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Abstract 

Recent DIII-D experiments show that both magnetic balance and particle drifts are 
important to understanding how argon impurities accumulate in balanced and unbalanced 
double-null plasmas during “puff and pump” radiating divertor operation. Unbalanced 
double-null shapes, which are biased in the direction opposite to the ion B B  drift 
direction, have produced the best result to-date in terms of coupling a radiating divertor 
approach with an H-mode plasma. The proximity to balanced double-null that can be 
used for puff-and-pump may depend on the width of the heat flux profile in the scrape-off 
layer. A comparison of plasma behavior in the open lower divertor to that of the more 
closed upper divertor determined that plasma density control was far more sensitive to 
the ion B B  drift direction than to the relative closure of the divertor. 





SENSITIVITY OF INJECTED ARGON BEHAVIOR TO CHANGES IN  
MAGNETIC BALANCE IN DOUBLE-NULL PLASMAS IN DIII-D T.W. Petrie, et al. 

 GENERAL ATOMICS REPORT GA-A26106  1 

I.  Introduction 

The conceptual designs for high-powered, high performance tokamaks are typically 
based on double-null plasma shaping for good confinement and stability, but plasma 
heating of the divertor targets presents a major problem. One proposed solution to this 
heating problem involves artificially enhancing the radiated power in the divertor and the 
plasma “mantle” by “seeding” the divertor with impurities. For this approach to be 
practical, however, the confinement and stability of the plasma core cannot be 
compromised by significant penetration of the seeded impurity into the main plasma. 
Such leakage can be reduced by increasing the flow of deuterium ions into the divertor 
with a combination of upstream deuterium gas puffing and particle pumping at the 
divertor targets, i.e., “puff-and-pump” [1-5]. 

Successful coupling of a puff-and-pump radiating divertor with ELMing H-mode 
conditions was demonstrated for a double-null shape that was biased in the direction 
away from the ion B B  drift direction with a magnetic imbalance parameter dRsep = 
1.2 cm and argon as the seed impurity: E 89P = 2, N = 2.4 , ne neG = 0.6 , 
PRAD Pinj 0.6 , and a peak heat flux reduction at the outer divertor target of 2.5  [4]. 
( dRsep is defined as the radial distance between the upper divertor separatrix and the 
lower divertor separatrix at the outer midplane.) This result was in contrast to an earlier 
puff-and-pump study on DIII-D, where a marked accumulation of argon in the core 
plasma resulted in poor performance [1]. The direction of the ion B B  drift had been 
shown to have a dramatic effect on both plasma recycling [6] and particle pumping [7]. 
This led to the suspicion that the ion B B  drift direction might also be affecting puff-
and-pump behavior, since the direction of the ion B B  drift in Ref. [4] was out of the 
divertor and oppositely directed in Ref. [1]. Variation in dRsep had also been shown to 
have a strong effect on plasma behavior [6,7].  

In this paper we focus on how changing the direction the ion B B  drift and the 
divertor magnetic balance can affect puff-and-pump performance, particularly in how 
injected impurities accumulate in the core plasma. 
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II.  Experimental Description 

We exploit the capabilities of DIII-D to make both balanced double-null (BDN) and 
unbalanced double-null (UDN) shapes in high-triangularity, and then to pump these 
shapes from both divertors simultaneously (Fig. 1). In addition to deuterium, the three 
cryopumps also remove argon atoms, the seed impurity for these experiments. Argon was 
selected because it radiates effectively at the temperatures prevailing in the divertor and 
pedestal regions of DIII-D H-mode plasmas and has a relatively short ionization mean 
free path. 

To increase the D+ ion flow into toward these pumps, deuterium gas (D2) was 
introduced upstream from the low-field side of the core plasma, as shown in Fig. 1. 
Argon was injected into the private flux region (PFR) of upper divertor. The parameters 
for the ELMing H-mode plasmas discussed in this study were:  n e  (0.5-
0.8) 1020  m 3 (or n e nG  0.4-0.7, where nG  is the Greenwald density), and H89P =  
1.5-2.0 [or H98(y,2) = 0.9 1.2]. In this study dRsep ranges from –1.5 cm to +1.5 cm. 
We refer to configurations with dRsep  1 cm as “single null” (SN) even though the 
secondary null remains within the vacuum vessel. 

 

Fig. 1. The particle pumping- and gas injection locations are superimposed on the poloidal plasma cross-
section of a balanced DN plasma. Argon can be injected into the private flux region of either divertor. 
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III.  Results 

A. Effect of the B B  direction on plasma fueling 

In these experiments, changes in the pedestal density nPED correlated more strongly 
with the ion B B  drift direction than with differences in the upper and lower divertor 
geometry. As can be seen in Fig. 1, the upper divertor structure in DIII-D is more closed 
than the lower. Figure 2(a-d) shows four distinct SN arrangements, differentiated by the 
ion  drift direction and the location of the primary divertor relative to the upper or 
lower divertor structures. The direction of the ion B B  drift was away from the 
divertor in Fig. 2(a,b) and toward the divertor in Fig. 2(c,d). There were two basic 
configurations, classified as either lower divertor [Fig. 2(a,c)] or upper divertor 
[Fig. 2(b,d)]. In each case, the deuterium gas puff rate D2 was 70 torr l/s (0.47 1022  
particles/s). To match particle exhaust characteristics in the four cases, only the lower 
outer pump was activated for the cases in Fig. 2(a,c) and only the upper outer pump was 
activated for the cases in Fig. 2(b,d). The pedestal density for the two cases with the ion 
B B  drift direction toward the dominant divertor was 30% greater than for the two 
cases away from the dominant divertor [Fig. 2(e)]. Thus, the different closures of the 
upper and lower divertor had little effect on nPED . 

 

Fig. 2. (a-d) The four plasma arrangements discussed in Sec. IIIA are shown, together 
with the direction of the ion B B  drift direction relative to their divertor. (e) The 
pedestal density is correlated more with the ion B B  drift direction than with 
differences in divertor structure. 
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B.  Effect of changing the ion B B  direction on argon behavior in SN plasmas  

Both the accumulation of argon inside the core plasma and the removal of argon from 
the dominant divertor were both sensitive to the ion B B  drift direction. This is shown 
for two upper SN plasmas similar to Fig. 2(b), but with opposite ion B B  drift 
direction.  Both have the same D2 (=108 torr l/s or 0.72 1022  particles/s) and argon 
puff rate AR  (= 1 torr l/s or 3.3 1019  particles/s), [Fig. 3(a)]. Consistent with Fig. 2, the 
pedestal density was higher for the case with the ion B B  drift direction toward the 
divertor [Fig. 3(b)]. The inner leg of the divertor partially detached near t = 3.6 s, where 
the divertor radiated power PR,DIV shows a pronounced increase [Fig. 3(c)]. Argon 
accumulation in the core was 3.5 times higher for the ion B B  drift direction toward 
the dominant divertor, as evidenced by the density of the dominant Ar16+ charge state 
n
Ar+16

 at = 0.7, which was located 10 cm inboard of the outer midplane separatrix 
[Fig. 3(d)]; for similar discharges, detailed analysis with the MIST [8] impurity transport 
code indicates that nAr+16  should be >80% of nAr  at = 0.7. The carbon density nC  in 
the core increased slightly during argon injection, as evidenced by the density of the 
dominant C6+ charge state at = 0.7 [Fig. 3(e)]. However, the carbon contribution to 
Zeff 0.7( )  did not increase during argon injection for either case because ne  had also 
increased. The rise in Zeff  that results from argon injection is almost entirely due to argon 
accumulation in the core plasma, i.e., 1.45 to 1.67 for B B  toward the dominant 
divertor and 1.67 to 1.73 for B B  for B B  away from the divertor. For this case, 
the argon pumping rate of the outer divertor leg P-AR  was much higher than with the 
ion B B  drift direction toward the dominant divertor [Fig. 3(f)], i.e., 85% of the 
argon was removed by the upper outer divertor pump when the ion B B  drift direction 
was away from the X-point versus 35% removed by this same pump.  
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Fig. 3. (a) The waveforms of the D2 and AR  gas puff programs, (b) nPED , (c) PR,DIV , 
n
AR+16  at = 0.7, (e) nC  at = 0.7 and (f) P-AR  are shown as a function of time. The 

ion B B  drift direction is toward the divertor (solid) and away from the divertor 
(dashed). 

C.  Comparison of SN with DN plasmas during puff-and-pump operation 

Recent experiments have shown that argon densities in the core plasma are 
comparable for DN ( dRsep = 0 ) and SN ( dRsep = +1.2 cm) at lower values of D2 but 
differ significantly at the highest D2 (Fig. 4). For both DN and SN cases, the ion 
B B  drift was directed away from the dominant divertor of the SN into which the 
argon was injected. For both DN and SN cases for D2 70 torr l/s, the argon 
concentrations were comparable for a given D2  and were reduced when D2 was 
increased. However, when D2  was raised to 100 torr l/s, the argon concentration for 
the BDN increased sharply, while the argon concentration continued to decrease in the 
SN case. The inner divertor leg of the DN at the highest D2 was tenuously attached 
(e.g., electron density ( nIN DIV) and temperature TIN DIV  were typically 1 1019  m 3 
and 10 eV, respectively, at the inner divertor target) during the deuterium and argon 
gas-puffing phase. This may have provided an escape route for the argon out of the 
divertor. For the SN case where nIN DIV  and TIN DIV  were 1020 m 3 and 10-20 eV, 
respectively, argon escape through the inner leg would be less likely, since the mean-free 
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path of neutral argon would be at least an order of magnitude smaller than for the SN 
case. 

 

Fig. 4. Argon densities in the main plasma are shown as a function of the deuterium gas 
puff rate D2 for both DN and SN. 

D.  Argon accumulation into the core plasma near DN 

The data indicate that the argon buildup in the core plasma of the SN is significantly 
lower than that of the DN, if the ion B B  drift is directed is away from the dominant 
divertor and dRsep  0.4 cm. Figure 5(a) shows argon concentration in the plasma core 
(a), the ITER normalized confinement time (b), and the pedestal density (c), as a function 
of dRsep. The argon concentration decreased by about a factor of three between 
dRsep = 0  and dRsep = +0.4 cm. A peak in both nAR  and nPED  near +0.25 cm, was 
likely associated with an improvement in energy confinement. Since H89P 1.5  
[H98(y,2) = 0.9] for both dRsep = 0  and dRsep = 0.4 cm cases, however, the observed 
change in nAR  was not due to the change in confinement time. 

 

Fig. 4. (a) nAR , (b) nPED , and (c) H89P  are shown as a function of dRsep. 
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IV.  Discussion 

Pedestal density was much more dependent on the direction of the ion B B  drift 
than on differences of the DIII-D divertor closure. The importance of particle drifts in 
fueling  has previously been discussed in Ref. [9], where the authors also showed that the 
most significant fueling of the core plasma occurred on the high field side of the X-point. 
As such, the differences between upper and lower divertors would have a secondary role 
in fueling. 

The direction of the net particle flow across the PFR plays an important role in 
determining whether the argon that is injected into the PFR is pushed toward the inner or 
outer divertor target. UEDGE [10] edge transport analysis was applied to the two cases 
discussed in Sec. IIIB. Using a geometry which spans both the primary and secondary 
separatrices, UEDGE modeling of the particle flows in and near the divertor region 
indicates that the net deuterium particle flow across the PFR (1) is directed across the 
PFR toward the inboard divertor target for the ion B B  into the divertor and (2) is 
reversed when the ion B B  drift is reversed. UEDGE predicts that the Er B  drift is 
largely responsible for determining the direction of these particle flows in the PFR, 
where Er  is the radial electric field determined largely by the electron temperature 
gradient normal to the local flux surfaces. Previously these poloidal particle flows were 
measured in DIII-D and found to be consistent with the particle flow predicted by 
modeling [11]. 

From UEDGE analysis, the argon in the PFR is preferentially swept by the Er B 
drift toward the inner target for the case with the ion B B  toward the divertor, and 
then toward the lower divertor on the high field side SOL, again largely driven by the 
Er B drift. The increase in argon at the inner target enhances the local radiated power, 
which can result in a partially-detached inner divertor leg, as occurred for the case with 
the ion B B  toward the divertor in Fig. 3. The argon then has a more direct route to 
the core via the relatively cool plasma on the high-field side (HFS) of the X-point. For 
B B  away from the dominant divertor, however, the injected argon was preferentially 
swept toward the outer divertor target, where it could also recycle and radiate. Electron 
temperature (and the peak heat flux) was reduced, but detachment of the outboard leg 
from the divertor target was not observed for the levels of argon and deuterium injection 
rates used in this experiment. That more argon was swept toward the outer target was 
reflected by the fact that significantly more argon was exhausted by the upper outer 
divertor cryopump [Fig. 3(f)]. 

Low nIN DIV  and TIN DIV  at the inner target of the DN cases discussed in 
Sec. IIIC facilitated the escape of argon from the divertor. These conditions were typical 
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in DN plasmas, in contrast to the SN ( dRsep = +1.2 cm) plasmas with similar gas puffing 
and power input. We note that the power flow out of the core plasma is primarily on its 
low field side (LFS) [11]. Since the LFS is magnetically connected to the HFS for the 
SN, roughly half of the power entering the SOL on the LFS is (in principle) available to 
maintain plasma attachment at the inner divertor target [12]. For a DN, however, the LFS 
is magnetically isolated from the HFS; power flow entering the SOL on the LFS is 
shunted into the two outer divertor targets, and is unavailable to maintain plasma 
ionization at the inner divertor targets. While the power flowing out of the plasma on the 
high field side of the DN was sufficient in supplying enough power to keep the inner 
targets attached at low D2 (Fig. 4), the increase in both core and divertor radiated power 
for the case with D2 = 100 torr l/s made it more difficult to maintain sufficiently 
attached divertor conditions at the inner targets. 

However, as the magnetic balance shifts from DN to SN, a larger fraction of power 
that flows into the LFS of the SOL transits to the inner target. In Sec. IIID, we found that 
significant buildup of argon in the core plasma resembled that of the “single-null” case 
only after dRsep had reached approximately +0.4-0.5 cm. Previous heat flux 
measurements for very similar discharges as discussed here indicate that the width of the 
heat flux profile P was also 0.4-0.5 cm [11]. Hence, much of the power flow into the 
LFS of the SOL would no longer be shunted into the lower divertor but instead now 
follow the SOL field lines around to the inner divertor target. Thus, for dRsep  P, 
conditions would be more favorable for maintaining the density and temperature needed 
to impede the escape of argon to the HFS. Increasing dRsep would lead to further would 
lead to still more power reaching the inner target, but this increase would be modest. 
Hence, in terms of the plasma that the argon “sees” at the inner target, discharges with 
dRsep  0.4 cm resemble the “single-null” ( dRsep = 1.1 cm) plasmas much more than 
the BDN plasmas. We are presently working with the UEDGE code to address this issue 
quantitatively. 
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V.  Conclusion 

In designing future generation high-performance tokamaks, which are very likely to 
be based on DN or near-DN plasma shapes, we must carefully assess the contributions of 
both particle drifts and magnetic balance, particularly if the puff-and-pump radiating 
divertor approach is under consideration. For tokamaks characterized as largely single-
null, such as ITER, the results presented here point to the importance of considering 
particle drifts in assessing the projected success (1) of achieving and maintaining a 
detached inner divertor leg using seed impurities as a “trigger”, (2) of preventing the seed 
impurity from contaminating the main plasma, and (3) even of operating as an 
unbalanced DN, as might occur in more triangular, high performance ITER plasmas. 
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