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Under conditions of spontancous change of plasma confinement state having been observed recently in the U-3M
torsatron with a natural helical divertor, it is shown that at the initial phase of this change all the components of the
diverted plasma flow (DPF) decrease, while thermal (TI) and suprathermal (STI) ion content in the bulk plasma
increases and the TI+STI fraction in the DPF is reduced on the ion BX[B drift side, thus indicating an improvement of
ion confinement. The initial phase is ended by a DPF rise on the ion Bx[1B drift side, a TI+STI content decay in the
bulk plasma and a rise of TI+STI outflow into the DPF, these being indications of an ion confinement deterioration.
However, a simultaneous DPF reduction on the electron Bx[B drift side and a rise of electron density and ECE indicate

an improvement of electron confinement.
PACS: 52.55.Dy; 52.55.He; 52.55.Rk

1. INTRODUCTION

In the / = 3 Uragan-3M (U-3M) torsatron with a
natural helical divertor and a plasma produced and heated
by RF fields, spontaneous changes of electron
temperature and density, stored energy and other plasma
parameters occur, provided the heating power is high
enough [1,2]. Similar to tokamaks with an auxiliary
heating and some stellarator-type devices with NBI and
ECH [3], these effects are associated with transition to an
improved confinement state (hereafter, “transition”). In
U-3M the transition has been shown to occur due to
formation of an internal transport barrier near the 7 =1/4
rational magnetic surface [2]. With this, a layer with signs
of an edge transport barrier has also been shown to form
near the plasma boundary [4].

It is natural to expect that the change of confinement

mode should affect diverted plasma characteristics. The
diverted plasma flow (DPF) in U-3M is distinct by a
vertical asymmetry of its distribution [5,6], where a
predominant part of the ambipolar plasma flow outflows
on the ion toroidal Bx[B drift side and ions predominate
in the corresponding non-ambipolar flow. These effects
have been related to the asymmetry of angular
distribution of direct (non-diffusive) ion loss with the
main contribution from suprathermal ions (STI) [5].
The main objective of this work is to find out the effect of
the change of confinement state in U-3M on the DPF
magnitude and the ion loss. The data having been
obtained allow one to estimate, at least qualitatively, the
ion loss contribution to the DPF magnitude and find out
the dynamics of ion confinement during the transition.

2. EXPERIMENTAL CONDITIONS

In the U-3M torsatron ({ =3, m =9, R, = 1m, a =
0.Im, t (a4 )21 = 0.3) the whole magnetic system is

enclosed into a large 5 m diameter vacuum chamber, so
that an open natural helical divertor is realized in this

device. The toroidal magnetic field, B, = 0.7 T, is
produced by the helical coils only, the ion toroidal drift B
xOB is directed upward. A “currentless” plasma is

produced and heated by RF fields (w = ). The RF
power deposited in the plasma is ~200 kW in the 30-50ms
pulse. The working gas (hydrogen) is admitted
continuously into the vacuum chamber at the pressure of
~107 Torr.

The electron temperature in the bulk plasma estimated
by intensity of 2nd harmonic ECE attains 7.(0) ~ 500 eV.
The perpendicular ion energy distribution as determined
by a CX neutral mass-energy analyzer consists of two
temperature groups, 7i; ~ 50 eV and Ti> ~ 250-400 eV. As
previously [5,6], to detect the DPF (by the ion saturation
current, /,, and/or by the current to a grounded probe, /,),
arrays of 1.25%0.8 cm® plane Langmuir probes (“divertor
probe”, DP) are used. The probes are arranged poloidally
in the spacings between the helical coils beyond the X-
point (» = 27 cm) in two symmetric poloidal cross-
sections of the U-3M torus, @ = 0° (cross-section A-A,
Fig. 1(a)) and @= 20° (D-D, Fig. 1(b)). The gap between
adjacent probes is 1 mm. The character of the energy
distribution of charge particles escaping to the divertor
region can be determined with the help of an array of 13
three-electrode retarding potential analyzers (“divertor
electrostatic analyzer, DEA). The array is mounted
beyond the X-point in the top spacing of an A-A cross-
section nearest to that, where the DPs are installed

(Fig.1(a)).
3. POLOIDAL CROSS-SECTION A-A

A predominant fraction of the DPF in the cross-section
A-A (Fig. 1(a)) outflows to the top spacing (i.e., with the
ion BxUB drift), along the divertor channel passing closer
to the major torus axis (“inner leg”, the /, maximum falls
at the DP N = 4). In Fig. 2 the time evolution is shown of
the line-averaged electron density, 7, , (a) and some

other diverted and bulk plasma parameters of interest.
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Fig. 1.
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helical coils I, I1, III and the edge structure of magnetic field lines. The probes and analyzers in the top spacing of A-A
are numbered as N = 1-17 and 1-13, respectively, the probe numberings in the top and outboard spacings of D-D are

N = 1-9 and N = 1-23, respectively
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Fig. 2. Time evolution of (a) line-averaged electron
density, l’l_e , (b) ion saturation current I, to DP N = 4 in
the top spacing, (c) same to DP N = 1, (d) ion current to
the analyzer No. 5 at the retarding voltage U = 300V, (e)
CX neutral flux,l, with the energy 1575 eV, (f) 2nd
harmonic ECE. Starting density H,; = 0.6x10" m”. The
vertical dashed line indicates the end of the initial phase

In the shot presented the transition starts at ¢ = 21 ms,

when the decaying density attains #,; = 0.6x10" m’
(“starting density”) and then retains around this level for
approximately 10 ms. At the beginning of this time
interval (“initial phase of transition”) a reduction to some
minimum value is observed of the DPF (as current / to
the DP N = 4, Fig. 2(b); the current /; to DP N =1 is also

shown in Fig. 2(c)) and the integral ion current /; to a

4

DEA at the retarding voltage U = 300 V, i.e., including
thermal ions (TL, group 7;;) and STI (Fig. 2(d)). At the
same time, the flux of CX neutrals with the selected
energy 1575 eV, I, increases (Fig. 2(e)), thus indicating
a rise of STI content in the confinement volume.
Qualitatively similar to Fig. 2(b), the maximum values of
other DPF components in all the spacings of the A-A and
D-D cross-sections change at the initial phase. The time
behavior of I, is kept qualitatively the same in the ~300-
2000 eV energy interval that includes both TI (group Ti,)
and STI. Accordingly, the ion temperature 7;; increases
from 250 eV to ~400 eV at the initial phase (Fig. 3). At
the same time, the CX neutral flux with the selected
energy < 300 eV and the temperature 7;; = 50 eV do not
change substantially during the transition.

>
> |
~ 400
o i T
{é 300 |-
S
5 |
g* 200
8 -
= 100 T;
‘9 | pu - a 'y a PY
0 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
0 10 20 30 40 50 60
time (ms)

Fig. 3. Time evolution of ion temperatures T;yand Ty In
the case in point, the I, minimum to the DP N = 4 occurs
at t =19 ms

It follows from 7(U)/I(0) plots (Fig. 4) that the energy
distributions of the DPF ions do not differ strongly before
the transition (¢) and at the initial phase (0). With this,
only ~ 10% of the outflowing ions have the energy >
400eV comparable with the average energy of the group
T}; ions.

Thus, the DPF decrease on the ion BX[B drift side
combined with the current /; decrease in the divertor
region and the increase of the TI (group 7;) and STI
content and of the ion temperature 7}, at the initial phase
confirm an improvement of plasma confinement at least



for the account of ions (including STI) at this phase of
transition.

The time behavior of I, [, and I; at the initial phase, its
duration being not more than several ms, is essentially
non-stationary. The [, decay is replaced by its rise,
beginning with ¢ = 25 ms (Fig. 2(b)). With the  rise, a
step-like 7; rise (Fig.2(d)) and a [, decay (Fig. 2(e))
correlate, thus indicating a rise of both TI and STI loss
from the confinement volume. Also, the temperature T
decreases (Fig. 3).

It follows from Fig. 4 that the fraction of > 400 eV
ions in the PDF attains ~ 40% at the end of the initial
phase (X). Thus, the decrease of TI and STI content in
the confinement volume at the end of initial phase is
consistent with the rise of more energetic fraction in the
DPF. This means that the increase of DPF at the end of
initial phase at least partially is caused by a rise of TI and
STI loss.
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Fig. 4. I;(0)-normalized ion current I; to the collector of
the analyzer No. 5 as a function of retarding voltage U:
O, before the initial phase (t = 21 ms); O, in the
minimum of I, at the initial phase (t = 25 ms); X, after
the end of initial phase (t = 26 ms). 1 ,; =0.6x10" m”

An attention should be paid to the similarity in the
signal form between the current /; to the DP N =1 in the
top spacing A-A (Fig. 2(c)) and the current /; in Fig. 2(d).
This may indicate that the flows of escaping TI and STI
cross the boundary of the confinement region in the
process of their BX[OB drift, not following the
corresponding divertor magnetic channel.

The data similar to those shown in Figs 1,2 but taken
at a higher starting density, 7, = 1.3x10" m”, are
presented in Figs 5,6, respectively. Here, in contrast to the
lower 7, case, the ion current to the DEA collector, I,
undergoes a step-like fall at the end of the initial phase
(Fig. 5(d)), and the ion energy distribution in Fig. 7 (X)
stays nearly the same as before the transition (¢) and at the
initial phase (0). With this, the fraction of the > 400 eV ions
amounts only ~ 10% like before the transition and at the
initial phase in the lower density case (cf. Fig. 4). The
absence of consistency during the transition between the
time behaviors of the flux /[, with the selected particle
energy < 300 eV and the temperature T};, on the one hand
(unaffectedness of /7, and 7};), and the current /; of ions
with a relatively low energy (< 400 eV) in the PDF, on
the other hand (a step-like fall at the end of the initial
phase) makes one to suppose that such ions occur in the

DPF mainly outside the confinement region rather than
diffuse from it.
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Fig. 5. Same as in Fig. 2 at the starting density N,; =1.3
x10" m?. The Fig. 2(c) analogue is omitted

Thus, comparing Figs 5,6 with Figs 2,3, respectively,
we may suppose that the confinement improves around
the cross-section A-A as the density increases. At the
same time, it follows from Fig. 5(e) that the TI and STI
content in the confinement volume decreases similar to

the lower 7, case (cf. Fig. 2(e)). Hence, we have to

suppose that the main TI and STI loss with a subsequent
outflow of these particles to the divertor region happens
in the sections of the helical magnetic field period
adjacent to the poloidal cross-section D-D. Since there are
no DEAs in the cross-section D-D, this supposition can be
verified only indirectly, e.g., by comparing the forms of
signals in D-D with those in A-A for the lower density
case, where an energetic ion outflow to the divertor has
been observed (Fig. 4).
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4. POLOIDAL CROSS-SECTION D-D
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Fig. 7. Time behavior of (a) line-averaged electron
density, 1, , (b) ion saturation current I, to DP N = 1 in
the top spacing, (c) same to DP N = 7 in the outboard
spacing, (d) same to DP N = 16 in the outboard
spacing.The vertical dashed line indicates the end of
initial phase. 1, =1.3x10" m”

Top spacing. Due to peculiarity of the edge magnetic
structure, only a single, inner magnetic channel is
distinctly formed beyond the X-point (Fig. 1(b)). A
predominant fraction of the DPF is concentrated in the top
spacing (I, maximum at the DP N = 1,2). The signal of /;
to the DP N = 1 at H_; = 1.3x10"™ m” (Fig. 7(b)) is
similar by its form to the signal /; to the DP N =1 and to
the TI and STI current /; to the DEA collector in the top
spacing of A-A at 7,; =0.6x10" m” (Figs 2(c) and 2(d),
respectively). On the basis of such a similarity, we may
hypothesize that the step-like DPF rise at the end of the
initial phase seen in Fig. 7(b) results from a TI and STI
loss rise around the cross-section D-D.

Outboard spacing. Two symmetric magnetic channels
emerge from the X-point to this spacing (Fig. 1(b)). In the
n,; = 1.3x10" m” case, similar to the top spacing of D-
D, the time evolution of the current /; maximum over the
midplane (DP N = 7) at the initial phase is ended by a
step-like /; increase (Fig. 7(c)), thus pointing to a possible
TI and STI loss rise.

It is known [7] that the non-ambipolar DPF under the
midplane (N = 16-21) is characterized by a large and
broad peak of negative current I, [7], its absolute value
exceeding the currents /; and 7, in other divertor legs of
both A-A and D-D cross-sections. This indicates a major
fraction of lost electrons to fall into the divertor region
just on the outboard torus side near the midplane. In
contrast to the DPF in the top spacing (Fig. 7(b)) and in
the outboard spacing over the midplane (Fig. 7(c)), the
flow under the midplane undergoes a step-like drop in
both I, (Fig. 7(d) and I, at the end of initial phase.
Accounting for the mentioned above, this indicates a
possible electron loss decrease and, consequently, an
improvement of electron confinement. In particular, such

a conclusion is consistent with an 7, . and ECE rise at the
end of the initial phase (Figs 2(a), 5(a), 7(a) and 2(f), 5(f),
respectively).

5. SUMMARY

1. According to the measurements having been carried
out in two symmetric poloidal cross-sections of the U-3M
torus, A-A and D-D, with a spontancous change of the
confinement mode, a short-time decrease of all the DPF
components occurs, thus indicating a reduction of particle
loss at this phase (“initial phase of transition”).

2. At the initial phase the TI (group T») and STI
content increases in the confinement volume, while at

n,; < 10" m” the fraction of such ions decreases in the

PDF on the ion toroidal BXOB drift side. This is an
evidence of an ion confinement improvement at this
phase. The low energy ions (group 7;;) do not respond to
the change of the confinement mode.

3. The rise of all the DPF components at the end of the
initial phase evidences a plasma loss increase. This
increase correlates with a decay of TI (group 7};) and STI
content in the confinement volume. With this, an abrupt
increase of the fraction of such ions in the PDF on the ion
toroidal BX OB drift side is observed in A-A at 7,; < 10"
m>. For the case considered this means that the plasma
loss rise at the end of the initial phase at least partially
results from a deterioration of the TI and STI
confinement.

4. In the higher starting density case, #7,; > 10" m”, a
rise of the energetic ion fraction in the PDF is not
observed in A-A at the end of the initial phase. However,
comparing the PDF time behavior in D-D on the ion BX
OB drift side with that in A-A at 7,; < 10" m™, we may
suppose that the observed decrease of the TI and STI
content at the end of the initial phase results from an
escape of these ions in the vicinity of the D-D cross-
section.

5. In the outboard spacing of the D-D cross-section on
the electron Bx[B drift side, where a considerable part of
lost electrons supposedly outflows, a step-like drop of
DPF is observed at the end of the initial phase. Combined

with an observation of an 77, and ECE increase, we may

suppose an improvement of electron confinement at the
end of initial phase of transition.



This work was carried out in collaboration with National 3. K.H. Burrell//Phys. Plasmas, (4). 1997, p. 1499.
Institute for Fusion Science (Toki, Japan) after the LIME 4. E.L. Sorokovoy et al. Characteristics of edge plasma
Program. electrostatic turbulence in spontaneous change of
confinement mode in the Uragan-3M torsatron//
Problems of Atomic Science and Technology. Series
REFERENCES “Plasma Physics”, (10). 2005, N 1, p.21-23

1. ED. Volkov et al.// Proc. 14th Int. Conf. on Plasma - V-V- Chechk?n et al.//Nucl. F”S{O”r (42). 2002, p. 192.
Physics and Controlled Nuclear Fusion Research 6. V.V. Chechkin et al.//Nucl. Fusion,(43). 2003, p. 1175.
Wurzburg, 1992 / IAEA: Vienna, v. 2, 1993, p. 679. 7. V.V. Chechkin et al.//J. Plasma Fusion Res. SERIES,

2. E.D. Volkov et al.//Problems of Atomic Science and Proc. ITC-12, 2001, Toki, Japan), (5). 2002, p. 404.
Technology. Series: “Plasma Physics”. 2003, N 1, p. 3.

HOBEJEHUE JTUBEPTOPHOI'O ITIOTOKA U ITIOTEPH YACTHUI]
TP CIOHTAHHOM U3MEHEHHU COCTOAHUA YIAEPKAHUSA ITJIA3MbI
B TOPCATPOHE «YPAT'AH-3M»

B.B. Yeukun, 3.J1. Copokosoit, JI.U. I pucopvesa, A.C. Cnagnwiii, E.JI. Copoxoesoii,
EJI. Bonkos, H.U. Hazapoe, I1.A. Bypuenko, C.A. H{uioenko, A.B. Jlozun, A.E. Kynaca,
AL Jlumeunos, 10.K. Muponos, B.C. Pomanos, C. Macyzaxu, K. fImazaxu

B ycnoBusix 0oOHapyXEHHOTO paHee CIOHTAaHHOTO H3MEHEHHs pPeXHMa yAepXaHus B TopcaTpoHe Y-3M c
€CTECTBEHHbIM BHUHTOBBIM JHBEPTOPOM IIOKa3aHO, YTO HA HAYaIbHOW CTAAMU 3TOT0 M3MEHEHUS YMEHBINAIOTCS BCE
COCTaBJISIONINE TUIa3MeHHOro auBepropHoro notoka (ITAI1) n pacrér comepxkanne temnoBbix (TH) u cBepXTemIoBbIX
(CTH) noHOB B OCHOBHOH ITa3Me, CBHICTENBCTBYS 00 yIydIIeHHH WX yaepkaHusa. HawanpHas cramust 3aBepriaeTcs
BozpactanueM I1/]I1 Ha cropone nonHoro apeiida BX[OB, ymenpmenuem conepxxanus T u CTU B ocHOBHOM 1L1azme
1 TIOBBIIIEHHBIM KX yxonoM B II/II1, uro roBoput 00 yXyaImeHnn yaep>xanus HoHOB. OJTHaKo, IPH 3TOM YMEHBIIACTCS
ITJI1 #a cropoHe aneKTpoHHOro npeiipa Bx[B u pacTyT IIOTHOCTh DIEKTPOHOB U BJIEKTPOHHOE LUKIOTPOHHOE
H3IIy4YeHHE, YTO YKa3bIBAET HA YIy4llIEHUE YJep KaHUS dJIEKTPOHOB.

MOBEAIHKA JUBEPTOPHOI'O IIOTOKY TA BTPAT YACTHHOK
IIPU CHOHTAHHIM 3MIHI CTAHY YTPUMAHHS IJIA3MHA
B TOPCATPOHI “YPAT'AH-3M”

B.B. Yeuxin, EJI. Copokosuii, JI.I. I'puzop’cea, O.C. Cnagnuii, €.JI. Copokosuil,
€./1. Boakoe, M.1. Hazapoe, I1.Al. Bypuenko, C.A. Luoenxo, A.B. Jlo3un, A.€. Kynaza,
AL Jlumeunos, 10.K. Muponos, B.C. Pomanos, C. Macysaxi, K. Amazaxi

B yMoBax BUSBICHOI paHillle CIIOHTAHHOT 3MiHH PEKUMY YTPHUMaHHs B TOPCATPOHi Y-3M 3 IPHPOIHUM I'BUHTOBUM
TUBEPTOPOM TOKA3aHO, IO HA MOYATKOBIH CTamil Ii€l 3MiHH 3MEHIIYIOTHCS BCi CKIIQJOBI TUIa3MOBOTO JHBEPTOPHOTO
noroky (ITIT), B Toi uac, sik 3pocrae KinbkicTh TemuoBux (TI) ta magremmoBux (HTI) ioHiB B OCHOBHIH muiaswmi,
3aCBIAUYIOYM NPO MOKpAmeHHs iX yTpuManHs. [louaTtkoBa cranist 3aBepiryerbes 3poctandsM [1/IIT Ha Gormi ioHHOTO
npeiidgy Bx[B, 3menmennsm kinbkocti TI ta HTI B ocHOBHIN mimasmi Ta migBumieHHM BuxojoM ix mgo [/, mo €
O3HAKOIO TIOTipUICHHS YTpUMaHHs 10HIB. Ajne oxHoyacHe 3MmeHineHHs [I/II1 Ha Gomi enexrpoHHOTO Apeiidy BxOB i
3pOCTaHHs €JIEKTPOHHOI I'YCTUHHM Ta EJIEKTPOHHOIO LMKJIOTPOHHOTO BUIIPOMIHIOBAHHS BKa3yIOTh Ha IMOKPAICHHS
YTPUMaHHS €JICKTPOHIB.



