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I.  Summary 

 

The main goal of our research and collaboration with experimental team of National 

Spherical Tokamak Experiment (NSTX) at Princeton Plasma Physics Laboratory, 

Princeton, NJ, under the Department of Energy research grant No. DE-FG02-02ER54680 

at UCSD during 2002-2005 financial years was a more comprehensive understanding and 

characterization of non-diffusive transport occurring in the tokamak edge plasma. 

The results of our research were reported at the NSTX Boundary Physics Meeting, 

February 2005 [1]; Transport Task Force Conference, Napa CA, April 2005 [2]; 32nd 

European Conference on Controlled Fusion and Plasma Physics, Tarragona, Spain, July 

2005 [3]; Plasma Edge Theory Conference, Juelich, Germany, October 2005 [4]; 45
th

 

Annual Meeting of DPP APS, Albuquerque, New Mexico, October 2003 [22]; 30th 

European Conference on Controlled Fusion and Plasma Physics, St. Petersburg, Russia, 

July 2003 [11]; 47
th

 Annual Meeting of DPP APS, Denver, Colorado, October 2005 [5]. 

We also participated on the NSTX Results Review [6,20] and Research Forums [7,8,21] to 

share our ideas and to plan experiments on boundary plasma.  

The results were published in the refereed journals (Refs. [4] and [12]) and in the 

proceedings of international conference (Refs. [3] , [11], [23], and [24]). 

 

II. Major accomplishments 

 

For better understanding and characterization of non-diffusive transport occurring in the 

NSTX tokamak edge plasma, we performed extensive simulations of NSTX edge plasmas 

with the multi-fluid two-dimensional UEDGE code [19] by using realistic model for 

impurity sputtering sources and hybrid (diffusive and convective [9]-[12]) model for 

anomalous cross-field transport. Our cross-field transport model incorporates the effects of 

non-diffusive intermittent transport by introducing anomalous convective velocities whose 

spatial profile is adjusted for each ion charge state to match available experimental data. 

The research in 2002-2005 financial years was focused on the following areas: (i) 

development of capabilities for UEDGE simulation of NSTX spectroscopy data (i.e., the 

3D real-geometry postprocessor UEDGE tools for comparison between UEDGE and 

experimental data), (ii) simulation of multi-diagnostic data from NSTX with UEDGE, (iii) 



 

study of anomalous cross-field convective transport of impurity ions, (iv) analysis of 

divertor plasma opacity to resonance radiation, and (v) study the effects of ballooning-like 

anomalous cross-field transport and spherical-torus magnetic configuration on parallel 

plasma flows in the SOL. The progress in these areas is discussed in the Subsections.  

 

A.  UEDGE simulation of multi-diagnostic data from NSTX 

 

In UEDGE modeling [12], we reproduce important features of plasma discharge conditions 

in NSTX. We use realistic non-orthogonal EFIT-based modeling domain that matches the  

geometry of the divertor plates. Since 

neutrals in NSTX penetrate far into the 

core plasma in the normalized poloidal 

magnetic flux space (ψn-space) than in 

DIII-D, the domain is extended into the 

core up to the closed magnetic flux 

surface ψn
cp

=0.65. We include the 

intense gas puffing (30-50 l Torr/s) in 

particular locations. Our UEDGE 

solutions are consistent with the 

particle flux imbalance at the 

innermost boundary (ψn
cp

) leading to 

the given increase rate in the central 

plasma density.   

 With UEDGE, we match the 

following experimental data: (i) 

profiles of plasma density and 

temperature measured with Thompson Scattering system both at the outer and inner mid-

planes; (ii) ion temperature and C+6 ion concentration at the mid-plane measured by 

CHERS; (iii) reciprocating probe data at outer mid-plane; (iv) gas pressure at the outer 

mid-plane location; (v) D-alpha emission measured in the outer divertor by CCD camera; 

and (vi) heat power load profile at the divertor plates. 

 

FIG. 1: The results of matching the radial 

profiles of plasma temperature using UEDGE 

code with constant χ (green solid ladder like 

line) and with profile χ(ψn) (red bold solid 

ladder line). In both cases D, Vconv are 

functions of ψn. Experimental Thomson 

Scattering data are shown by points.  

 



 

Our calculations showed that anomalous transport coefficients (i.e. particle and heat 

diffusivities, D and χ, and convective velocity, Vconv) must not be constants but they 

should vary radially (as well as poloidally, in a ballooning like manner) in the ψn-space.  

         Diffusive transport is dominant in the core plasma, whereas the convective 

transport is dominant in the far SOL. As an example, the results of matching the mid-plane 

plasma temperature profiles with UEDGE for a typical L-mode discharge are shown of 

Fig. 1. Major experimental L-mode data are matched well when χ is strongly decreasing 

function of ψn (from χ=15-20 m
2
/s at ψn=0.65 down to χ=5-6 m

2
/s at ψn>1) and when 

convective velocity Vconv is strongly increasing function of ψn (from Vconv<1 m/s at 

ψn=0.65 up to Vconv=40 m/s at ψn=1 and further to Vconv=150-200 m/s at the wall). It is 

important to note that variation of D, χ, Vconv  in the ψn-space results in strong 

asymmetry of transport coefficients in the real space that allows us to match the measured 

in/out profile asymmetries.  

 The UEDGE simulations for L-mode NSTX shots indicate that anomalous 

convective transport (that stands for non-diffusive intermittent transport) dominates in the 

far scrape-off layer.  It substantially increases the plasma flux the outer chamber wall and 

the particle recycling in the main chamber. The central plasma region (ψn<ψn
cp

) is fueled 

predominantly by neutrals originating from chamber walls. We also find that chamber wall 

sputtering is an important source of impurities. These results are similar to the results of 

our UEDGE analysis performed for DIII-D and C-Mod. 

 

B. Study of anomalous cross-field convective transport of impurity ions 

  

We also analyzed recent experimental profile data from NSTX on C
+6

 impurity ion 

concentration, heat power load on divertor plates, and plasma density and electron 

temperature at the mid-plane as well as on the ion temperature measured by CHERS. In 

order to match available experimental data of L-mode shots with the multi-species UEDGE 

code, we use the sophisticated impurity cross-field transport model, in which different 

impurity charge states have different magnitudes and signs in their convective velocities. 

 

 



 

There results of matching are 

shown on Fig.2 (see Ref. [12], 

[14], for the details). We found 

that observed level of C
+6

 

impurity concentration in the 

core plasma is consistent with 

the hypothesis [13] that due to 

specific properties of 

intermittent non-diffusive cross-

field plasma transport the lowest 

carbon ion charge states are 

rapidly convected in the radial 

direction from walls toward the 

core plasma, whereas the 

highest charge states are 

convected radially in the 

opposite direction. Similar 

conclusions about the 

importance of inward 

intermittent cross-field 

convection in the low charge state impurity transport for the core plasma contamination by 

impurities were made by us for the DIII-D and Alcator C-Mod edge plasmas based on 

matching of extensive experimental data with UEDGE code [11], [12].  

 

C. Study of divertor plasma opacity to resonance radiation.  

 

Our recent calculations with UEDGE of NSTX divertor plasma have showed that for some 

reasons e.g. due to magnetic topology specific to spherical tori, the neutral atom density is  

 

FIG.2 : The inner divertor temperature Ted, the ratio 

qin/qout of peak heat fluxes to the inner (qin) and outer 

(qout) divertor plates , and Zeff due to C
+6

 ions are 

shown as a function of impurity model parameter CCC 

= [Vconv(C
+1

)+Vconv(C
+2

)+Vconv(C
+3

)] / [Vconv(D
+
)] (see 

Ref. [12], for the details). Experimental NSTX data are 

scattered between two broken horizontal lines.  



 

at very high level (>10
20

 m
-3

) in 

the inner divertor, as shown on 

Fig. 3. The mean free path for 

resonance Ly- line absorption 

is about 1 millimeter, whereas 

the characteristic sizes of high 

neutral density region are 20 

cm in radial direction and 5 cm 

in vertical direction. Under 

these conditions, the Ly- line 

radiation is highly trapped. We 

estimate the radiation escape 

factor [17]-[18] to be very 

small REF=10
-4

 in this region. 

The obtained results motivate 

us to incorporate new physics 

into the UEDGE code. We 

notice that transport of 

resonance radiation may be important for interpretation of experimental data [7]. 

 

D. Study the effects of ballooning-like anomalous cross-field transport and spherical-

torus magnetic configuration on parallel plasma flows in the SOL.  

 

Recent experiments on several tokamaks showed two important features of plasma 

transport in the scrape-off layer (SOL) during standard single-null tokamak operation, 

namely: (i) strong anomalous cross-field plasma convection (due to intermittency), and (ii) 

existence of large-Mach-number parallel plasma flows in the SOL. It is expected that 

anomalous convective cross-field transport is ballooning like with strong asymmetry in 

transport values at the high field side (HFS) and at the low field side (LFS) of the torus 

(i.e., the highest transport is at the LFS). Such transport pushes plasma, momentum, and 

energy into the far SOL at the LFS causing the plasma pressure build-up in this region vs. 

 

 

FIG.3 : The calculated radial profiles of plasma and 

neutral atom densities near the diveror plates. The inner 

divertor region corresponds to the radii between 30 and 

50 cm. 

 



 

divertor pressure and, as a result, the plasma flows along the magnetic field line (mfl) on 

the divertor plates.    

To confirm the existence and investigate the driving mechanisms of large parallel 

plasma flows in NSTX tokamak, we perform multi-ion multi-fluid 2D simulations of edge 

plasma and neutral gas transport with the UEDGE code. We employ the multi-ion 

diffusive-and-convective model for anomalous cross-field plasma transport which 

introduces the asymmetric (e.g. ballooning-like) 2D profiles for transport coefficients. The 

UEDGE calculations were performed for typical L-mode shot 109033 (at 350ms into the 

discharge, low single null (SN), 3MW NBI, 400 A gas puff at the HFS location) in the 

NSTX tokamak. The best fit to available experimental data for this shot (see [3-5]) provide  

the UEDGE solutions 

in which anomalous cross-

field convection dominates 

in the outer far SOL and a 

strong HFS/LFS 

asymmetries are prescribed 

to all transport coefficients. 

In these solutions, such 

transport causes large cross-

field plasma fluxes at the 

LFS in the far SOL that 

result in HFS/LFS 

asymmetry of plasma 

parameters. Since plasma in 

divertor regions connected to the far SOL is weak, it does not build up a high pressure due 

to recycling processes (as plasma near separatrix does) and does not cause stagnation of 

plasma flow. Therefore, plasma ejected into the far SOL on the LFS flows almost freely 

into the divertors with Mach about unity. Some results of these calculations are given in 

Fig.4 and Fig.5. 

We demonstrated that magnetic configuration has strong impact on parallel plasma 

flows in the SOL. In spherical torus SN configuration, the poloidal (along the mfl) profile 

of parallel velocity V|| (and of Mach number) has distinct maximum in value |V|||. This 

maximum is attained exactly at the HFS mid-plane.  Moreover the position of maximum 

 
Fig. 4: Radial profiles of 

parallel plasma velocity, 

Mach number, and plasma 

density at the inner mid-

plane. The profiles are 

calculated by UEDGE code 

for NSTX shot 109033 

 
Fig. 5: Radial profiles of 

parallel plasma flux 

density, total toroidal 

field, and plasma 

temperature at the inner 

mid-plane. 

 



 

coincides with position of maximal magnetic field strength Btotal. From the top of LSN to 

the inner mid-plane the Btotal increases by factor of 4 and V|| also increases by the same 

factor. Such behavior of V|| can be explained by the nozzle-like effect caused by magnetic 

configuration. Due to low aspect ratio of the NSTX tokamak, there is strong (~10) 

HFS/LFS asymmetry in Btotal. The cross-section area of an effective magnetic flux tube 

(1/Btotal) is maximal at the outer mid-plane of SOL where particles flow from core due to 

ballooning-like transport. On the inner mid-plane the flux tube area shrinks leading to 

plasma acceleration in order to conserve the particle throughput. The plasma velocity 

decreases after passing the HFS mid-plane, since Btotal decreasing.  

To verify an important role of magnetic configuration on parallel plasma flows, we 

compare two different UEDGE solutions for NSTX (see Ref. [4]). The first solution is the 

usual tokamak solution just discussed. It is based on original mesh generated using EFIT 

reconstruction of magnetic equilibrium and real toroidal field (Bt=Bo/R). In the second 

solution, we also apply original mesh but substitute the constant field Bt=Bo that roughly 

corresponds to the cylindrical case. We show that, because of symmetry, large parallel 

flows are washed out in the cylindrical case in comparison to the tokamak case.  

We compare our findings for parallel plasma flows in NSTX with that for C-Mod 

and DIII-D (Ref. [4]). The higher the magnetic field variation, the higher is the plasma 

flow velocity, but this dependence is not linear. The HFS/LFS variation of magnetic field 

in C-Mod is by factor 3 smaller than that in NSTX and we show that magnetic 

configuration of spherical torus has the strongest impact on plasma flows. 

 

E. Development capabilities for UEDGE simulation of NSTX spectroscopy data 

 

As has been mentioned above, important part of our research is multi-diagnostic data 

analysis for a tokamak discharge. As a rule, several diagnostics are involved in the 

UEDGE analysis, in particular: Thomson Scattering System (TSS), pressure gauges, 

Charge Exchange Recombination Spectroscopy (CHERS), and CCD arrays. Recently, in 

collaboration with S. Paul (PPPL) we developed a capability for UEDGE to simulate data 

from bolometer arrays and CHERS installed on NSTX [5]. A 3D ray-tracing code, which 

calculates precisely the view-cone-averaged bolometer signals based on the profiles of 



 

plasma, neutral gas, and impurities calculated with UEDGE, was developed by I.V. 

Dobrovolskaia, the graduate student in our group at UCSD.   
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