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The characteristics of high-confinement mode (H-mode) pedestal are examined on the

Experimental Advanced Superconducting Tokamak. It is found that they are closely dependent on

each other between electron pedestal characteristics and global parameters for all types of edge

localized mode (ELM). The scaling of pedestal temperature based on thermal conduction and ped-

estal pressure width is carried out. Based on pedestal pressure gradient and pedestal density, six

pedestal pressure width models are applied to predict the pedestal temperature height of type I

ELMy H-mode. Compared to experimental results, the normalized poloidal beta model is more

consistent than other models. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4944922]

I. INTRODUCTION

The H-mode discharge of fusion plasma was first

observed in the ASDEX tokamak.1 At the edge of the H-

mode plasma, it is discovered a region of steep gradients in

the temperature and density profile. This region that causes

an obvious reduction in local heat and particle transport at

the plasma boundary is called the H-mode transport bar-

rier.2–5 The height of the transport barrier is called the pedes-

tal.6–8 The pedestal position is the transition point between

the edge of the plasma and the more gentle gradients of the

core plasma. In the pedestal local region, the plasma energy

confinement is increased, so it is important to investigate the

pedestal structure.

In Experimental Advanced Superconducting Tokamak

(EAST), the pedestal structure can be measured by the

Thomson scattering (TS) system9–13 that contains data every

20 ms in a typical discharge. This paper mainly studies

EAST experimental discharges with plasma current of

300–500 KA. These discharges are low hybrid and neutral

beam heated with absorbed power 2–5 MW. The density is

in the range of 0:3 < n=nGREENWALD < 0:8.

For the analysis presented here, it is characterizing the

pedestal with a hyperbolic tangent function as described in

Sec. II. In Sec. III, there is an obvious correlation between

plasma global parameters and pedestal feature. Type I edge

localized mode (ELM) pedestal models are given in Sec. IV.

Section V presents the result of the analysis, followed by

some discussion on physical models. Finally, a summary is

drawn in Sec. VI.

II. PEDESTAL ANALYSIS METHOD

The pedestal profiles are characterized by their height,

width, and gradient. It is convenient to characterize the ped-

estal with some functions, and the common function to ana-

lyze pedestal structure14–18 is the hyperbolic tangent

function (tanh).19 This method consists of a hyperbolic tan-

gent function in the pedestal region and a polynomial in the

core region. The parameters of the method provide a quanti-

tative way to show the interesting characteristics of pedestal.

At present, EAST TS data contain 13 points in the

plasma pedestal region, as shown in Figure 1. The pedestal

electron temperature data are fitted with tanh function.

In statistics, root mean-square error (RMSE) represents

the difference between the experimental data and the values

predicted by the model. In order to quantify the comparison

between the prediction scaling value and experimental data,

the RMSE is defined as

RMSE %ð Þ ¼ 100

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N � 1

XN

i¼1

ln T exp ið Þ
� �� ln Tmod ið Þ

� �� �2

vuut ;

(2.1)

FIG. 1. Definition of fit function based on hyperbolic tangent (tanh) method.

Circular points represent EAST Thomson scattering experimental data and

error bar. Solid line is fit of tanh function and dashed line is pedestal

parameters.
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where N, T exp , and Tmod are number of total data points, ex-

perimental data, and prediction scaling result, respectively.

III. PEDESTAL SCALING

A. Scaling of pedestal density and temperature with
global parameters

The density profile between the edge and the magnetic

axis is generally rather flat in H-mode discharges, because the

source of gas is from the plasma edge to core. Therefore, it is

assumed that the pedestal density is a linear relation with the

averaged electron density (hnei). A simple empirical model

ne;ped ¼ k � hnei is used in this paper. It is found that the value

k¼ 0.752 is best with a minimum logarithmic RMSE of

16.8%, as shown in Figure 2(a). In Figure 2(b), the deuterium

type I ELM is selected and the minimum RMSE is 16.9%

with k¼ 0.786. There is a close relationship between plasma

global parameters and pedestal temperature. The H-mode

energy confinement factor, named H98, is defined as

H98 ¼Wth=Pabs

sth;98y2

; (3.1)

where Wth is the total energy and Pabs is the total absorbed

power. The IPB98(y,2) scaling for the thermal energy con-

finement time is given as20

sth;98y2 ¼ 0:0562Ip0:93BT
0:15hnei0:41

� Ploss
�0:69R1:97e0:58j0:78M0:19; (3.2)

where Ip, BT, Ploss, R, e, j, and M are plasma current (MA),

toroidal magnetic field (T), heating power (MW), major ra-

dius (m), aspect ratio, elongation, and average hydrogenic

mass, respectively. As shown in Figure 3(a), the pedestal

temperature increases with H98 and plasma current as a

result of the increased pedestal energy. In order to reduce the

spread in pedestal temperature for the different plasma cur-

rents, pedestal density is normalized to the Greenwald den-

sity and the pedestal temperature decreases proportionally

with the normalized density, as shown in Figure 3(b).

B. Scaling of pedestal temperature based on thermal
conduction

The total pedestal energy has been provided by EAST

for a large number of observations, whilst only the electron

energy (We;ped) is given for the bulk of data. Therefore, it is

illustrated in Figure 4(a) that the electron pedestal tempera-

ture increases with the pedestal stored energy (Wped) rise

based on assuming Wped ¼ 2We;ped in the pedestal region.

The thermal conduction model of pedestal is based on fol-

lowing cases: thermal conduction down the steep tempera-

ture gradient is the main energy loss of pedestal comparing

to the energy lost of ELM. And so, fitting to all types of H-

mode ELM, it was found that the pedestal stored energy is

Wped½MJ� ¼ 0:0064 � Ip1:02 � R�0:92 � P0:145

� hnei0:35 � Bt�0:03 � k2:42 � e�1 � Fq1:03;

(3.3)

where Fq is the shaping factor (Fq¼ q95/qcyl, qcyl is the cy-

lindrical safety factor defined as 5ja2B=RI). This scaling sat-

isfies both the Kadomtsev and thermal conduction model of

pedestal database DB3V27.20 Based on previous research,

the pedestal temperature is correlated with global parame-

ters, and we cannot find any single-parameter to represent

the pedestal temperature. Furthermore, the combination of

some global parameters is tried to fit the pedestal tempera-

ture, and one pedestal temperature model is as follows:

Te;ped½keV� ¼ Wped=ð3kne;ped � 0:92VÞ; (3.4)

where k is the Boltzmann constant and V is the plasma volume.

The constant of 0.92 is the fraction of the total volume occu-

pied by the pedestal.21 By combining Eqs. (3.3) and (3.4) with

some algebra, the pedestal temperature model can be given.

This thermal conduction pedestal temperature model formula

yields the RMSE of 24.6% with the EAST data in Figure 4(b).

C. Scaling of pedestal pressure width

The H-mode transport barrier considered the suppres-

sion of turbulence in the plasma edge, and the distance from

FIG. 2. The pedestal density value compare with the line averaged electron density. (a) All of the H-mode EAST data. (b) Only type I ELM data.
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the innermost suppression point to separatrix is defined to be

the width of the H-mode transport barrier. In this part, two

dimensionless parameters of the pedestal pressure width are

examined and an empirical scaling of the pedestal pressure

width as a better fitting of the EAST data is derived. The

width scaling relations presented here apply to all types of

EAST ELMy H-mode data.

There is some relation between the electron pedestal

pressure width and the other edge plasma parameters. The

tanh functional form parameters and magnetic equilibrium

reconstructions have effect on the pedestal width.19 The

width also has a significant correlation with plasma current

and electron pedestal pressure. But the general range of pres-

sure width is 1.5–3.5 cm in EAST, and this small range

makes it difficult to find an effective scaling for those

parameters.

In order to define the pedestal width, the dimensionless

parameters are used. Figure 5 shows pressure width against

ion gyro radius (qi) and normalized poloidal beta

(bp;ped),assuming that Te¼Ti22 in the pedestal region and all

the ions are deuterium. Figure 6 illustrates the EAST pres-

sure pedestal width scale with dimensionless and

configuration parameters in Eq. (3.5). ti is the ion collision-

ality and Fq is the shaping factor. From statistical grounds,

the quality of normalized poloidal beta fit is more suitable to

describe the pedestal pressure width

Dpe=R ¼ 0:0233 � qi
0:31 � ti

�0:012 � bp;ped
�0:018 � fq�3:54 � j3

� RMSE : 22:9%: (3.5)

IV. TYPE I ELM MODELS FOR THE PEDESTAL
TEMPERATURE

Figure 1 shows the pedestal structure. It is found that the

pedestal pressure rise is not only an increase in the pedestal

pressure gradient but also an increase in the pedestal width.

If the pressure gradient within the pedestal region is con-

stant, then an increase in the pedestal width would automati-

cally mean an increase in the pedestal height.23 Therefore,

the pedestal pressure top is as follows:

Pped ¼ 2npedkTped ¼ D

���� @p

@r

����; (4.1)

FIG. 3. (a)Variation of pedestal temperature with H98 for different plasma currents. (b) Variation of pedestal temperature with the normalized density.

FIG. 4. (a) The pedestal stored energy correlated with electron pedestal temperature. (b) Compare the experimental pedestal temperature with the result of ther-

mal conduction temperature model based on Eqs. (3.3) and (3.4).
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where k is the Boltzmann constant, D is the pedestal pressure

width, and j@p=@rj is the pressure gradient. Based on pedes-

tal density, pressure width and pressure gradient, the pedestal

temperature can be obtained. It is assumed that the pressure

gradient is approximately the critical pressure gradient24 for

the first ballooning mode instability (Eq. (4.2)) in EAST type

I ELMy H-mode discharges. The safety factor q and the

magnetic shear s are calculated in the pedestal width point

away from the separatrix. R is the major radius, BT is the

vacuum toroidal magnetic field, j95 is the elongation at the

95% magnetic surface (j95 ¼ 0:914j), and d95 is the triangu-

larity at the 95% magnetic surface (d95 ¼ 0:914d). The

safety factor q is given in Eq. (4.3), where r ¼ a� D and the

magnetic shear s0 ¼ ðr=qÞ@q=@r. The magnetic shear in ped-

estal region contains the effect of normalized collisionality

and bootstrap current (s ¼ s0ð1� pr2jb=IpÞ). The pedestal

density is obtained from Figure 2(b). So, the focus of this

part is to examine models for estimating the pedestal pres-

sure width.

@p

@r

� 	
¼ @p

@r

� 	
c

¼ � B2
T=2l0Rq2

� �
� 0:4s 1þ j2

95 1þ 5d2
95

� �� �� �
;

(4.2)

q rð Þ ¼ 0:85a2BT

IR

� 	

�
1þ j2

95 1þ 2d2
95 � 1:2d3

95

� �
1:17� 0:65a=Rð Þ

1� a=Rð Þ2
h i2

0
B@

1
CA

� 1þ r

1:4R

� 	2
" #2

þ 0:27 ln
1� r

a

� 	����
����

8<
:

9=
;: (4.3)

Based on the pedestal pressure gradient and pedestal

density, six pedestal pressure width models are applied to

predict the pedestal temperature height of type I ELMy H-

mode. In Section III, dimensionless parameters with pedestal

pressure width are measured. Therefore, model 125 is based

on the assumption that the magnetic well stabilizes edge tur-

bulence, and Osborne proposed the scaling of form

D / c1 �
ffiffiffiffiffi
bp

q
� R; (4.4)

where bp is the normalized edge poloidal beta, while constant

c1 is chosen so as to optimize the agreement between the meas-

ured values of Te;ped and the model results for Te;ped by mini-

mizing the RMSE. By combining Eqs. (4.1)–(4.4) with some

algebra, the pedestal temperature can be obtained as follows:

Te;ped ¼ c12 � 1:244� 1021ð Þ

� B

q xð Þ

� 	4 ap 1þ jð Þ
l0Ip

 !2
ac xð Þ2

nped

 !
; (4.5)

where x is the position of the pedestal temperature value.

Figure 7 illustrates the comparison between the pedestal tem-

perature from the width model 1 and experimental data.

FIG. 5. Pedestal pressure width on the outboard midplane defined by dimensionless parameters. (a) Ion gyro radius, (b) normalized edge poloidal beta. The

coefficients are set to a value that has minimum logarithmic root mean square deviation.

FIG. 6. The electron pedestal pressure width scale with dimensionless and

configuration parameters in Eq. (3.5).
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Model 2 is based on magnetic and flow shear stabilization.26 It

is assumed that the turbulence is suppressed when the E� B

shearing rate is equal to the maximum linear growth rate at

the top of the H-mode pedestal. The pedestal width scales as

cEr�B �
qcs

D2
¼ cs

D
1

s2
� cmax

D / c2 � q � s2;
(4.6)

where q is the gyro radius and s is the magnetic shear.

Compared with experimental data, the pedestal temperature

from the width model 2 is shown in Figure 8. The model 3 is

based on flow shear stabilization.23 This model is similar to

model 2, while Er� B suppression of long wavelength modes

is assumed to be the relevant factor in establishing the edge

transport barrier. Therefore, the pedestal width scales as

cEr�B �
qcs

D2
¼ cs

qR
� clocal

D / c3 �
ffiffiffiffiffiffiffiffiffi
qRq
p

;
(4.7)

where R is the major radius and q is the safety factor in the

pedestal position. The pedestal temperature from the width

model 3 is shown in Figure 9. Model 4 is based on the dia-

magnetic stabilization model.27 Model 5 is based on the neu-

tral penetration.24 The neutrals can penetrate inside the

separatrix to affect the H-mode pedestal region. In this

model, the pedestal width is defined as the length of neutral

particles penetrating into the plasma. Therefore, the pedestal

width is inversely proportional to the pedestal density value.

Model 6 is Shaing’s model28 based on ion orbit loss, the pre-

dicted pressure width of the pedestal is proportional to aspect

ratio and ion poloidal gyro radius. The comparison between

the six pedestal temperature models and experimental data is

illustrated in Table I. The normalized poloidal pressure

model 1 yields the lowest RMSE for EAST experimental

data.

V. RESULTS AND DISCUSSION

The RMSE in Table I ranges from 22% to 31%. The

model is based on the normalized edge poloidal pressure that

yields the lowest RMSE and the ion orbit loss model that

yields the highest RMSE. It is difficult to find obvious differ-

ences among the normalized edge poloidal pressure model,

magnetic/flow shear stabilization model, and flow shear sta-

bilization model. Therefore, further approach is carried out

to make a distinction.

The theory analysis indicates that the normalized edge

poloidal beta, gyro radius, pedestal density, and related quan-

tities are correlated with the pedestal pressure width.

Based on neutral penetration, the pedestal width is

inversely proportional to the pedestal density value in model

5. However, the distribution of the density is much broader

than other parameters, and the gas puff can cause an increase

in the pedestal density. Therefore, the neutral penetration

width model does not suit to EAST. Model 1 is based on the

normalized edge poloidal beta, while models 2 and 3 are rel-

ative to gyro radius. The normalized edge poloidal beta and

gyro radius are defined as

FIG. 7. The pedestal temperature predicted by poloidal pressure model com-

pared with experimental type I ELM data.

FIG. 8. The pedestal temperature predicted by magnetic and flow shear

stabilization model compared with experimental type I ELM EAST data.

FIG. 9. The pedestal temperature predicted by flow shear stabilization model

compared with experimental type I ELM EAST data.
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be;ped / Pe;ped=hBpi2

q / Ti=ðaBt;pedÞ; (5.1)

where hBpi ¼ l0Ip=llcf s is the flux surface averaged poloidal

field, with llcf s as the length of the last closed flux surface,

Bt;ped ¼ Bt0=ð1þ eÞ. It is found that the essence of the nor-

malized edge poloidal beta and gyro radius is the pedestal

pressure (Pe;ped) and pedestal temperature (Te;ped), respec-

tively. The pedestal density (ne;ped) is varied but other param-

eters are kept similar to determine whether a scaling of

pedestal pressure width (Dpe) with Pe;ped or Te;ped is more

suitable. Figure 10 shows that Dpe and Pe;ped increase with

the ne;ped , while Te;ped slightly drop. From this results, we

conclude that Pe;ped is likely to be consistent with Dpe. In a

word, model 1 based on the normalized edge poloidal beta is

more suitable for EAST than other models.

Plasma shape such as triangularity and elongation

could influence plasma pedestal evidently. A related ques-

tion is whether there are any significant differences between

H-mode discharges with a single-null divertor and a

double-null divertor. Model 1 is a semi-empirical scaling

based on the normalized edge poloidal beta. The pressure at

the top of the H-mode pedestal increases strongly with tri-

angularity, primarily due to an increase in the margin by

which the edge pressure gradient exceeds the ideal balloon-

ing mode first stability limit.16 Therefore, an effective way

to verify this model is to scan a large range of elongation

and triangularity because the normalized edge poloidal beta

is varied with the shape of the plasma. At present, the range

of EAST configuration parameter is narrow, and it is very

useful to expand the range of these parameters in the EAST

pedestal database.

Isotope scans can help to test model 2 and model 3

because it could vary the ion gyro radius, and previous stud-

ies have stated clearly the dependence of the pedestal height

on isotopes. It would be very useful if a large data of hydro-

gen and deuterium discharges are provided.

VI. SUMMARY AND CONCLUSION

The H-mode pedestal characteristics on EAST are meas-

ured in a range of plasma conditions using Thomson scatter-

ing system. This paper has described the results of the

H-mode pedestal in the EAST tokamak. The hyperbolic tan-

gent function is applied to analyze pedestal characteristics.

For EAST H-mode discharges, the electron pedestal height

is correlated with plasma global parameters. It is difficult to

find any single-parameter for describing the characterization

of the pedestal temperature height so that the combination of

some global parameters can better describe the pedestal

height. The height of the electron pedestal temperature is

proportional to the pedestal stored energy and the latter can

be scaled with global parameters. Therefore, the scaling of

pedestal temperature based on thermal conduction is carried

out. The general range of pedestal pressure width is

1.5–3.5 cm in EAST, and this small range makes it difficult

to find an effective scaling for plasma global parameters. So,

dimensionless parameters of the plasma, especially normal-

ized poloidal beta, are used to describe pedestal pressure

width.

On EAST type I ELMy H-mode, models that predict the

pedestal temperature height are applied. Those models

needed pedestal pressure width, gradient, and pedestal den-

sity. The pedestal pressure gradient is assumed to be approxi-

mately for the first ballooning mode instability and the

pedestal density is from EAST experimental data. The six

models of pedestal pressure width are given to calculate the

pedestal temperature height. The normalized poloidal beta

model consistent with experimental results is better than

TABLE I. Six theory models for the pedestal width are applied in determining the pedestal temperatures that are compared with EAST experimental data.

Width scaling Pedestal temperature RMSE Physic basis

D ¼ 0:012 �
ffiffiffiffiffi
bp

p
� R 22.1% Normalized poloidal pressure

D ¼ 2:02 � qs2 23% Magnetic and flow shear stabilization

D ¼ 0:154 �
ffiffiffiffiffiffiffiffiffi
qRq
p

23.6% Flow shear stabilization

D ¼ 1:115 � q2=3R1=3 29% Diamagnetic stabilization

D ¼ 0:044=nped 28.2% Neutral penetration

D ¼ 1:734 �
ffiffi
e
p
� qh 31% Ion orbit loss

FIG. 10. The varied of pedestal density plot against the electron tempera-

ture, pressure at the top of the H-mode pedestal, and the electron pressure.

These discharges are similar to plasma current 500 KA, the toroidal field 2.5

T, and low hybrid and neutral beam heated with absorbed power

3.9–4.1 MW.
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other models. It should be effective to verify pedestal tem-

perature model based on plasma shape and isotope. It will be

very important to expand the parameters range of EAST ped-

estal database in the future.
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