Observation of a new high$8 and high-density state of a magnetospheric plasma in RT-1
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A new high8 and high-density state is reported for a plasma confined in a laboratory magnetosphere. In
order to expand the parameter regime of an electron cyclotron resonance heating (ECH) experimériHize 8
microwave power of the Ring Trap 1 (RT-1) device has been upgraded with the installation of a new waveguide
system. The rated input power launched from a klystron was increased from 25 to 50 kW, which enabled
the more stable formation of a hot-electron higlplasma. The diamagnetic signal (the averaged value of
four magnetic loops signals) of a plasma reach&h®B/Nb. According to a two-dimensional Grad-Shafranov
analysis, the corresponding logalalue is close to 100 %.

PACS numbers: 52.70.-m, 52.55.-s, 94.30.cq

I. INTRODUCTION dipole field is often unstable [13]. The existence of a consider-
able ratio of cold electrons can stabilize the plasma, which is
A magnetosphrc ol field confiuraion 1] 5 an in- S5 #8172 by Supping <ufcent anount o e 0o
novative confinement concept motivated by satellite observa- ’ : y : 9
tions in the Jovian magnetosphere [2]. It is characterized b xchange cooling effects and prevents the formation of a large
: - . i . mount of hot electrons. Therefore the parameter regime had
high- stability and excellent confinement properties [3]. Sta significant limitations: The higl state was not simultane-

ble confinement of higif plasmas has been demonstrated in usly realized with the high-density state. In order to solve
dipole magnetic fields generated by levitated superconduct; ; y o 9 y o
ing magnets in the Ring Trap 1 (RT-1) [4], the Mini Ring Ihls problem, in this study, we upgraded the microwave power

- . ! . aunched from a klystron from 25 to 50 kW, which realized
Trap (Mini-RT) [5], and the Levitated Dipole Experiment . ; ! ;
(LDX) [6, 7]. In the first series of experiments in RT-1 [8— the new regime of the ECH plasma in RT-1. Experimental

11], a plasma has been generated by using an electron Cgp_vestlgatmn on the new higfi-state is reported.
clotron resonance heating (ECH) witt28&nd 245 GHz mi-
crowaves [11, 12]. In cases with45 GHz heating, line av-
eraged electron density, saturated around.d x 101" m=3,
which was about two times higher than the cut-off density
Ne2ascHz = 7.4 x 10 m~3, In cases with & GHz heating, As shown in Fig. 1, RT-1 is a magnetospheric configura-
where negoghz = 8.3 x 108"m=3, n, did not saturate with tion generated by a levitated superconducting magnet. Inside
an input microwave power below the previous rated value othe vacuum chamber, RT-1 has a Bi-2223 highsupercon-

R = 25kW. A diamagnetic signaAW also did not reach a ducting magnet. The current center of the magnet is located
saturation. Therefore the increase in th2 @Hz microwave atrc = 25cm on thez= 0cm plane. The dipole field mag-
power makes it possible to realize further high-density andhet is levitated by using a feedback-controlled lifting magnet
high-B states. As well as to generate and understand an ejocated at the top of the chamber. The nominal currents of
tremely highB plasma in the dipole field, high density states the dipole field and lifting magnets are 250 KAT and&6AT.

are strongly needed for the efficient ion cyclotron resonancd he magnetic surfaces of the separatrix configuration gener-
heating (ICH) in future experiments. ated by the two magnets are shown in Fig. 1 (b) as thin lines.

In previous ECH plasmas in RT-1, operation regimes werdviore detailed explanatio_ns on the device are presented in [5]
classified into three categories [12]. (i) When neutral gas pres2nd the references therein. _
sure was relatively high (5 mRaR,), a high density and low The ECH system of RT-1 consists of ar2&Hz klystron
B plasma was generated. (i) Whéy was relatively low (L00kW, 1s), a 45 GHz magnetron (20kW, 25s), and their
(0.5 mPa< P, < 5mPa), the ratio of a hot electron componenttransmission lines. The.BGHz microwave power is trans-
drastically increased, resulting in a low density and high Mitted into the vacuum chamber through an isolator and
plasma. (iii) At further low filled gas pressurg,(< 0.5 mPa), waveguides including directional couplers, DC breaks, vac-
the plasma became unstable. In order to enhance stored é#im windows, and launchers. As shown in the figure, a new
ergy and to realize extremely high-states, further increase Waveguide was installed at the P6 port, in addition to the pre-
in hot electron density is needed. When the hot electron rati§ious waveguide connected to the P7 port. The rated power

exceeds approximately 40 %, on the other hand, a plasma in® €ach of the waveguides is 25 kW, and the maximum input
power from the klystron was increased from 25 to 50 kW. The

isolator was also upgraded and its maximum input power was
increased from 25 to 100 kW for further installation of trans-

*Present address: Max Planck Institute for Plasma Physics, BoItzmannstraf?@iSSi(_)n lines in the fqtqre. In the experiment reported here,
2, D-85748 Garching, Germany the microwaves were injected with the O-mode.

Il. EXPERIMENTAL SETUP
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FIG. 2: (color online) Line averaged densities measured by the inter-
ferometer 1 (circlesha1, and by the interferometer 2 (triangles)p,

at various 8 GHz microwave power before (open) and after (close)

.
0 0.5 1 . . . .
™ the installation of a new isolator and a waveguide.

directional coupler
DC break

(b) 4 ], tfing magner 8.2GH In Fig. 2, electron line averaged densitizg and n,, are
L[ e »4'—/ \%degwbm compared before and after the installation of the isolator and
TN acuom windon waveguide, in order to evaluate the variation of the trans-
aunchor mission efficiency of a microwave due to the upgrade of the
1 8.2GHz system. The filling gas pressure of hydrogen was
| 2.45GHz P, = 2.5 mPa for both of the cases. The superconducting mag-
—, net was mechanically supported in these experiments and the
: magnetron plasma was generated in a pure dipole magnetic field. As
_, A B = shown in the figure, we found no significant changes in elec-
ﬂi A= P =S Qf tron densities measured both at the tangential port (chord 1)
_ and at the vertical port (chord 2). There were no significant
e Eneter differences in line densities before and after the waveguide in-
(r=rdem stallation for similar®}, also when the superconducting mag-
e feld net was levitated. Therefore there is no significant increase
in the loss of microwave power in the newly installed trans-
AN mission line. When injection power exceeded approximately
18 kW, there were slight increaseshigy andny, after the in-

FIG. 1: (color online) (a) The top view and (b) poloidal projection stallation of the new waveguide system. It is possible that the

of RT-1 including 82 GHz microwave waveguides. Interferometer formation efficiency of a plasma was improved by changing
chords are located at (1) tangential portyat 45cm, (2) vertical ~ the number of the microwave injection ports from one to two.

flexible tube

iterferometer2
vertical chord
(r=60cm)

ports atr = 60 cm, and (3) vertical ports at= 70cm. Thin lines Figure 3 plots the diamagnetic signal$/ and electron line
show magnetic surfaces and contours of field strength generated ®veraged densities{; and n,p) versus injected microwave
a levitating superconducting magnet and a lifting magnet. powerP of 8.2 GHz for various neutral gas pressuRssHere

AV is the averaged value of four magnetic loop signals. As
shown in Fig. 3 (a), whetk, is low (25 and 50 mPa), the
The diamagnetic signal, or stored energy, of a plasma wastored energies of a plasma were relatively large even at low
measured with four magnetic loops winded outside of theP,. This is because the plasma had a considerable ratio of hot
vacuum chamber and Hall probes located inside the chanelectrons in these conditions due to small charge-exchange
ber. Based on these magnetic measurements, plasma equild®oling effects. In the previous experiments wh&ravas
rium was reconstructed by a two-dimensional Grad-Shafranolimited below 25 kW, hot electron populations were greatly
analysis [14]. Line integrated electron densitigsvere mea- reduced by rising?,. As shown in the figure, stored energies
sured by three 75 GHA (= 4 mm) heterodyne interferometers were very small at low? whenR, = 10, 125, and 15 mPa.
located (1) at a tangential chordyat 45cm, (2) at a verti- However, an increase iR enabled the formation of a hot-
cal chord atr = 60cm, and (3) at another vertical chord at electron highg plasma even in a higR, region. As shown in
r =70cm, as shown in Fig. 1. As discussed later, the spatiahe figure, the transition from a loy#-state to a high state is
density profiles of a plasma were estimated by using the threeccompanied by increases in both stored energy and electron
chord interferometry. For the measurement of density fluctuadensity. There was a small jump AfP at B = 22 kW when
tions, a 4 GHz reflectometer is installed in the south-west porB, = 5mPa. WherP, = 10 mPa,AW drastically increased
on the equatorz= 0 cm) of the device. from 0.4 to 32 mWhb atP = 22 kW. WhenP, = 125 mPa, the
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magnetic signal oAY = 4.0 mWhb, ny; whenR, = 125 mPa

) E
Z ] was twice as high as that of wh&h= 2.5 mPa and it reached
2 3 Na1 = 5x 10 m~2. The new highg state is more stable than
£ E the previous higlf3 state, because electrons have a sufficient
n - .
= 3 cold component together with the hot component. Thus the
> 3 upgrade of the microwave system has significantly expanded
E E the generable parameters of a plasma in RT-1.
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FIG. 4: (color online) Waveforms when the typical low and hjgh
states were observed in one plasma formation period. The panels
show (a)nas, (b) nay, (€) magnetic loop signals (the bold line shows
the averaged value of four loop signals), and (d) an x-ray signal mea-
sured by a Si(Li) detector.
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Figure 4 shows the waveforms of a plasma when the transi-
FIG. 3: (color online) (a) A diamagnetic signal (the averaged val-tion from low to highf3 states was observed in one formation
ues of four loop signals) and line averaged densities (b) measureperiod. The pressure of neutral gas Ws= 125mPa. A
at chord 1,n5; , and (c) measured at chord 125, in variation of 8.2 GHz microwave o} = 40 kW was injected froni = 0.0
8.2 GHz microwave power. Neutral gas pressure was®a ¢),  to 1.0s. Initially, the plasma had relatively smaW and high
5mPa (\), 10mPag), 125 mPa ¢), and 15 mPax). electron density, which are the typical parameters of afow-
plasma at highP, regime. WhileAW increased gradually in
this period, the main component of electrons was a cold com-
transition appeared & = 38 kW andAW changed from @  ponent. There was a transition to a hifrstate at = 0.47s.
to 47 mWhb. By increasing neutral gas pressure higher thams shown in Fig. 4 (c)AW jumped from 12 to 50 mWb af-
P, = 15mPa, the transition was not observed and the plasm@r the transition. At the same time, increases in electron line
stayed in the lows state in the present BGHz microwave densities were observed especiallyiy measured at the tan-
power range. The8 values of a plasma observed after the gential port. The variation af,, measured at the vertical port
transition at highP, cases are often higher than those withwas relatively small. The similar behaviorsref; andn,, be-
low P, conditions. fore and after the transition were also observed in Fig. 3 (b)
As shown in Fig. 3 (b) and (cha1 andng, reached satura- and (c). As shown in Fig. 1, the chord 1 passes through the
tions at low neutral gas pressureRf= 2.5 and 50mPa. In  core region, while the chord 2 is located at the edge confine-
these formation conditions, the ratio of hot electron compo-ment region of a plasma. Therefore these observations indi-
nentin the plasma is extremely high and it often exceeds 40 %cate that a significant increase in electron density was realized
Then the plasma sometimes becomes unstable and difficult tfter the transition in a strong field region near the dipole field
be generated stably [13]. Previously reported highlasma  magnet. We found that the transition characteristics show a
states were generated in this parameter regian<(5mPa)  strong hysteresis on the variation®f The threshold values
[12] except that? was limited below 25kW. On the other of P, for the transition when increasirig, were higher than
hand, in the new higlf state realized at relatively high,  those when decreasiiigy. The hysteresis becomes prominent
conditions ¢ 10 mPa), the electron density steadily increasedvhen a working gas was hydrogen rather than helium, where
aboveP: = 25kW as shown in the figure. For a similar dia- storage effects are relatively strong. While further studies on



the behaviors of neutral particles are needed, these observa-
tions may suggest that the transition is caused by the transient 5
effects of neutral particle recycling especially on the surface
of the superconducting dipole field magnet.
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FIG. 6: (color online) Line averaged electron density measured at
chord 1,n,1, and a diamagnetic loop signa’ when 82 GHz mi-
crowave power wab; < 25kW (circles) and when 25 kW B (tri-
angles). Open triangles show data sets analyzed in the next section.
Data for two-frequency heating atBand 245 GHz (25kW< R)

are also plotted (squares).
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or where the interchange mode was centrifugally driven [16].
N In fact, significant increase in the density peaking level was
not observed in higl3 plasmas when compared with lg6v-
i plasmas, as shown in Fig.5 (c). A small risergfi/n,, at
u - largeP; corresponds to the core density increase observed af-
H " | . - = ter the transition as shown in Fig. 4. The peaking levels after
- Hrr *_I!_i_ - the transition were still smaller than those observed in small
T R cases.
Figure 6 plots previous and new parameter regimes of a

plasma on the electron density-diamagnetism plane. The pre-
vious ( < 25 kW) highf3 plasmas were generated when neu-

FIG. 5: (color online) (a) A diamagnetic signaW¥, (b) a density tral_ gas Eres]sur@n wasﬂrelatlvelybllovg In thr']S p?frametefr
fluctuation level measured by a reflectometer, and (c) the ratio of liné€9'Me, the plasma is o (_—:-n unsta. e due t_o the effects of ex-
averaged densities measured at chord 1 and 2. cess of hot electrons. An increase in the microwave power en-

abled the formation of a stable highplasma at a relatively

The characteristics of a plasma from low to higtstates Nigh density region. By changing formation conditions, in-
were investigated by controlling the stored energy. In ordef!uding the two-frequency heating a28and 245 GHz mi-
to generate a plasma in similar conditions, the®Hz mi-  crowaves with total injection power & = 64 kW, the largest
crowave was solely injected. Figure 5 shows 44, (b) a dlamagne_tlc signaAW (the average_d value of four Ipop sig-
density fluctuation level measured by a reflectometer, and (¢J2/S) obtained was.83mWb. According to the numerical cal-
the ratio of line averaged densitiag andn,y, in variation of ~ culation of a two-dimensional Grad-Shafranov analysis [14],
R. Because an interferometer at the chord 1 mainly measurd8€ corresponding maximum locglvalue is close to 100 %
core electron density and another one at the chord 2 measurBgar the pressure peak position. _
only edge density (Fig. 1)1a1/na2 gives the density peaking We reconstruct 'Fhe density profiles Qf a plgsma accord!ng
level of a plasma. On the spatial structure of a plasma, a mort? the three-chord interferometry by using a simple model in-
detailed analysis on the electron density profiles is discussedUding the relativistic correction for the hot electron compo-
in the next section. WheR exceeded 20 kW andW ap- nent [17-19]. Here we assume that the plasma density has a
proached- 5.0 mWh, there was a distinct increase in the fluc-POWer-law dependence oras
tuation level. Specific frequency peaks or clear mode struc- Ny—o(r) = nor @ @)
tures were not observed in the analysis of frequency power
spectrum of fluctuations. This is in marked contrast to theon the equatorZ= Om, r; < r) plane, whereng anda are
cases of unstable plasmas where the interchange mode was epnstants, and it is a function of the magnetic surface. In the
cited by the effects of hot electrons generated by ECH [13, 15{lipole magnetic field, charged particldgfuse inward[11]

nat/na2 (peaking level)

0 10 20 30 40
8.2GHz Pr (kW)
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until a peaked density profile in the real space is spontaneous Figure 7 shows the density profiles of plasmas calculated by
generated. Therefore the density profile should primarily deusing the values o andb in Table | for the three cases. As
pend on the magnetic surface function. The mirror trap effectshown in Fig. 7 (1), in the higls- and lowne case, where the

in the strongly inhomogeneous field are also important, espeslasma mainly consists of hot electrons generated by ECH,
cially in the cases of ECH plasmas where electrons are heatdlde plasma shape is strongly influenced by mirror trap effects.
in the perpendicular direction. We also assume that electromhe density profile is then strongly non-uniform on the mag-

density on a same magnetic surface is given by netic surfaces. The high density plasma is located in a weak
b field region and the plasma expands toward the chamber wall.
. B(r, 2) 2 This result is consistent with the equilibrium analysis and also
n(r7 Z) nzfo(r) X s ( ) . . ..
Bo with the observation of strong x-ray emission on the cham-

ber wall hit by hot electrons. In this case, the plasma has a

large density gradient especially in the vertical direction. In

contrast, when the ratio of cold electrons is high in the [Bw-
magnd highne case, as shown in Fig.7 (2), mirror trap effects
gre relatively small. The shapes of the density contours are
quite close to those of the magnetic surfaces. Finally, Fig.7
(3) are the density profiles of the new hirand highre state
observed after the transition. The mirror trap effects are again
significant, but the density gradient along the magnetic sur-
faces is rather small when compared with the case 1, as a re-
sult of the increased electron density.

whereB(r, z) is a magnetic field strength aiBj is the weak-
est field strength on the same magnetic surface. Hés¢he
peaking level of a density profile aihds the strength of mirror
trap effects. We also assume that the plasma is axially sy
metric. By using the values of line densities measured at th
three chordsy 1, N2, andnz, we find the values ad andb by

the least-square method. We used a typical electron temper
ture Te = 50 keV of a highB plasma and ratios of hot electron
population inferred from interferometry data [12] for the cal-
culation of relativistic correction. A more detailed explanation
on the reconstruction method will be reported elsewhere.

casel | case2 | case3
Pn (mPa) 1.0 15 15
B (kW) 38 43 45
AY (mWb) 4.2 0.7 4.9
chord 1 ngy (M 3)[2.4x 1017 (4.1 x 104 (6.8 x 10~ IV. SUMMARY
Thot 0.47 0.12 056
chord 2 nag (M) [1.1x 1017]3.4 x 1017]3.7 x 1017 )
ot 045 017 0.75 In order to expand the parameter regime of an ECH plasma
chord 3 ngs (M 3)|L.1x 107[2.8 x 1087|3.0 x 107 experimentin RT-1, we upgraded th &Hz microwave sys-
Thot 059 0.25 0.60 tem and increased the rated input power from 25 to 50 kW.
a 21 16 2.7 An increase in the microwave power enabled the transition
b 438 0.6 2.3 of a plasma to a new higB-and high-density state. In the

new highf3 state, a large amount of hot electrons were si-
TABLE I: Experimental conditions and analysis results of interfer- multaneously_generated with cold elef:trons’ realizing a more
ometry. Neutral gas pressuRg, microwave powePr;, diamagnetic stable formation of the hqt-electron hlghplasmg. When a
signalsAW, interferometer data including the relativistic correction, Plasma was generated with two-frequency heatinga&8d
and the calculated values afandb in cases with (1) highg and 245 GHz with a total input power of up to 64 kW, the diamag-
low-ne (a previously reported higB-region), (2) lowg and highne  Netic signal (the averaged value of four magnetic oops signals)
(before the transition), and (3) high-and highne (after the transi-  reachedAW ~ 5.2 mWh. A two-dimensional Grad-Shafranov
tion) states, see Fig. 6. analysis showed that the corresponding Iggaklue is close

to 100 %, while the peaking level of a plasma did not signifi-

Table | summarizes the analysis results for three typical paeantly increase at the higB+region. However, according to a

rameter regimes of a plasma. The data shots used for the anabflectometer measurements, the fluctuation level of a plasma
ysis are plotted in Fig. 6 as open triangles. Here the hot elecsignificantly increased in very largdW conditions. These
tron ratiorpo; Was inferred from the ratio of slow decay com- observations may suggest that the plasma is still below the
ponentin the interferometer signals observed after terminatingressure driven instability limit and the fluctuation increased
the microwave power [12]. The case 1 is a hifgifand lown.  because the lowest field strength in a plasma approached to
state realized at low neutral gas presdyewhich has been zero. It is noted that the optimization of the spatial profile of
realized since the past experiment. The cases 2 and 3 are batlplasma will realize further increase in the total stored en-
whenR, is relatively high. The case 2 is a relatively Ig8v- ergy of a plasma in future experiments. We also investigated
state before the transition. The main component of electronthe spatial structures of a plasma by using a three-chord inter-
in this case is a cold component. The case 3 is the newlyferometry including a relativistic correction for hot electrons.
reported high8 and highne state observed after the transition. The measurements showed that the plasma has peaked density
For various experimental conditions, the valuesahdb are  profiles and also strongly affected by the mirror trap of hot
both positive, which is consistent with the self-organization ofelectrons in a weak field region, which is consistent with the
a peaked density profile in a strongly inhomogeneous dipolself-organization of magnetized charged patrticles in a strongly
field configuration. inhomogeneous dipole magnetic field.
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FIG. 7: (color online) Electron density profiles corresponding to Table I. (a) Two dimensional contour maps and (b) radial profiles on th

z=0m plane of electron density in cases with (1) hjgiland low+e, (2) low-8 and highne, and (3) highg and highne states. On the=0m
plane, the dipole field magnet surface is located-at0.18 and 0375 m.
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