exclude it from the first nter-
val. Consequently, for the first nterval (7% -25% ) ofthe 05
M A shot, there is a higherchance of the m easured data being
contam mated w ith ELM  transport processes than forthe first
Tntervals of the other chots.

Once the ntervals w ere created foreach shot, data anal-
ysis scripts w ere used to faciliate the process of fitting pro-
files to the measured data contained n each Interval. The
script autom atically fitted the electron data w ith “anh” fits,
w hich generally approxin ated the plentifll TS electron data
trendsw ell, and the ion data w ere fitted w ith spline fits.Due
o a lim ited quantty of measured CER data availeble for
these shots, the autom atically generated spline profiles fitted
to the ion data w ere less accurate, and had t© be m anually re-
vised. These fitted, continuous profiles were sampled at
tw enty-five polnts In the plasm a edge, starting In the flattop
region atq¥% 0.86 and ending at the separatrix % 1).0 ther
data necessary to sinulate the expermental plsna were
retrieved from the D III-D M D SPlus database, and all the
gathered data were compiled for nput to the GTEDGE
code,'?* which was used t Iterpret edge transport proc-
esses. Input to the Interpretive GTEDGE code consists of the
m easured edge profiles of density, tem perature, velocites,
etr., plus experin ental patam eters such as confinem enttin e,
line average density, central density and tem perature, radia-
ton 1ates, In purty concentration, etc., that are used to char-
acterize the background plasm a. A n em phasis w as placed on
m axin izing the use of experim ental data or values tradition-
ally nferred fiom experment (such as the radial electric
field) . The values of other quantities needed for the analysis

eg., recycling neutral density) were calculated or inter-

preted fiom experim ental data using GTEDGE . The equa-
tons used n GTEDGE for the nteypretations are discussed
later In the paper n conjunction w ith the results.

Once the plagm a was sin ulated using GTEDGE , several
m odel param eters were tuned to ensure the best possible
m atch between the sinulated background plasma and the
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experin ental plasm a. The experin ental param eters m atched
were the energy confinem ent tine, lne-averaged density,
central dengity, central tem perature, and plasm a density and
Emperature at the top of the pedeszl. These param eters
were m atthed by adjusting cornresponding quantites n the
smulation, ncliding the pambol-to-ajpower chape of
the density and tem perature profiles, and the height of the
tem perature pedesal, then updating the simulation. This
exercise was m ostly done using an autom ated script devel-
oped for this purpose, but given the offen nonlnear relation-
chips between the pairs of quanttes, the tuning process
som etim es required com plem entary m anual operation to be
fully com pleted.

B .Experin entalD IIID data

The jon quantities m easured w ith the CER system on
DIID inclide the ion tem peratures, densities and poloidal
and toroidal wation velocites,** #* whilke the Thom son laser
sysem on D IIT-D m easures electron densities and tem pera-
tures?® The election density profiles are shown I Figure 4,
and digplay the fam iliar “edge pedesal” stucture associated
w ith H -m ode operation. The stuctures of the electron den-
sity profiles atdifferent radiiw illbe Jabeled and used to efer
o the conesponding area of the edge region throughout
the paper. The “flattop region” is the mner part of the
edge, w here the density is relatively constant (@< 095 in the
15MA shot). The “top of the pedesal” is the area where
the densitiesbegin to decrease 095< g< 097 nthe15M A
chot), and the “charp gradient region” Mpedesal” is the area
betw een the flattop r=gion and the sspamtrix > 097 In the
15MA chob).

The electron density appears to Increase m onotonically
I the flattop r=gion as the pedestal is rebuilt, but the tine
difference betw een the profiles isnot constant. T reality, the
electron density pedestal height changes nonlinearty w ith
tme, mcreasing fastest mmediately after an ELM , then
gradually slow Ing as it approaches an asym ptotic pre-ELM
value (pefore the subsequent ELM , represented by the
80% —99% mterval profile). This nonlnear evolution w ith
tm e is seen In the evolutions of the other plasm a profiles.
The absolute maxinum density ssen in the edge for each
chot is found at the end of the mterELM period, and the
m agnitude of thism axin um Increases as cunent ncreases.

Early in the mterELM period the density increases n
the flattop r=gion, but itactually decreases in the sharp gradi-
ent region. This evolutionary trend becomes more pro-
nounced at Iow er currents. A very sm all decrease is found in
the charp gradient region for the 15 M A pedesal electon
densities, but a decrease of nearly a thid is found n the 05
M A shotatq 096.The ttrend is also seen I the deuterm
densities, and strongly in plies the presence of w ard trans-
port forboth particles betw een ELM s.D uring the mterELM
period, the top of the pedestal ncreases n value and m oves
ward as it is wbuilt, sharpening the edge gradients, and
w dening the pedestal. The deuteriim density profiles are
sim ilarto the electron density profiles, butw ith a Jow erm ag-
nitude due to the presence of I purities. They evolve Tn tine
and w ith current n sin ilarw ays.

Phys.Phsmas22,022508 (015)
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FIG . 4. The m easured electron density profiles. For clarity, the Y axes dif-
fer n scale. For this plot, and m ost others In this docum ent, the data fiom
the earliest nterval In the com posite nterELM period, the Interval in m edi-
ately afterthe ELM , is represented by the trendline w ith the shortest dashes.
As the end of the composite nterELM period approaches, the dashes
become longer, and the density of the lne becomes higher, wih the
60% -80% mntervalbeing nearly solid. The last nterval before the ELM , the
80% —-99% slice, is represented by a o0lid Ine. This progression is clear n
4 @), above.

The npurity density fraction (f;) generally decreases
n the charp gradient r=gion, and ncreases nside of it
throughout the mterELM period. This pattem ism ostclear
n the highest cunent shot with the best confinem ent.
Between ELM s, the In purity density show s sim ilar trends
to those seen In the electron density profiles, slightly
decreasing In the sharp gradient region and ncreasing in
the Inner edge. A s confinem ent decreases w ith decreasing
current, the inpurity density decreases nonlinearly, w ith
the maximum flattop value dropping from  0.0375 in the
15MA chotto 0.032 nthelMA shotto 0.0059 I the
05M A shot.

The electron tem perature profiles in Figure 5 also show
a non-lineargrow th 1ate that is larxgest early n the rebuilding
process, and have profile stuctures and evolutions sin {larto
those of the electron density . H ow ever;, there is no prom nent
decrease In tem perature I the sharp gradient region. A 1o,
no conelation betw een m axin um tem peratures and plasm a
cunent is apparent n the electron tem peratures.

The ion tem perature profiles are shown in Figure 6. The
cliff-like pedestal shape of the electron density profiles isnot
found in the Jon tem perature profiles, w here the “edge pedes-
@l” is much less defined. hstead, the profile gradually
decreases throughout the edge, w ith a slight change in slope
Indicating the presence of an ion tem perature “pedes@l”
eg.,qg 091inthelMA shob.
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FIG .5. The m easured election tem perature profile evolution.

Between ELM s, the ion tempemture rbuilds, and it
does 0 Tn away thatvaresw ih cunent. hthe 1 5 M A shot,
tem peratures near the separatrix rise faster throughout the
hterELM period than those further Inw ard. H ow ever, n the
05 MA shot, the tem peratures near the separatrix actually
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FIG .6. Them easured ion tem peratre profile evolution.
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decrease In the first part of the shot, finally rising near the
end of the mterELM period. The tem permture r=building
patemsnthe12 and 1 M A shots seem o lie betw een these
tw o extrem es, w ith a m ore consistent rebuilding pattem that
stdll exhibits radial dependence. This variation in nterELM

Jon tem pemture reouilding pattems is the main effect of
changing currentm agnitides on the ion tem perature profiles.

The carbon poloidal rotation velocities for the four shots
are shown In Figure 7.A s discussed In Sec. TIA , a positive
valie n Figure 7 inplies a downw ard velocity at the out-
board m idplane. The carbon poloidal rotation velociy pro-
files form a negative well In the sharp @density) gradient
region, and the w ell generally decreases in w idth throughout
the mterELM period. The characteristics of this well stuc-
ture change subsantially across the cunrent scan. Tn the 15
M A chot, the m ninum of the wlhatively shallow velociy
well isaround 7 5km /& and despens w ith decreasing cur-
rent, reaching awellm inimnum of 20km &I the 05 MA
chot, and developing steeperw ellw alls.

These velocity evolutions exhibit a slight “overshoot”
behavior, n which extrem e profile values are reached m id-
way between ELM s then relax som ew hat tow axds the end of
the mterELM period. This feature is well fllustated 1n all
the pots m Figure 7, as the “asymptotic” pre-ELM

(80% —99% ) prcfile is mrely atan extrem e. Sim ilar overshoot
behavior is found 1 the sharp gradient region of m any other
plasm a param eter profiles exam ned in this analysis, such as
the com posite toroidal mom entum  transport frequency and
the radial ion flux.

The carbon toroidal rotation velocity shown in Figure 8
decreases m onotonically w ith radius throughout the edge.
N o cleartrends In m agnitide w ith cunentare found.
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FIG .7. The m easured carbon poloidal motation velocity profiles.
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The CER-measured carbon density, tem perature, and
toroidal and poloidal mtaton velocites are used (@long
w ith m agnetic field stengths) to calculate the radial electric
field®* fiom the equilbbriim carbon mdial force balnce
equation
@p]n{] easp B meas

ET® Y% —— nV e

meas
e B,V s @)

EEn

The adial electric field profiles for the four shots are shown
nFigure 9.

The carbon poloidal wtation velocity has a song influ-
ence on the values of the radial electric field. Tn the sharp
gradient region, the pressure gradient term and the poloidal
velocity term com bine to create a negative well In the radial
electric field. Genemally, the well despens throughout the
terELM perod, and alo exhibits considerable overshoot
behavior in the sharp gradient region where the negative
wellis found.

A s cunent m agnitude changes, there are a num ber of
trends that are detectable. The radial electric field becom es
more negative across the edge w ith decreasing cunent, a
trend caused by a lwger pressure gradient em (due t©
am aller densities) and decreasing negative poloidal rotation
velocity values. The w idth of the well also Increases slightly
w ith decreasing cunent, a result of the larger extent of the
charp gradient r=gions In the low er cunrent chots. For exam -
ple, fiom the 15M A chotto the 1 M A chot, the w idth of the
mouth of the E, well for the pre-ELM 80% -99% interval
ncreasesabout25% from Dg 006 oDg 0.075.

Typical ervor bars on the m easured data are given and
discussed mRef.17.
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FIG . 9. Experin ental radial electric field.

IT.MOMENTUM AND PARTICLE BALANCE
CONSTRANTS ON PARTCLE TRANSPORT

Tn this section, w e com bine the toroidal and radial com -
ponents of the momentum balance equation t© derive a
pinch-diffusion equation for the radial ion flux and t© pre-
scribe the diffusion coefficient and electrom agnetic pinch ve-
Jocity thatare required by m om entum balance. W e also note
that In the edge plaan a, som e of the m ore energetic therm al-
ized Jons can access orbits that exit the plasm a, and nstanta-
neously be lost from it. To take these losses nto account, we
presentan ion orbit loss correction to the radial ion flux flow -
ng In the plasma. Ih Sec. IV, we will use the da@ of
Sec. IIB to evaluate the particle diffusion theory and pinch
velocities prescribed by m om entum  conservation, and calcu-
Jate the diffusive and non-diffisive radial particle fluxes.

A .Radialin particle trtansport

During the ELM event, there isa larxge flow ofplasna n
the edge directed 12dially outw ards tow ards the first wall,
much of w hich gets sw ept Into the divertor. A s the pedestal
wbuids mmediately after the ELM event, opposiely
directed Inw ard flow s of ions are necessary t© replace the
Jons Iost through the ELM  and rebuild the pedestal stucture.
There are ssveral fimdam ental trangportm echanian s thatare
Twolved In this rbuilding of the edge pedestal throughout
the nterELM period. For the ons, m om entum conservation
requires that the follow Ing forces rem ain in balance: () toroi-
dalangularm om entum exchange w ith other ions and neutral
atom s via collisions, (ii) visocous and inertial torques exerted
Tn the plasm a due to ion buk particle flow s, (i) electrom ag-
netic VxB , electric field) forces, () them odynam ic forces
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foressure gradient), and (v) extemal forces €g., momen-
twm exchange w ith neuttalbeam particles) . The loss of par-
tcles, energy, and momentum by ions that access
unconfined trajectories, or loss orbits, and hearly) hsanta-
neously exit the plagn a across the separatrix, m ust also be
taken into account.

The collisionalm om entum exchange frequency betw een
m ain deuterum plasm a ions denoted by subscript j) and the
carbon in purity ions (subscriptk) is represented by the colli-
sion frequency 4, and can be calculated fiom m easured
data. In this paper, other types of toroidalm om entum trans-
fer in the radial direction, Including charge exchange and the
outw ard m om entum flow due to viscous and Tnertial torques,
are represented by the com posite radial transport frequency
of toroidal angular momentum , 4. GTEDGE calculates
neutral recycling using a coupled m odel of ion particle bal-
ance on the core plagan a, a 2-pointm odel for the jon flux ©
the divertor plate, and a 2D ntegral transport calculation of
recycling neutrals o the plasna edge?® This com posite
frequency w ill be refered to as the drag fiequency, and is
m agnitude w ill be hterpreted from toroidal rotation m eas-
urem ents*®> The electiom agnetic VxB forces, the electio-
static E, and E, forces, and the external beam m om entum
put M ,; are represented explicitly In the ion m om entum
balance equation, the radial and tomoidal com ponents®® of
which are
1 @p;

— @)

1
V4 — E Vhs
/3% Bn rb nf/ nsg @r

Bhejcrj% njmjé djp T4m 4 j{v/k M /jp njejE]?:

€)

¥B/5

n these equations, V refers to particle fluid velocity, electric
fields are denoted w ith an E and m agnetic fieldswih a B.
D ensity and charge are represented by n and e, and the m o-
mentum exchange ( ) fiequencieshave already been defined.
Sin ilar equations are obtamned w ih the “k” and “J" sub-
scripts Interchanged for the in purity ion species.

The ion radial particle flux In the plasm a exerts a torque
that produces toroidal and poloidalflow s of the plasm a ons.
Fora tw o-species plasm a m odel, the radial and toroidalm o-
mentum balance equation com ponents Egs. ) and 3)) can
be solved”™® forthe radial deuterim particle flux C

;D y@p;y pinch 1,. ,bich
er % 7& I'ljvrj % l’lj Dijj p ij ;

dpj=dr
L % ———: @)

b5
The collection of term s
m 4T €y
D R B A | ; 5)

53]Bhb2 * &

isam om entum -conserving definition of the diffusion coeffi-
cient. The second, non-diffusive term In Eq. @) has a con-
vective form , w ith the electtom agnetic and extemal forces
all collected 1 the “pinch velocity™”
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The magnitide of the mdial particle flux can be
determ ned by solving the continuity equations using the
calculated recycling neutral source and neutral beam
contributions)

@Cj
@r

% 5P nanertonb Sp¥%  o3p Sy ()
@t et )

The neutral beam source I this equation is denoted by Sy,
while the neutral ionization mate is given by the expression
nenohrti, . The total source of deuterim ions is denoted
w ith Snj .

B .Dn orbitloss effects

Another in portant m echanism I edge transport is the n-
santaneocus escape of ons that access loss orbits and inm edi-
ately leave the plagna. This ion obi boss (O L) reduces the
partcles, energy, and m om entum  In the plagm a; a retum cunent
of ions fiom the scrape-off layer SOL) is required t© balnce
the charge Joss”’ and m antaih m acrosoopic plasn a neutality .
Both the in orbit Ioss and the =tum cunent are tgken o
accountusing a num exicalm 0de1??° which calculates the m in-
num enewy rmquired for a particle at a given location and
w ih a given velocity to access a possble Joss orbitand escape
confinem ent. U sing the conservation r=lations T Ref. 29, m Ti-
mum escepe enewies g ndfo D% 05mVy . & BKT] are
caloulated rum erically, end expressions for the cumulative
D L driven particle, m om entum , and energy loss fiactons n a
given plagn a atany 1adial ocation are evaluated

61
REL  C 3=2;6.4,0 df,

1

Fow % ; 8
orb 74 2C&®B—2b ( )
8,
REn  £oC 2i& e A
M o ¥ L ; 9
orb A 2C62P ( )
3,
REL  C 5=2;&1a, Af
Eofo % 1 (10)

2C&=2Pb

Here, For @), M o @), and Eoy, (@) are the radially cum ula-
tve Joss fractions for ions, m om entum , and energy, regpec-
tvely, that escape across the separatrix, calculated from
conservation of energy, magnetic mom ent, and canonical
angularm om entum >° The fimctions C 1) and C (1x) are the
gamma and noomplete gamma finctons, respectively,
while £, denotes the directional cosine of the particle veloc-
ity w ith respect to the m agneticfield.

R¥L s the fiaction of particles crossing the sepamtrix
that do not retum Into the plasn a. There is ongoing w ork to
define this fiaction, and our best present estim ate is that
about half the ions leaving the plasn a across the separatrix
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are on orbits that retum nto the plasn a. Thus, the assum p-
ton ism ade forthis paperthatone half of the particles calcu-
lated to leave the plagn a do not retum and are actually lost,
RPL % 05.The cum ulative fiaction of to@l ions lost, Fouy, at
each mdial location is shown in Figure 10 fwith RYL% 05).
These calculations take Into account the m easured variations
of the radial electric field over the terELM period and
their effects on the ion orbit loss.

The cum ulative ion orbit loss fracton is sm all except n
the outer 5% of the plasm a radius, where it ncreases rap-
dly t 30% -40% of the jons just inside the separatrix. The
Fop is Iversely conelated w ith cunent, and changes very
little w ith tin e over the nterELM nterval. The energy loss
Eop Variation is sin flarto thatof Foy, shown In Figure 10.

The value for the radial ion flux derived from the contd-
nuity equation Eqg.(7)) mustbe reduced by the ions which
escape confinem ent through D L, and further reduced by the
com pensating Inw ard cunrent of ions necessary t© m antain

plasm a neutaliy?’
CoPY W 2F )b Corb: 1)

A quantity directly m odffied to account for © L effects w i1
be denoted w ith a carat. The r=adial jon flux profiles used In
this analysis are calculated directly fiom the continuity equa-
tdon and corrected for ion orbit loss, as Indicated In Eq. 11).
Figure 11 compares the calculated radial ion flux profiles
Just before and justafteran ELM event for different values
ofR'ﬁ%S.

Figure 11 chows that a large fiacton Foy, of the ions
flow Ing radially outw ard In the plagm a becom e fiee-saeam ng

Phys.Phsmas22,022508 (015)

Jons on orbits that escape the plasma I the outer radal few
percent of the plasm a. The Joss fraction depends on the frac-
tion REL of the jons exiting across the separatrix w hich do not
retum Iw ard across the separatrix t r=pin the ions flow Ing
outw axd In the plagna. Since these free-sream Ing ion-orbit-
Joss ion are not being transported 1 the plasm a, they should
be sibtracted fiom the ol wdil particle flux caloulted
from the continuity equation before that radial flux is used t©
Tnterpret particle transport n the plagn a edge. Sin ilar conrec-
tons are needed for the outw axd flux of energy and m om en-
tum by ion-orbitloss.

In the higher cunent shots, the O L effect is concen-
trated near the ssparatrix, but as the curnrent decreages, O L
becom es m ore substantial further Inw ard in the sharp gradi-
ent region. This increased effect in the sharp gradient region
as cunent decreases is shown In Figure 10, and is most
prom nent n the 05 M A shot. Taking the retum cunent nito
account ncreases the nfluence of even an all levels of ion
o1bit Joss. The variations In the 1adial ion flux profiles w ith
changing REL, shown i Figure 11 forthe 1 MA shot, are
representative of the variations In the other chots.

Because ions are Jostdue to DL, and because counter-
cunent ions consttute a digproportonate chare of the
Josses”® them om entum Ioss Eq. ) due © DL ispreferen-
tally countercurrent, which causes an Intrinsic co-cunent
wtation I the edge plasma where ©OL is high. An expres-
sion for the net paralle]l counter-currentm om entum  loss ate
due © DL ushg the momentum loss mte Eq. 9))*° can be
used o calculate the ntrinsic co-motation caused by DL

S
2KT80P

m;

anj@ % pTiM ob143IP 12)
A sin flarequation defines the ntrinsic O L rotation velocity
associated w ith the carbon im purity by exchanging the “§’
subscripts w ith “k” subscripts. B ecause of explicitm ass de-
pendence n Eq. (12), and the inplicit m ass dependence n
M o, the Iirnsic rotaton velocity of carbon is nearly an
orerofm agnitude sm aller than fordeuterium .

The momentum balance Egs. @) and @), take colli-
sional, visocous, nertial, extemal, and electrom agnetic forces
Tnto account explicitly, but do not explicitly account for ion
orbit loss of angularm om entum . Com ponents of these m o-
mentum balance equation are used to infer experm ental
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FIG. 11.Towl rdil on flux just before (80% -99% ) and just after
(7% —-15% , dem arcated w ith “x”) an ELM forthe 1.0 M A shot, and fordif-
ferentvalies of REL .
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momentum transfer mates, which have a larxge ifluence on
the mterpretation of edge transport. For consistency, n the
transport calculations utilizing the m om entum balance equa-
tons, when “experim en@l” carbon and deuterim rotation
velocites are either m easured or constructed from  experi-
mental data, they mustbe conected for O L effects. To cor-
rect for DL effects, the carbon toroidal mtrinsic ©OL
rotation velocity is subtracted fiom the m easured carbon to-
midal wtation velocity .

V% Vi Ve, a3)

Sin ilarly, the deuterim htrinsic DL toroidal rotation ve-
Tocity V5™ must be subtiacted fiom the constucted deute-
rum toroidalvelocity.

NV.RADRL PARTICLE TRANSPORT NTERPRETATDN

The experimn ental data presented In Sec. IT are Inter-
preted in this section In term s of the m om entum  and particle
balance constraints of Sec. IIT. The deuterim radial particle
fluxes calculated from the continuity equation and correctad
forOL are shown m Figure 12.

The outw ard radial ion fluxes peak I the sharp gradient
r=gion due to ionization of recycling neutrals, and decrease
just mside of the sepamtrix because of ion orbit loss.
Significant overshootbehavior is found n som e of the shots.
Aside fiom this, a general increase is seen during the nter-
ELM period.

The 1adial ion flux values ncrease across the edge w ith
Jow er current, the largest increase being In the sharp gradient
region, and an nw ard shift of the sharp gradient region w ih
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FIG .12. The radial deuterium ion flux profiles accounting forO L.
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Jow ercurnent is also seen . This chift, and the Increase In ped-
estalw dth thatacoom panies it, have been seen In severalpa-
1am eters, and w ill have a significant effect on the stucture
of the nterpreted edge transportprofiles.

The radial ion flux profile of the first interval I each
shot dem onstrates Interesting behavior, being negative and
Twardearly nthel 5M A and 1 M A chot. The large Type
IELM s in these shots expel significant quantities of ions,
which must be replaced to rebuild the density pedestal
before the next ELM . This early Influx of particles is
largely a result of this m echanism . The flux profile for the
first mtervalof the 05 M A shotm ay not reflect this influx
for several reasons; two likely candidates are the lower
tim e resolution available for this shot, or the possibility
that the outward flux from the ELM event may stll be
nfluencing the flux I this interval, despite efforts t©
exclude it.

A .The diffusive particle flux

The total radial ion flux can be calculated from particle
balance using the continuity equation, the known neutral
beam source, and the calculated recycling neutral ionization
source. A s discussed, a fiaction of the ion flux so calculated
is In the form of fire-stream Ing ion-orbitloss particles,
which mustbe com pensated by an Inw ard ion current, both
of w hich reduce the ion flux actually being transgported In the
plsma. W hen this ion-orbitloss conection is made, the
rem ainng net ion flux n the plasna (Ehown n Figure 12) is
described by the pinch-diffusion relation Cr% ndD il
b ijjndlp Eg. @)], where Dy % % 1pb —jj g Eq.
(5)].The diffusive flux is the first term of the pinch-diffusion
rehtion: Cf % nP L} % nPA, b LjP The quantty

x 1s the deuterium ~carbon collision frequency w hich can be
calculated using the m easured density and tem perature. The
quentity 4 is the deuterim toroidal angular m om entum
transport frequency due t© viscous, nertial, charge-exchange
and possibly otherm echaniam s. This is not presently known
from firstprinciples but can be nterpreted fiom  the m eas-
ured toridal rotaton velocitdes of both species, when they
are m easured. In this shot, only the carbon tomidal rotation
ve]oci’qzv/":f:p wasm easured, and it is necessary to use a per-
turbation estin ate® of the difference between the carbon
and deuterim toroidal velocities DViﬂt. The estim ated deu-
terim toidal wtation velocity V55T % VAP DV was
then corrected for the calculated ntrinsic rotation due to ion
otbit oss™® t© cbtain the I L-conected deuterium  toroidal
mwtation velocity

V% Vi DRy, 14)

Tn the perturbation m ethod,”® a leading order expression
for the drag frequencies of both ion species is derived from
toroidal mom entum balnce Eq. B) ushg Egs. (13), (14),
and (11) to represent the carbon and deuteriim corected to-
roidal rotaton velocites, and the conected r=dial ion flux,

respectively,
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The first orer pertutbation estinate of the difference
betw een the deuterim and carbon rotation velocities can be
cbtained from Eq. B) usihg perturbation theory
h . i
A
DVE BreCyb l‘l’l/jb nef, Dy vk o)
B0 kb ab

This provides an estim ate of the drag frequency, vg;, and the
velocity difference, DVE’% which should be tustworthy
when the deuterim toroidal wtaton velociy is sin ilar to
that of cartbon. The drag frequency profiles calculated using
this m ethod and the ion-impurity momentum tansfer fre-
quency vy profiles are shown In Figure 13.

The structures of both of these profiles have a substantial
in pact on trangport In the edge. During the nterELM pe-
riod, the collisional friequency ( n/T°%?) fcreases in the flat-
top region, but generally decreases In the charp gradient
region as confinem ent tin e Increases. A t all cunents exam -
Tned, the collisional frequency dom Thates the drag frequency
throughout the Inner edge, although the difference betw een
the tw 0 nanow s at Iow er currents.

Near the sgparatrix, the rlationship between the two
frequencies is stongly dependenton the value of the cunent.
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FIG . 13.The ion-inpurity collisional toroidal momentum tansfer fre-
quency 4 and the com posite toroidalm om entum transport [dag) frequency

45 profiles evolve acmoss the composite nterELM period. The diag fre-
quency profiles are dem arcated w ith “x

The peak value of the collisional frequency is associated
w ith the Jocation of the top of the density pedestal. A s the
collisional frequency decreases and its peak m oves inw ard
wih lower cunent, the drag fiequency mcreases, and is
pesk alo shifts nw ard.

The drag fiequency becom es signficantly larger than
the collisional frequency near the separatrix n allbutthe 1 5
M A shot. The cause of this peak near the edge can be deter-
m ned from Eqg. (15), which isused to mterpret the dag fre-
quency from the cartbon toroidal wtation velocity Figure 8)
and the radial ion flux Figure 12). The dag fiequency gen-
erally mcreases overthe mterELM period in the sharp gradi-
ent r=gion, but alo exhibis overshoot behavior, which
lessens at low er cunrents.

The conected deuterim toroidal motation velocites
found from Eq. (14), and the deuterim toroidal 10 L Intrinsic
wtation velocity calculated from Eq. (12) are shown In
Figure 15. The corrected deuterim  toroidal rotation velocity
profiles decrease throughout the edge, and are Influenced by
the mirnsic rotation m ainly near the separatrix . The ntrinsic
wtation velocity has sim ibr nterELM evolutions and trends
w ith cunent, and a rlated structure, o the loss fraction pro-
files In Figure 10. The deuterim toroidal rotation velocity
profiles m Inor m any characteristics of the carbon toroidal
1otation velocity profiles n Figure 8, justifyng the use of the
pertutbation calculation. The main difference between the
corrected carbon ot shown here) and cornrected deuterium
toroidal rotaton velocity profiles are the presence of a larger
ntrinsic mtaton velocity conection for deuterim . This is
due to a larger cumulative mom entum loss fracton M oy,
from DL for the deuterim species n the far edge, which
causes a deeper depression near the separatrix . The broaden-
ng of the ntrinsic rtation peaks w ith lower cunent is a
stuctural feature aleo found In the diag fiequency. n all
cases, a contrbutor is the broadening area of D L mnfluence
as cunentdecreases, shown  Figure 10.

The deuterim diffusion coefficient of Eq. @) that
is required by m om entum  balance incorporates the ion com -
posite mom entum  ansfer frequency vy Figure 13, Eq. (15))
and the momentum exchange firequency vy @lso Figure 13)
evaluated for the ion tem peratures, as w ell as other varisbles.
Figure 14 show s the deuterum diffission coefficientevolution.

The deuterim diffusion coefficient soongly depends on
the shape of the momentum tmnsgport frequency profiles
chown In Figure 13, and their relative soengths. A s the colli-
sional m om entum exchange frequency becom es less dom i-
nant at low er confinem ent and pressure (low er current), the
peak deuterum diffusion coefficient valuie In the flattop
=gion decreases accordingly. A lso, as the drag frequency
becom es larger 1 the sharp gradient r=gion rlative to the
collisional frequency as cunrent decreases, the diffusion coef-
ficient profile more closely reflects the shape of the drag






