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Abstract. Chaacteristics of the confinement properties of a reversed fidd pinch (RFP), the TPE-RX (R/a =
1.72/0.45 m, R and aare mgor and minor radi), are presented for the plasma current, 1,of 0.2-0.4 MA. TPE-RX
has been operat|ond since 1998, and I, = 0.5 MA and duration timeof upto 0.1 s have been obtained separady.
It is foundthat I/N (= 12 x 10 1 Am, "Nistheline density) is higher than those of other RFPs and poloidd beta,

, and energy confinement time, 1, are 5-10% and 0.5-1 ms, respectivey, which are comparable with those of
other RFPs of comparable sizes (RFX and MST). Pulsed poloidd current dive has recently been tested and the
result has shown a twofold improvement of (3, and t. The improvement is dscussed in terms of the dynamic
trgectories in the F-© plane, where F and ‘© ae reversd and pinch parameters, respectively. The globd
confinement properties are compared between the locked and nonlocked dscharges, which yidds a better
understanding of the mode-locking phenomenain RFP plasmas.

1. Introduction

Thereversed field pinch (RFP) [1] has many merits as a potentid reactor, such as its relatively
high beta value with normal-conducting toroida coils and its ability to achieve areactor relevant
condition with joule heating (without using additiona heatings), which can enable a simple
toroidd confinement system. One of the important issues in RFP studies is how the
confinement properties as well as the magnetohydrodynamic (MHD) activities, which are
closdy related to the dynamo activities [2], behave up to the reactor condition. An
understanding of the underlying physics of the energy and particle transport, in addition to
experiments on controlling the MHD activity, are of crucial importance. This paper presents the
most recent database of an RFP, TPE-RX [3] at the Electrotechnical Laboratory, in terms of the
globa confinement properties a the plasma current, 1 = 0.2-0.4 MA with an improved
confinement mode, and the MHD activities exhibited in the locked mode.

TPE-RX is alarge RFP machine (R/a= 1.72/0.45 m, R and a are the mgor and minor radii,
respectively) and is characterized by a close-fitting (b/a = 1.08, b being the minor radius of the
innermost shell) conductive shell with equilibrium control by means of the DC externd field
with the aid of a pulsed poloidd coil inside the thick shell which assists gas breskdown. The
vacuum vessel is made of 316L stainless sted with fixed molybdenum limiters. Gods of the
TPE-RX areto optimize and to understand the confinement properties of RFP plasmas up to the
designed maximum plasmacurrent (1) of 1 MA. The maximum | and pulse duration time, T,
of 0.48 MA and 0.1 s have been independently atained. The maximum | ; is limited by the totai
energy of the present capacitor bank system.

2. Global Confinement Properties

The TPE-RX has been routindly operationa since the start of physics experiments in 1998, and
the performance observed in the basic waveforms has become stable to the situation reported in
Ref. [4]. A single-point Thomson scattering system, single-chord neutral particle energy
andyzer (NPA) and a dua-chord interferometer system have recently been developed for the
TPE-RX, and eectron and ion temperature and eectron density measurements are now possible.
Consequently, the estimation of the global confinement time has become possible, for the first
time, in the TPE-RX. The experimenta results shown here are those obtained without using an
active density controlling scheme such as gas puffing or pdlet injection. The eectron density
increases linearly with | . Pinch parameter © (= B, /<B,>, where B, and <B,> are the poloida
magnetic fieddld on the plasma surface and the" volumea\/eraged toroidd magnetic fied,



respectively), was kept constant at 1.5. Tempora evolution of the centra eectron temperature,
T, and ion temperature, T,, and the line-averaged eectron density, n,, were obtained. After the
current-rising phase, T, and ny had the maximum vaues &t the center of the current flat top (t =
31 ms), and the observation timefor the | -scan was fixed a t = 31 ms. Then, |, was scanned
from 0.2 MA to 0.4 MA. Equilibrium control was passively maintained by the conductive shell.
The maximum shift of the center of thelast closed flux surface (LCFS) is estimated to be 2 mm
(0.4% of @ a |, = 0.4 MA.

2.1 Behaviour of Electron Density

From the measurement of the line- 10

averaged eectron density, ng, it is I
found that the I/N vaue of the 08}
norma RFP discharges in TPE-
RX is 12 x 10" Am on average
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different sizes, TPE-1RM15 and i
TPE-1RM20 [6], which were 00 ..
made of the same materids as 0.15
those of TPE-RX for the vacuum

vessd (316L stainless sted) and

limiters (molybdenum). This result Fig. 1 (a) ngj versus Ip with the range of I/N,
indicates that the source term, S, and (b) Tep Versus|

of the électrons, under the steady- P

state condition, should scdeas S, ~ 1,/ (T, a) where 1, is the particle confinement time. Thus,
TPE-RX prowdes confinement characterlstlcs of RFP plasmas in the high I/N region. The
physical meaning of the high I/N valueis discussed in 2.3.

Information on the spatiad profile of n, has recently been obtained through two-chord
simultaneous measurement atr =0 and 31 cm at |, = 0.25 MA. Theresult shows that the rétio
ofngar=31cmand0is0.75+ 0.10a t = 20-60 ms. The vaueindicates that the electron
density profile is broad, and the power x ranges from 3.4 to 8.1 with the most probable center
being a x = 5.1 for the assumed profile of 1-(r/a)".

2.2 Electron and lon Temperatures
Energy distribution functions of eectrons and ions were examined and it was confirmed that

both can be expressed by norma Maxwélian distribution functions up to the observed energy
range of 3 keV.



Figure 1(b) shows T, and T, versus |,. Both T, and T; increase with |, but T, becomes
saturated at 1. = 300 kA while T, continues to increase offset-llneerly to 1. The ratio T/T,,
ranges from 0.5 to unity dependlng onl,. It isestimated that anomaous ion heating should be
operationa in TPE-RX, but to alesser extent than in the previous machine, TPE-1RM 20.

2.3 B, and 1,

Figure 2 shows the poloida beta, 0.15 ——
B,, and energy confinement time, T, L (a)
which have been estimated from the i
vaues shown in Fig. 1. We i
assumed T, = T, n = n,and a 0.10 | A : A

parabolic profile for the pressure, o
where T, is the centrd ion < i
temperature and T, is the ion i A
temperature obtained from the NPA. 0.05 A A
The assumption of n,= n, can cause i A
an overestimation of the pressure by i

10-40 % for Z, = 4. This oooﬁ
overestimation is comparable to the 7045 02 025 03 035 04 045
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and ny. Figure 2 shows that 3, and P

T range from 5% to 10%, and from 15
0.5ms to 1.0 ms, respectlvely, for " (b)
the scanned range of |. It is seen i
that T has awesk dependenceonlp
This Is due partly to the increase of
the loop voltage with I, [4] and
partly to the degradation of Toal,
> 300 kA, as seen in Fig. 1(b)
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detail below.

2.4 Discussions on the E
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present confinement of TPE-RX with respect to that of TPE-1IRM20. Also note that the vaues
of B, in TPE-RX is 70-80% of that in TPE-1RM20, so that the constant B, scaling does not
hold’in these two machines. Empirica scaling studies including as much datebase as possible
are necessary to conclude the applicability of the constant 3, scaling.

It was shown that I/N in TPE-RX is .

higher than in other existing RFPs. 4000 ‘ <> m?af] f‘ree path" . #r@fng paraml 0.100
The underlining physics connected i 1
to I/N in terms of the energy i
transport, however, are not yet well 3000
understood. It can bereadily shown i
that (I/N)/eis eectron drift velocity, = i &
V,. In terms of nondimensiona [
parameters, /N is closdy related to < [ &
the eectron streaming parameter & 1000 | oo @ @ @
(= v v,) and dectron mean-free- [ &0
path normdized by a A /a 0: OO :oooo
Figure 4 shows & and A ./a as e e e e O,
functions of I/N. It is of mteFest to 6 8 10 | 12_14 416 18
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designed vdue of an RFP reactor Fig.4 Amfp/a and the streaming parameter

[10]. Convective loss of energy are plotted versus I/N.

aong stochastic magnetic field lines in the core plasma can have a significant influence under
high vaues of A /a How the magnetic fluctuation amplitude scades with the Ludquist
number, S, is another important issue of RFP plasmas in predicting how the magnetic
stochast|0|ty behaves under reactor relevant plasma conditions. A recent study [11] shows that
b, /B, Scales as S**® which is similar to MST [12], RFX [13] and T2[11].
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In order to achieve further improvement of confinement in TPE-RX, we plan to separae the
methods for the improvement into machine- or operation-dependent causes and intrinsic causes
for the conventiona RFP plasmas. One direction along the former lines is to mitigate the plasma
wall interaction a high |, particularly a I, > 300 kA, to optimize the equilibrium control, and to
increase the density in order to lower I/N. Alternative direction related to the latter is to try an
improved confinement mode, or more directly, to control the current profile for better stability
while sustaining the RFP configuration by some external means.

3. Pulsed Poloidal Current Drive

Severd types of improved
confinement modes have recently
been observed in many RFP
machines. Pulsed poloida current
drive (PPCD) is one of them. It was
origindly achieved a MST a U.
Wisconsin [14]. In a recent PPCD
experiment at MST, they achieved a
fivefold improvement of the energy
confinement time [15]. The origina
idea of the PPCD is to drive the
poloida current inductively,
without reying on  dynamo

T, T, (keV)
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activities. Indeed, the magnetic time (ms)

fluctuation amplitude was reduced
during the PPCD and the stored
energy, and hence T, was
improved [14,15].

Fig. 5 Temporal evolutions of TgQ, Ngl, and Tj during
PPCD in TPE-RX.



3.1 PPCD Experiment in TPE-RX

Itis possibleto apply one-pulse PPCD in TPE-RX. Thetoroidd reversa bank istriggered after
the current-rising phase (t ~ 20 ms). Then, F is transiently deepened, and © increases
accordingly. The penetration time of the m=0 perturbation into the vacuum vessd is 2 ms. It
Was observed that the soft X-ray signd rises sharply within 4 ms after triggering the PPCD (t =

t ) @Nd subsequently it often shows a crash event. Occasiondly, the intensity of the soft X-
rays is sustained a the level of the peak when such a crash event is spontaneously avoided.
Figure 5 shows the shot-averaged tempord evolution of T, T, and n, during the PPCD a |,
300 kA. Both T, and n, havepesksa t=t ., and T, later has abroad pesk att= 30 ms. Att
b IL1S ESH mated that both B, and 1. have increased by afactor of two.

3.2 Numerical Simulation and Interpretaion

Another improved mode, which was observed in TPE-1RM20, was the high-© mode (IHTM)
[16].The IHTM is the mode where a large-sawtooth crash spontaneously diseppears at high ©
(~2), and both B, and T, increase by a factor of two. The equilibrium configuration expressed
by F and © changes durlng the PPCD. In this sense, PPCD is an in-shot ©-scan experiment.
We atempted to ducidate how much the transient nature of the PPCD is related to the
improvement. We compared the globa confinement properties between the PPCD discharges
and the shot-by-shot @-scan discharges. First, it should be noted here that since the maximum
© vdue was limited to 1.8 dueto the limitation of the toroida bank system, it has not yet been
possible to conclude if the IHTM is obtainable in TPE-RX or not. Nevertheless, we can
compare the in-shot ®-scan and the shot-by-shot @-scan within the attainable range of (F-0).

Figure 6 shows the trgectories of 0.05 o ‘  t=20-30ms]
the shot-averaged PPCD discharges i “\\\ ]
and four cases of the shot-by-shot 010 -~ }</T he\ta o

©-scan discharges. The trgectory \\""‘\\\ ]
of the PPCD follows a line of a 015 oo 10750
deeper F than those for the shot-by- L. i )\\ ¥ \:4 ¥ :
shot ©-scan discharges. If the -0.20 ——PPCD—3 S~ 24 me
PPCD is operated kegping Tppep < : / \ e NG
1:(0), then B,,, deepens while B,(0) -0.25 | 1-0.80 @§$
remains amost unchenq where ; ]
Tppcp = (1/Btw (dBtW/dt)) md TR(O) -0.30 L SR R AR R AN
is the resistive diffusion time a the 140 145 150 155 160 165
plasma centre. In the F-O© plane, the C]

norma trgectory follows a line of _ _ o

(1-F/©=(<B>-B,) /B, = <B, Fig. 6 Trajectoriesin the F-© plane for PPCD and
- B>/ B,, = constant [17]0 Thus, O scans.
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Fig. 7. It is shown that the 0.000 | ~@ ’ |
reduction of the  magnetic
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smaler. This indicates that the Fig. 7 The reduction rate of the magnetic fluctuation
PPCD is a means of boosting the amplitude is numerically simulated as a function of
operating point in the F-O© planeto a TPPCD/TR

more stable position. This change is



achieved transiently in the case of PPCD. However, it would be achievable for the steady-state
operation by tailoring the current profile by means of an RF technique, for example.

4. Phase and Wall Locking

In TPE-RX, the phase- and wall-locked structure, which is cdled LM hereafter, has been
observed [18]. The locked mode is commonly observed in many RFPs. Recently, active
rotation of the LM has been successfully conducted in RFX [19] so that the plasma wall
interaction (PWI) caused by the LM can be dleviated. It is aso found that in TPE-RX there are
nonlocked discharges (NonLM) where the prominent phase-locked structure disappears. It is
aso of great interest to compare the globa confinement properties between the LM and NonLM.
In this section, we present the recent observetion of the LM in TPE-RX using the B,-array
signd, a comparison of the growth of the mode amplitude with the theoretical threshold, and a
comparison  of the  globa
confinement properties between the
LM and NonLM discharges.

4.1 Typical Locked Mode and
Its Threshold

A cea LM structure of the
magnetic field fluctuation was
observed by using the B, pick-up
coil arrays [18]. The B, component
is suitable for reconstructing the
shift of the last closed flux surface
(LCFS). However, the B, signas
do not clearly indicate whether the

time (ms)

modes rotate before they lock to the
wall, because of the relatively small 0 100. 200 300
B, signa near the conductive shell. toroidal angle (degree)

Recently, we measured the B,-array
signd and a slow rotation of the
mode prior to the wall-locking was
clearly observed. Figure 8 shows 000 oy T ]
the tempora evolution (t = 5-30 ms) @ \ . m=1/n=8 |
of the toroida profile of the m= 1 0015 [ N2 ™, “~a
(odd) component of the B, signd in i =sT S
a typica locked-mode discharge a m8 i '
|, = 250 kA. Figure 8 shows that a =~ %910]
phase-locked structure (spatialy :
locdized  enhanced ~ magnetic 0.005 | /~ Theory ~
amplitude) toroidaly propagates i
during the current-rising phase (t = 0.000 |
5-15 ms) in the anti-l, direction. 0.015
The rotation stops a t = 17 ms a ) N\ Nonm m=1/n=8 |
the toroidal angle @ = 130 degress, ‘ | ]
and this wal-locked structure 0,010 | \ Theory

persists throughout the discharge. g = |

In the case of NonLM discharges,

7 ’ ~-
the propagation speed of the modes <~ 0.005 L3 \/\f

is faster, and the mode amplitudes FoN )
ae lower than in the LM case, but Eo\ ’

the modes eventualy wall-lock in B N7 BExp ]
the current flat-top phase. Note that 0000 == =" "0 25 30
the NonLM here is the state where time (ms)

the phase-locked structure becomes

much less conspicuous than the LM.

Fig. 8 Wall locking of the phase-locked structure.
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Fig.9 Comparison of the wall-locking threshold



The mode spectrum and phase velocity are analyzed for the LM and NonLM discharges, and the
mode amplitudes are compared with the theoreticaly predicted level [20]. The theory predicts
that the mode wall-locks due to the dragging torque between the island of the mode and the
eddy current induced in the vessdl. Thetempora evolution of the globa confinement properties
measured in the LM and NonLM discharges (see Sec. 4.2) is used in the calculation. Figure 9
shows a comparison of the shot-averaged mode amplitudes of the m = 1/n = 8 mode and the
theoreticaly predicted levels required for the mode to wall-lock for the LM and NonLM cases.
Itis seen that in the LM case, the mode amplitude ways exceeds the theoretica threshold. In
the NonLM case, however, it is initidly well below the threshold, then gradualy approaches
the threshold and becomes comparable to the threshold at t = 17 ms when the wall-locking
actudly occurs.

Comparison of the phase-locking threshold and the mode amplitude is more straightforward for
explaining why there are LM and NonLM discharges in TPE-RX. However, in this case, a
quantitative comparison is difficult. Since the dependence of the theoretical threshold on the
physics quantities is quditatively similar [21] to that of the wall-locking threshold, it is
sufficient to state here that the NonLM appears in TPE-RX because T, is higher during the
current rising phase than those in the LM discharges (see 4.2).

4.2 Comparison of the Global Confinement Properties

A severe PWI has been observed in 1.2 e e
TPE-RX [22] where a pesking of i @ NonLM|;
the thermal "heat load has been 101 A [
observed. The effect of the LM on 08| [ ]

the globa confinement properties
has been a crucid issue for the RFP

I e A
> 1 ) 06|

plasma In TPE-RX, it is possible i

to compare the globa confinement 0.4 *

T, (ms)

properties between the LM and i I
NonLM discharges. We conducted 0.2 |
Eseri& of expedrirrr:er;tﬁ al, =250 :
A, © = 1.5 and thefilling pressure 00 o

of deuterium py, = 0.7 mTorr and 0 1o 20 30 40

0.3 mTorr, for theLM and NonLM time (ms)

discharges. Fig. 10 Global confinement properties of LM

and NonLM.
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The results are plotted in Fig. 10

against T.. Figure 10 shows that 1. does not differ significantly between the LM and NonLM
discharges. Differences are seen in T, and ng during the current-rising phase. Because of the
higher p,, in the LM discharges, n, is higher than that in the NonLM discharges. Note,
however, that n, during the current flat-top phase does not differ very much, indicating that the
electron density is limited by the transport rather than the source term. On the other hand, T, is
higher for NonLM than for LM. This helps to increase the intrinsic plasma velocity, and
eventudly, to lower the theoretical threshold [20,21] for both wal and phase locking, as
described in Sec. 4.2.

5. Conclusion

Three mgjor topics of recent research on alarge RFP, TPE-RX, were reported. First, the globa
confinement properties a | = 0.2-0.4 MA were measured for the first time since the start of the
physics experiments in 1988. The range of I/N was found to be higher (12 x 10™* Am) than in
other existing RFPs, but comparable to those of previous TPE machines. The measured 1.
ranged from 0.5 to 1.0 ms. Possible means of improvement were discussed. Second, an
improved confinement mode, PPCD [14,15], was tested. The result shows a twofold
improvement of B, and 1., and a further deepening of the F appears promising. Third, the
understanding of the mode-locking phenomena has progressed since the initid observations



[18]. At relaively low 1, (= 0.25 MA), the LM discharge was found to have comparable T,
during the current flat-top phase, but is different in terms of T, and n, during the current-rising
phase, compared to those of the NonLM discharge. This difference has the important effect of
causing a difference in the intrinsic plasma velocity and the threshold for both wal and phase
locking [20,21]. The existence of the LM may not be a bottleneck of the energy transport,
though severe PWI should be avoided, as was done in RFX [19]. The globa confinement in
TPE-RX can be improved by a method in line with the PPCD which suppresses the intrinsic
MHD activities while sustaining the RFP configuration.
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