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Abstract

An electrostatic potential -well and mirror-trapped hot electrons are

created by high power (250 kW), short pulse (3 fisec) electron cyclotron reso

nance heating (ECRH) of a plasma in one magnetic mirror cell of the Berkeley

Ten Meter Multiple Mirror Experiment. The creation and subsequent decay of

potential well is measured by an electron beam, time-of-flight diagnostic. Typi

cally, the barrier rises to -40 volts just after ECRH and decays within 100 fu,sec.

A numerical model of the barrier evolution is developed, and the numerical

results along with the experimental observations are presented. Both the

numerical results and the experimental observations indicate a correlation

between the degree of heating (diamagnetic loop voltage output) and the longev

ity of the barrier. It is shown that the decay of the barrier is determined mainly

by the hot electron escape rate and the hot electron-neutral ionization rate,

rather than by the trapping of the passing ions.
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I. INTRODUCTION

One promising configuration being investigated for confinement of fusion

plasmas is a tandem mirror in which electron cyclotron resonance heating

(ECRH) is used in an intermediate mirror cell to create a potential barrier (ther

mal barrier) to electron flow between outboard anchor cells and the center cell

of the device. The electron temperature in an anchor can then be maintained

by additional heating to exceed the temperature of center cell electrons. Since

the ion confining potential of the anchor with respect to the center cell is pro

portional to the anchor temperature, strongly enhanced plugging of the center

cell ions can be achieved. Experiments on the TMX-U device at the Lawrence

livermore National Laboratory indicate that such a potential barrier and its

2corresponding enhanced ion confining potential have been achieved.

There are several difficulties to overcome in creating and maintaining a

thermal barrier. For example, a trapped particle instability may arise because

the communication between the good curvature anchors and the center cell is

reduced, thus rendering the stabilizing influence of the anchors less effective.

4-5Trapped particle modes have been observed in mirror devices. We have

recently completed an experimental study of trapped particle modes induced by

an ECRH potential barrier in a tandem mirror-like magnetic configuration.

A second problem is to maintain the barrier by pumping out ions which

tend to collect there and thus reduce the barrier height. Various schemes such

as neutral beam pumping and drift time scale pumping, have been studied.

However the ion trapping mechanism and the effectiveness of these schemes are

not well characterized. Finally, direct measurements of the actual barrier

height are difficult to make because the electron temperature in the barrier

region is high and the magnetic field configuration is complicated and often
Q

non-axially symmetric. Indirect measurements such as end loss analyzers and
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end loss ion spectrometers have been used successfully to measure the barrier

potentials. Langmuir probe methods such as differential emissive probes have

been used successfully in lower temperature tandem mirror devices.

It is the purpose of this paper to describe observations of a potential bar

rier produced in a tandem mirror-like magnetic configuration by a single short

pulse of ECRH and to describe the transient decay of the barrier after ECRH.

The primary potential measurements are made using a modulated electron

beam in which the time-of-fiight of the beam along a magnetic field line through

the ECRH-induced barrier region is determined. The results are compared to

a theory of barrier formation and destruction in which hot electron losses, neu

tral gas ionization, and collisional ion trapping play significant roles.

E. EXPERIMENTAL CONFIGURATION

The measurements are performed in the magnetic mirror system (MMX)

shown in Fig. 1. The magnetic field is pulsed, with a rise time of 200 /zsec and a

decay time of 2 msec. Plasma injected from a Marshall gun source flows along a

225 cm region with a 0.18 T axial magnetic field and through a quadrupole stabil

ized mirror field at mirror throat Te, then into three quadrupole stabilized mir

ror cells with midplanes at U78, Uq7, and M56. Each cell has length I = 75 cm,

midplane field B0 = 0.18 T, and stable mirror-quadrupole fields having mirror

ration R = 3.0 and fan ellipticity Q * 20.

The 10 cm diameter metal chamber wall of the central cell Me?, together

with mesh-covered endplates at Te and T7 having openings spaced to fit the

elliptical flux surfaces, form a cavity for electron cyclotron resonance heating

that does not significantly obstruct the plasma flow. A 3 jjsec, 250 kW, 9.0 GHz,

rf heating pulse is injected into the cavity at Me7 which contains an on-axis

plasma column. This creates a magnetically confined, hot electron density nh in

the center cell due to ECRH at the two resonance zones, each approximately 6
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cm from the mirror throats.

Diagnostics to measure the various plasma parameters include the follow

ing: The plasma density in the ECRH cell is measured using an 8 mm, swept-

12frequency microwave interferometer of conventional design. The interferome

ter has been calibrated against a commercial phase shifter using rods and slabs

of various dielectric constant and radii inserted into the ECRH cavity, and has

beam calibrated against a Langmuir probe measurement of the plasma density

in Mfl7 in the absence of ECRH. The frequency is swept every six microseconds,

yielding measurements for plasma densities in the range 1011 - 1013 cm"3 on 6

fisec timescedes.

The temperature of the "tail" of the hot electron distribution is determined

by measuring the x-ray flux in the 1-10 keV range using a cooled, Si(Li) detector

with a beryllium window having 47 and 91 percent transmissivity at 1 keV and 2

keV, respectively. The energy resolution of the system is typically 0.4 keV, and

the maximum count rate is 500 kHz. Although there is some line radiation

observed from high-Z plasma impurities, those with significant amplitudes are

sufficiently separated to leave a useful, line-free window between 1.5 and 4 keV

to observe the plasma x-ray bremsstrahlung radiation. The preceding measure

ments are corroborated with a diamagnetic loop which determines the density-

energy product of the ECRH plasma just after its formation. The loop and its

associated electronics have been calibrated by placing a small solenoid inside

the ECRH cell and driving the solenoid current with a square wave generator.

It is necessary to determine the radial plasma profile in order to analyze

the interferometer and diamagnetic loop measurements. Arrays of four cylindr

ical Langmuir probes biased into ion saturation are used to obtain time-resolved

radial profile measurements in the central cell midplane in the absence of

ECRH, and in the two adjacent cell midplanes with and without ECRH. (Profile



measurements in the central cell midplane in the presence of ECRH could not be

performed due to arcing at the probe tipes). We observed little change in radial

profile in the adjacent cells with and without ECRH, and little change in the

profiles as a function of time.

The transient plasma density and plasma motion in cells Mse and M7B adja

cent to ECRH cell Me7 are measured using Langmuir probes in the cell mid-

planes. The probes are biased into ion saturation, with the density inferred from

13the observed ion current in the usual manner. The transient plasma poten

tials in the adjacent cell midplanes are measured using high impedance, emis

sive probes. These same probes, either non emitting or at low emission

currents, are also used to measure the floating potentials.

Transient measurements of the cold plasma temperature are required to

relate the barrier potential to the temperature and are also used to determine

the collisionality regime. To use Langmuir probes as a fast electron tempera

ture diagnostic, the probe bias voltage is swept sinusoidaily, with every bias

cycle producing an / vs. V plot, ranging from the ion saturation to the electron

saturation region. On each plot, the exponential region yields the electron tem

perature from the relation

ln(/-/i) = In/. + (K- VP)/ T9

where /< and I9 are the ion and electron saturation currents, respectively, and

Vp is the plasma potential. A typical sweep frequency of 250 kHz gives a time

resolution of 4/zsec. The main complication to the bias sweeping is the finite

capacitance.from the probe tip to the chamber ground, which is tuned out by a

bridge circuit, but only at a single plasma density. Since our plasma density

varies with time, some /—V plots have a hysteresis which can be mostly elim

inated by computer processing.



For some plasma source and vacuum conditions, the plasma density in the

central cell rises sharply just after ECRH. A nude ion gauge is used to monitor

the transient pressure rise in the central cell produced by the emission of neu

trals from the plasma source and the chamber walls. We interpret some frac

tion of the plasma density rise after ECRH as being caused by ionization of this

transient neutral pressure rise, with the remaining density rise resulting from

the potential barrier dynamics, as described subsequently.

To measure the potential barrier in the central cell, an electron beam

116time-of-flight diagnostic has been developed. A schematic of the diagnostic

arrangement is shown in Fig. 2. A 100-200 volt, 0.5 mA, 1/8" diameter electron

beam is injected in the midplane of cell M7fl, propagates along the magnetic axis

of ECRH cell Me7, and is detected in the midplane M5fl of the following celL To

determine the beam time-of-flight, the beam current is modulated at f = 10 MHz,

and the phase delay of the signal received at the collector is measured. To pro

vide high signal-to-noise ratio, a digital, phase-locked loop is used. The beam

modulation is synchronized to a 100 MHz transient digitizer, and the received

current, after passing through a Q » 7 tuned amplifier, is digitized to obtain 32 k

samples. A sine wave is fitted to each group of fifty consecutive samples, and its

amplitude Aj and phase (pj are determined by a least square error criterion.

Ten or twenty consecutive values of sin <Pj (and cos <p3-) so determined are then

averaged to obtain the mean phase (p and its standard deviation s over the five

or ten microsecond sampling interval. It is easily seen that the standard devia

tion for a set of phases <pj chosen randomly from the interval (0,27r) is n/y/3.

However, we typically consider measured phases having s > 0.6 as not

significant.

The phase <p(x) due to an axial potential distribution V(x), with respect to

the beam cathode at x = 0, is given by



dx(fi(x) = Cjt(x) =Uf —7—r (U

where

v(x) = 2e 7(x)
l/Z

m

is the beam velocity. If we assume a simple square well model for the potential,

then the phase change L<p at x = 2i due to the creation of a negative barrier of

magnitude $ and length I is

V
1-t

7

-1/2

-1 (2)

Equation (l) has been verified experimentally by applying a -45 V, 100 /usee pulse

to a 2.5 cm diameter ring electrode placed on axis at the midplane of the center

celL The dependence of L(p on V in (2) has also been verified over the range

from 100 to 200 volts. The time response of the beam diagnostic has been meas

ured by applying a 20 V, peak-to-peak, 25 kHz square wave modulation in series

with the cathode voltage. These measurements yield a response time that is

less than 5 /usee. The electron beam diagnostic has been used to observe the

formation and decay of -40 to -60 volt barriers on 5-10 microsecond timescales.

m. EXPERIMENTAL RESULTS

Due to the irreproducibility of the plasma conditions from discharge to

discharge, not every discharge with ECRH produces high-average-energy, well-

trapped, heated electrons. A good indication of the effectiveness of the heating

is the diamagnetic loop voltage. The experimental observations indicate a

strong correlation between the electron beam phase shift and the diamagnetic

loop voltage. Therefore, we divide our ECRH discharges into the three

categories—low, medium, and high diamagnetic loop voltage. However, all ECRH
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discharges do exhibit some common features.

Typical plasma parameters before the initiation of the ECRH pulse are

Tg = Ti « 7-8 eV and n87 »3x 10ucm~3, with the density decreasing by about a

factor of approximately two from cell to cell away from the source. After ECRH,

the exponential tail of the hot electron distribution, obtained from pulse height

analysis of x-rays, indicates a temperature as high as 1.5 keV. The average

energy of the hot electrons, obtained from the diamagnetic loop and microwave

interferometer, together with measurements of the radial density profile in

adjacent cells, is generally lower, indicating a non-Maxwellian distribution of the

hot electrons. After ECRH, the cold electron temperature in midplanes Use and

M7fl jumps to approximately 15 eV and then remains fairly constant for several

hundred microseconds. This effect is probably caused by heating due to

microwave power leaking out of the cavity. The plasma potential (with respect

to the discharge chamber) measured in M78 jumps from 6 to 17 volts right after

ECRH, then drops to a constant level of about 10 volts in 20 /xsec. The general

increase of the potential is in qualitative agreement with the temperature

increase after ECRH.

Typical ion saturation currents from Langmuir probes in Mge and M7fl are

given in Fig. 3a and 3b. Alarge jump is observed right after the ECRH. The mag

nitude of the jump implies an increase of the plasma density in addition to the

temperature increase, since the temperature increase alone is not enough to

account for the magnitude of the jump. The density increase may result from

microwave ionization of the background neutrals. The slow wiggles on the den

sity trace (period ^ 40 fjs) observed after ECRH indicate a slow plasma motion

or rotation, and may be due to an effective "kick" exerted by the microwaves. A

typical plasma density at Me7 from the microwave interferometer is given in Fig.

3c. Qualitatively, the density increases after ECRH and peaks at about 40 /is.

Some of the increase in this cell may be caused by hot electron and microwave



ionization of neutrals, as in the adjacent cells, and some of the increase is a

result of the potential barrier dynamics.

The phase delay fixp [see Eq. (2)] for a discharge with low diamagnetic loop

voltage (Vd « 10 mV) is shown in Fig. 4a. The phase shows a sudden delay right

after ECRH of 2 radians that drops back to the original phase (t < 0) in about 60

usee. The x-ray signal vs. time is short (« 100 usee) and weak, indicating that

the average energy of heated electrons is much lower than the x-ray window

cutoff energy, 1 keV.

The phase delay data for a 40 mV diamagnetic loop voltage discharge is

shown in Fig. 4b. A slower decay of the phase than the low V& case is observed,

and the phase returns to its original level in 80 usee. The x-rays are long-lived,

and the average energy of the heated electrons is 770 eV.

The phase delay data for a discharge having an 85 mV diamagnetic loop vol

tage is shown in Fig. 4c. The phase data indicate a near plateau for 70 usee, and

the phase then drops down sharply afterward. The x-ray signal is strong and

long-lived, and the average energy of the heated electrons is 1.4 keV for a den

sity at t = 0 of 2.2 x 1011 cm"3.

IV. MODEL OF BARRIER EVOLUTION

We can understand the phase delay data qualitatively using a simple, three

cell rate equation model. For ease of notation we use subscript "2" for the ECRH

cell M67 and subscripts "1" and "3" for the adjacent cells Msa and M78. After

ECRH, a magnetically confined hot electron population having density n^ sud

denly appears, and the cold electron density n^ is suddenly reduced. The

potential —$ in cell 2 (with respect to cells 1 and 3) follows from the flux balance

equation for electrons and ions at each adjacent cell interface required to main

tain charge neutrality in the ECRH cell,



nxv9 -i/T. _ nC2Ve nxVi ngUj ^/T{
4R * 4/? " ~TR W2 W

Here nx is the electron (and ion) density in cell 1, n2 = nh + rigg is the ion den

sity in cell 2, R is the mirror ratio, Tg and 7^ are the cold electron and ion tem

perature in volts, and v9 and i^ are the average speeds of the electrons and the

ions respectively,

v9 =(QT9/nrn)l/z ,

Vi = (87i/7rJtf)1/2 .

For T9 = Tit we find from (3),

7lj/i,+Tl2
$ = rflln[nx+riggu J

where u = (Af/m)172. Just after ECRH. for 7^2/2 « nx « n2, we obtain * » 3.75 re

and a phase delay given by (2).

After ECRH, the cold electron density increases with time as

dnc2 Tii^i n2fL>i -*/r< /g\
dt ' ZRl 2RL

where we have assumed nj = na. Since u » 1, the barrier potential $ is roughly

proportional to ]n(n i/rtez) and diminishes as 71^2 increases in time. However,

the rate of increase is characterized by the ion velocity v<. Therefore, according

to this simple model, a barrier $ » 40 volts springs up in one electron transit

time, typically about 0.5 us in our experiments, and decays in a few ion transit

times (« 40 us) due to collisional ion trapping. Note that there is a non-zero

asymptotic value of the barrier depth which is obtained by setting (5) equal to

zero and using (4),
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$a*ym * 0.48 T9 .

This value results because the ion density in cell 2 is always higher than that in

an adjacent cell due to the trapped hot electrons.

Although the preceding description of barrier evolution agrees qualitatively

with measurements, several additional features have been incorporated into the

model in order to make a quantitative comparison. First, for the parameters of

the experiment, the ion flux entering cell 2 is not completely collisionally

trapped. We let

Xi = l-expH/X*")

be the fraction of the incoming ion flux that is trapped, where A/= >*//? is the

effective mean free path for scattering through a loss cone angle sin_1(/?"1/2)

and \ is the ion collisional mean free path, which is given by

Xifcm) «8x 1011 £<8(eV)
n(cm~3)inA

where Si = $ + —Ti and in A« 15 is the Coulomb logarithm14 Since $ « 40 V,

the ion mean free path can be longer than the cell length, and the ion trapping

fraction can be much less than unity. Thus most ions are not trapped while

traversing the ECRH cell; instead they are mostly passing ions.

A second feature is the loss of hot electrons during barrier formation and

decay. This loss modifies the electron flux balance at the adjacent cell inter

faces, and is particularly important for discharges with lowdiamagnetic loop vol

tages. Another addition to the model is ionization of neutral gas in the ECRH cell

by hot electrons. A final consideration is that we have used symmetric adjacent

cells—the plasma parameters of cell 1 are identical to these of cell 3. In reality,

the plasma density is quite different from cell to cell. However, the plasma tem-
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perature and the plasma potential we have measured are roughly the same in

cell 1 and cell 3. It seems that constant plasma potential contradicts large cell-

to-cell density variation, as predicted from the Boltzmann factor; Le.,

Vs—Vxt* T9ln(nQ/nx). However, due to multiple mirror action in the long

machine, electron losses through the ends are significantly inhibited and radial

ion losses are comparable to axial electron losses, thus clamping Va « Vx near

1 *s
chamber ground. These lower potentials are observed on the emissive probe

data in the adjacent cells both before and after ECRH. This poses a constraint

on the barrier modeling. If we comply with the fact of unsymmetric densities

and use the actual densities of the adjacent cells to calculate the barrier depth

at the adjacent cell interfaces, the barrier depth at each interface will not be

the same. In other words, this simple approach can not properly simulate the

barrier evolution in the actual experiments. To simulate the measured scenario,

we keep the symmetric property in our model and use the average density

measured in the two adjacent cells as the (single) adjacent cell density.

From the preceding considerations, we therefore write, in place of (3) and

(5), the modified flux balance and rate equation

lR-e -ST- ST"* Tr— -uTe (6)
and

db%Q
-= —+ Xi -TT5T T5—e + vhnh . (7)dt Th M ZR ZR

where

drih, nfc

dt Th

describes the decay of the hot electrons and where n/2 denotes the trapped ion

density in cell 2, rh is the hot electron collisional scattering time, and i£ is the

ionization rate. We approximate

-12-
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r.-1 =1-5 x10-= ^g^ SeC-. (9)
and16

vk =WWv /sec (10)
where Z = T^/ Ex, Ek is the ionization potential and n0 is the neutral density. Iu

(9) and (10) densities are in cm-3 and energies in eV. The trapped ion density is

given by

7li'2 =71,52 + 71* -nfe , (11)
where

™2^i

** =* zrWT (12)

is the passing ion density in cell 2 and

<*x>=l>(n+2$)/Jtf]1/2 (13)

is the average parallel traversing velocity of the passing ions in the ECRH cell.

Finally we need the evolution equation for the hot electron temperature.

dTh
™>k -3-= -ifoc^z ~vJinhEo , (14)

where ^ is the energy transfer rate through collisions from hot to cold elec

trons and has the form

We have numerically integrated the rate equations (7), (8), and (14) along

with the flux balance condition (6). Since Xi and n& are functions of $, the equa

tions have to be iterated, given guesses, to obtain $, n/2 and Xi for every time
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step. Further details of the numerical model are given in reference 15. To ini

tialize the simulation, we have made a few approximations which do not alter the

physical picture. We assume the ECRH is completed instantaneously. In the

experiments, the microwave pulse is about 3 us long; however, we are not

interested in the heating process. Therefore, we just "turn on" a heated elec

tron population at t = 0 in the simulation. Another approximation has to do with

the initial transient of the barrier evolution, which is due to the finite traversing

time r* = I/fa} of the passing ions. Before the ion flux entering the ECRH cell

at t = 0 travels one cell length, the passing ions do not exist. Therefore, we can

not simulate the transient in a simple manner. Instead, we account for its effect

as follows: For t < rf which is about 7 us, (7) can be approximated, for $ large,

as

"3"- TrT* TT+ Vh7lh • (15)

From (15) the cold electron density at t = rf in cell 2, assumed to be zero right

after the ECRH, is

TL+o = „_, \ + y—r-+ 1^71* T^r- . (16)
^2 2/?<Vi> Th(Vx"> h^<Vi> v

Then we use the value of ti^ as the cold electron density at the start of the

numerical simulation. Note that the aforementioned approximations make the

starting time of the simulation about 10 us later than t = 0 in the experimental

data (the trigger of the magnetron). To distinguish this difference, we label the

time scale of the experimental data as t and the time scale of the simulation

output as t *, with t « t * + 10 us.
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V. COMPARISON OF MODEL WITH EXPERIMENT

Figure 4a shows the phase delay for a discharge with a low diamagnetic loop

voltage (* 10 mV). For the simulation, we use a generic density trace shown in

Fig. 5 as our adjacent cell density, which features a mild density jump at t* = 0

and a smooth decay. The other parameters used at t * = 0 are:

7ii2 = 1 x 1011 cm-3, Th = 200 eV, p = 3 x 10-8 torr. T9 = 15 eV. and Tt = 7.5 eV.

The simulation results are given in Figs. 6 and 7. Figure 6 contains four plots:

the cold electron density (ti^), the ion trapping fraction Oft), the heated elec

tron density (ti^), and the total ion density (n^) versus time. From the figure,

Xi is very low at t * - 0, and the main mechanisms for the cold electron build-up

are hot electron ionization of neutrals and hot electrons scattering out of the

ECRH cell. At this hot electron temperature, 200 eV, the cold electrons build up

very fast and the barrier decays away by t * = 55 us (Fig. 7). The barrier depth

obtained from the measured phase delay in Fig. 4a, assuming a constant cold

electron temperature of 15 eV, is shown in Fig. 7 for comparison with the model

results. The barrier depth from the simulation is in good agreement with the

observed depth.

The phase delay data for a 40 mV diamagnetic loop voltage discharge are

shown in Fig. 4b. For the simulation we use most of the aforementioned parame

ters, except we choose 7\ to be 500 eV and ti^ to be 2.4 x 1011 cm-3. Figure 8

shows, in comparison to Fig. 6, a slower rise of the cold electron density Ttgg due

to a much lower loss rate of the hot electrons, which varies as 7/f372. The bar

rier depth from the model and from the experiment shown in Fig. 9 displays

slower changes compared to the low diamagnetic loop voltage case (Fig. 7). The

simulation and observations are in good agreement.

Figure 4c displays the phase delay data for a discharge with an 85 mV

diamagnetic loop voltage. The density is 2.2 x 10n cm-3 and the hot electron
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temperature is 7^ = 1.1 keV. The results are given in Figs. 10 and 11. The trap

ping fraction Xi l3 very low during the entire simulation, and Tig 2 increases

mainly due to the hot electron-neutral ionization and the hot electron loss. The

barrier depth is significant at t * - 100 us. The resulting barrier depth (Fig. 11)

does not quantitatively reproduce the observed plateau and sharp drop-off. How

ever, the simulation does indicate a longer lasting barrier compared to the low

and medium diamagnetic loop voltage cases.

VI. DISCUSSION AND CONCLUSIONS

The phase delay and temperature results from the simulations are gen

erally in good agreement with the experimental observations. The main

mechanisms for the barrier decays are hot electron-neutral ionization and hot

electron loss. Ion trapping is not important when the barrier depth is large.

The cold electron temperature jump from 7.5 eV before ECRH to 15 eV after

ECRH helps to explain the larger barrier depth observed. The effectiveness of

the heating (diamagnetic loop voltage) sets the range for the hot electron tem

perature, which in turn dictates the ionization rate and the hot electron loss

rate. Thus, the longevity of the phase delays should be strongly dependent on

the diamagnetic loop voltage, which fact is demonstrated by both the simulation

and the experimental observations. The discrepancy in the high diamagnetic

loop voltage case implies that some mechanism not considered in the numerical

model is important in accelerating the barrier decay later in the barrier evolu

tion. One possible mechanism is the arrival of neutrals from the wall of the

ECRH cell. Neutrals created by the ECRH microwave pulse at the wall can

migrate into the bulk of the heated electrons at a speed of about 1 mm per

microsecond. Since the chamber radius is about 5 cm, it will take 50 us for

these neutrals to reach the center and get ionized. These extra ionizations will

accelerate the cold electron buildup and the barrier decay. This effect has not
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been studied in the numerical model due to lack of proper measurements. How

ever, the density from the microwave interferometer (Fig. 3c) may qualitatively

give an indication of the arrival of neutrals from the walL Therefore, we also

simulate a case with a time-varying neutral pressure, shown in Fig. 12a. Using

the same parameters as the high diamagnetic loop voltage case, we obtain a

phase delay result much closer to the experimental observation in Fig. 4c.

In conclusion, the electron beam, phase sensitive, time-of-flight diagnostic

has successfully provided a direct, time-resolved measurement of the thermal

barrier evolution in our ECRH experiments, and the experimental observations

are quantitatively consistent with our numerical model.
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