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An intrinsic evolution on the decoupling-coupling-decoupling (DCD) of the elec-
tron density and temperature profiles responding to the magnetic field change in
a cylindrical laboratory plasma device is reported with no external particle, heat-
ing and momentum source. Experimental results show that the density and the
temperature profiles decouple with low magnetic field, couple with higher magnetic
field and decouple again with the continuous magnetic field increase. An element
physical picture of the DCD regime is unraveled based on the analyses of gradient
lengths, the turbulence propagation directions and the turbulence spatial scales,
and the relationship between the normalized collision rates and the poloidal mode
numbers.

As significant physics, the coupling and the decoupling are widely studied in the super-
Alfvénic space plasma expansion! 3, the inertial confinement fusion (ICF) on the enhanced
energy coupling®® and the pulsed inductive thrusters (PIT) between the accelerator coil
magnetic field and the plasma®7. In the magnetically confinement fusion (MCF) field, since
first being observed on sawtooth oscillations®, the coupling and the decoupling physics have
also been researched for a long history? 3. The coupling and the decoupling are extensive
and important physics in magnetized plasma, in particular, the experimental instigations
on the high confinement mode (H-mode)'* ¢ and the improved energy confinement mode
(I-mode)'” 20 show that the coupling and the decoupling between the density profiles and
the temperature profiles are observed in tokamaks. Since the H-mode and the I-mode are
still potential operational regimes for the future fusion power approaches, the fundamental
physics of the coupling and the decoupling of the density and the temperature profiles is
still necessary to studied using a few systematic methods.

In this work, we report three distinct observations that taken together show that those pre-
vious experimental results on edge profiles coupling and decoupling phenomena in H-mode
and I-mode can be refined by an intrinsic evolution on the decoupling-coupling-decoupling
(DCD) in a cylindrical laboratory plasma device. First, the temperature gradient is almost
no change while the density gradient increases with the magnetic field increase 0.5 kGs to
0.8 kGs, then both density and temperature gradients increase from 0.8 kGs to 1.1 kGs, and
then the density gradient is almost no change while the temperature gradient increases with
the magnetic field increase from 1.1 kGs to 2 kGs. Second, the propagation directions of the
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poloidal wavenumber (ky) and the radial wavenumber (k) with magnetic fields changes are
different, and the drift wave (DW)?2! extends to higher frequency region. Third, the density
gradients drive a nonlinear change of the density fluctuations with magnetic fields increase,
and the integral density decreases while the integral temperature increases. Meanwhile, the
relationship between the normalized collision rates of the electron to electron (v?,) and the
poloidal mode numbers (m) at r=4.5cm is strongly related to the density. This means that
one potential mechanism affects density, which induces the DCD regime of the density and
the temperature. We also statistically analyze a few tokamaks with H-mode and I-mode
plasmas on the v}, and the m. A comparison result shows that the intrinsic evolution on the
DCD regime is similar to the previous cases with the H-mode and the I-mode plasmas since
the density could be the key parameter of the H-mode versus to the I-mode with almost
fixed heating power. Thus, the issue to the density effect is the element on the intrinsic
evolution on the DCD regime in the cylindrical laboratory plasmas, this is significantly
helpful to understand the observations of the density and the temperature coupling and
decoupling associated with the H-mode and I-mode plasmas in tokamaks.

The experiments reported were carried on the Zheda Plasma Experimental Device(ZPED)?2,
which is a cylindrical magnetized plasma device at Zhejiang University. The size of the
vacuum chamber is 2.0m in length and 0.3m in diameter. The Nitrogen plasma is produced
by a 13.56MHz radio frequency (RF) source with 200W forward and 20W reflect power.

The Quadruple Langmuir probe(QLP)?? and the Langmuir rake probes are the key di-
agnostics for the plasma profiles, the density fluctuations. A diagram of QLP is shown in
Fig. 1 (a). It consists of four tungsten tips, 1, 2, 3 and 4 of lecm in length and 1.4mm in
diameter. The distance between the tips along the poloidal direction is 4.6 mm between tip3
and tip4. The distance between the tipl and tip2 along the magnetic field direction is 4.5
mm, as shown in Figure 1 (a). The plasma profiles (electron density, electron temperature),
the density fluctuation and the poloidal wavenumbers (kg) are measured by the QLP. A
diagram of the Langmuir rake probe is shown in Figure 1 (b). It consists of 12 tungsten tips
in the radial direction from center to the edge of the plasma. The length and the diameter of
each tip are 2mm and 2mm, respectively. The distance between two adjacent tips is 4mm.
The radial wavenumbers (k,.) are measured by the Langmuir rake probe. The magnetic field
direction, the QLP and the Langmuir rake probe moving directions are marked in Figure
1 by the arrows. In this work, all of the poloidal mode numbers (m) are measured by the
fast camera diagnostic??.
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FIG. 1. (a) is the diagram of QLP and (b) is the diagram of Langmuir rake probe. The magnetic
field direction, the poloidal direction and the moving direction are indicated by the arrows.

The density and the temperature profiles with different magnetic fields are measured by
the QLP as shown in Figure 2 (a) and (b), respectively. Here, a key analysis region is
around at 7 = 4.5cm (by the red line). The ionization of the neutral gas is estimated by
the Saha equation?® a?/(1 — a?) = (2.4 x 10~ /p)T?%e~*/KT_ The ionization number a is
about 99%, very close to full ionization. Here, the thermodynamic temperature (7') is about
3 x 10*K, the ionization energy (u) of nitrogen atom is 14.5 eV, the plasma temperature
(KT) is about 3eV, and the pressure (p) is about 1.5mtorr.

Based on Figure 2, a detailed analysis of the gradient is shown in Figure 3. The density
gradient length (1/L,, = An./n.) and the temperature gradient length (1/Ly, = AT, /T.)
are shown by the blue curve and the red curve, respectively. The density gradient increases



FIG. 2. (a) and (b) are the density profiles and the temperature profiles, respectively. The main
analysis region is at r = 4.5c¢m, as shown by the red line. The black dashed lines represent the
regions of the integral density and the integral temperature, which will be discussed in Figure 4.

with the magnetic field increase, while the temperature gradient almost no change in region
I; the density gradient continuously increases, meanwhile the temperature gradient increases
with the magnetic increase as well in region II; however, the temperature gradient increases
with the magnetic field increase but the density gradient almost no change in region III.
This means that the DCD regime exists with the magnetic field increase: the density profile
and the temperature profile are decoupled in region I, density gradient increases without
the temperature profile no change; the density and the temperature are coupled in region
II, both the density gradient and the temperature gradient increase together; the density
and the temperature are decoupled, the temperature gradient increases with flat density
gradient in region III.
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FIG. 3. the distributions of the 1/L, and the 1/Lr. at r = 4.5cm with magnetic field increase.
The three regions of the DCD regime are separated by the gradient changes of the density and the
temperature.

In each region, the fundamental physics of the DCD regime related to the wavenumber
spectra and the density fluctuation are also analyzed, as shown in figure 4. The poloidal
and the radial wavenumber spectra are obtained according to the two-point correlation
method?527 and the cross power spectra of floating voltage measured by two floating probes
are derived with C%, = X7(f)Y7*(f) = Ae"% (), where j is the number of samples, X
and Y are the Fourier transform of floating voltage, * denotes the complex conjugation.
The wavenumber k; is confirmed by the phase difference 0;, k;(f) = 0;(f)/Ad. By sum up
complex amplitude of different samples, wavenumber spectra S(k, f) can be calculated,
Sk, f) = & Z]A/il To.amlk — K (f)]|C%y (f)|.Thus, the wavenumber—frequency spectra
S(k, f) of potential fluctuations for radial position r=4.5cm in region I, I and III are
shown in figure 4. Here, the (a), (b) and (c) represent the changes of the poloidal wavenum-
ber (kg) in the region I, IT and III, and the (d), (e) and (f) represent the changes of the
radial wavenumber (k,.) in the region I, IT and III. For region I: in figure 4 (a) and (d), the



m =1 at 0.5kGs, the kg is at ion diamagnetic direction (i-direction, the turbulence spatial
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B = 0.5kG's, |kg| < 60m~!, T, ~ 2.3e¢V, p, = 0.0116m), while the k, is outward as shown
in figure 4 (d), and the frequency of the DW turbulence is below 10kHz, as shown in figure
4 (a) and (d) by the blue dashed lines. For region II: in figure 4 (b) and (e), the m increases
to 2 at 1.0kGs, while the kg is at the electron diamagnetic direction (e-direction, the turbu-
lence scale kgps = 0.5904 < 0.6, B = 1000G's, |kg| < 110m~1, T, ~ 2.4eV, ps = 0.0054m),
while the k, is outward as shown in figure 4 (e), and the frequency of the DW turbulence
expands to higher frequency range as shown in figure 4 (b) and (d). For region IIT: when the
magnetic field increases continuously, the m increases to 4 at 1.7kGs, the DW turbulence
gradually transfers from ion diamagnetic direction to the electron diamagnetic direction and
the absolute value of wavenumbers are much larger than that in region I and II, as shown
in figure 4 (¢). While, the k, indicates that the low frequency turbulence transport is still
inward but the higher frequency turbulence transport is outward much, as shown in figure

4 (F).
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FIG. 4. Wavenumber—frequency spectra S(k, ) of the potential fluctuations at r = 4.5¢m for region
I, I and IIL

These results suggest that the low-frequency turbulence dominantly exists at low magnetic
field at the ion diamagnetic direction. This is useful for the density increase since the
diamagnetic effects as a finite pressure fluctuations to increase the total Reynolds force
significantly?®. While, with the magnetic field increase, the poloidal mode numbers increase
from m = 1 to m = 4. It is clear that the turbulence frequency expends to more higher
frequency and the turbulence propagation direction gradually reverses from i-side to e-side,
as shown in figure 4 (b) and (c). The radial wavenumber spectra S(k,, f) suggest that the
turbulence frequency also increases, and the low frequency component of the turbulence is
outward, as shown in figure 4 (d). In figure 4 (e) and (f), the higher frequency component
of the turbulence is outward and the low frequency component of the turbulence reverses
to inward direction. These results show that the high-frequency turbulence with higher
wavenumber dominantly reduces the density??3% and dissipates particle confinement.

In addition, the turbulence saturation phenomena at the steep density gradient region®!
is also observed when the magnetic field exceeds a critical magnetic field, which is defined
due to the knee point of the density fluctuation curve, as shown in figure 5 (a) by the blue
dashed line. Here, the fluctuation amplitude of the density is calculated from 4kHz to 20kHz
at r = 4.5¢m, corresponding to the steep density gradient region in figure 2 by the red line.
An integral density and an integral temperature with different magnetic fields are obtained,



too, as shown in figure 5 (b). The integral regions are presented in figure 2 (a) and (b) by the
black dashed lines, from r» = 1.5¢m to 6¢cm in the ZPED. It is clear that the integral density
decreases, but the temperature increases with the magnetic field increase with no external
particle, heating and momentum source. One directly reason is that the magnetic field leads
to the increase of the DW turbulence amplitude and reduces the particle confinement, until
to the turbulence amplitude saturation at the steep density gradient. It is consistent with
the results in the figure 4, as said the particle confinement dissipation with the increase of the
wavenumber and the turbulence frequency, conversely, the temperature increases with the
magnetic field increase. This means that an intrinsic evolution of the decoupling transport
channel exists between the density and the temperature in a Cylindrical Laboratory Plasma
Device. A relationship of the v}, versus to the m is studied for a deep understanding of
the intrinsic evolution of the DCD regime in this work, as shown in figure 5 (c¢). The v},

related to the m at r = 4.5¢m is calculated by the v}, = v/w,, w, = 1/% as shown in
figure 5 (c)32. Here, the v¥, is the normalized collision rate of the electron to electron, v is

the collision rate by the v = 2.91 x 10~ %n.In A Te_?’/25’1 and the InA =23 —In (ne%T;%)
at T, < 10eV, the w, is the plasma frequency, the n. is the plasma density, the e is the
electronic charge and the m. is the electron mass, respectively. A change trend of the v},
versus to the m in the three regions is shown in figure 5 (¢) by the dotted ellipses. The v},
is almost no change while the m increases in figure 5 (c) region I, and the m stops increasing
in figure 5 (c) in region II, and the m is almost saturated and the v}, decreases in figure
5 (c) region III. These suggest that the low density due to the turbulence dissipation is
one of the key points of the intrinsic evolution on the DCD regime of the density and the
temperature. This is similar to the particle and temperature different transport channels
of the H-mode and I-mode plasmas®®. Actually, a few typical results on the v?, versus to
the m related to the H-mode and I-mode plasmas from different machines are evaluated
statistically at p = 0.95, as shown in figure 5 (d). The data points are calculated based on
the DIII-D, EAST, ASDEX-U and C-MOD. The red stars and the red circles represent the
H-mode and the I-mode plasmas with different densities, respectively. The table 1 shows
the v},, the m and the (n.). It is clear that the H-mode plasma density is larger than that
in the I-mode case based on the data in the table 1. A regular shape of the v}, versus to the
m is almost similar to the results in figure 5 (¢). This comparison result of the figure 5(c)
and 5(d) identifies that the density is a key parameter of the intrinsic evolution for the DCD
regime of the density and temperature in a Cylindrical Laboratory Plasma Device, similar
to the different transport channels of the density and the temperature in the H-mode and
the I-mode plasmas.

TABLE I. the details of the v%.(x1072), the m and the (n.)(x10"*m™?) from a few tokamaks with
H-mode and I-mode plasmas.

DIIL-D EAST ASDEX-U C-MOD
. H 5.54%3 6.74%7 2.8333:42 5.8933
Uee
I 7.3433 6.09%8 2.7933:42 3.5819:33
H 6034 7539—41 4043,44 4248,49
m 1 N7019,35 N7538 7545 N7019
H 5.536 340 ~5.046,47 N2650
(ne) I 4.519 ~2.54 ~3.542 ~12%1

An intrinsic evolution on the DCD regime has been observed on ZPED with the mag-
netic field increase: first, the temperature gradient is almost no change while the density
gradient increases in region I; second, both density and temperature gradient increase in
region II; and then the density gradient is almost no change while the temperature gradi-
ent increases in region III. The turbulence frequency expends to higher frequency region,
the turbulence propagation direction gradually reverses, and that the high-frequency tur-



«10°7
TTTrTTT T T L L I R I
2 (@ | 1 st@ .. ]
3 1o M
{6_ ] E L RLTT—
z'r @4.50m : A
420k | 1| @isem A 1
o W] Lot i
~ 05 1 15 2 5 9 13 17
Stey PER) ]
Foedy gl-moded P
or 1t R 53@
K 10 e 14
4l il 4;, i'jj"".‘ll;?s ]
r=15-6cm [ @p=bo5”
3.|‘.H\.‘.‘|‘..m.'20*‘\”‘\‘..\”‘*
05 10 15 20 2 4, 6x10?
B(kGs) Vee

FIG. 5. (a) is the amplitudes of the density fluctuation with different magnetic field, the critical
magnetic field is pointed by the blue dashed line. (b) shows the integral density and the temperature
from r = 1.5¢cm to 6em. (c) and (d) represent the relationship between the v}, and the m,
respectively. The numbers 1-4 correspond to the data from the tokamaks DIII-D, EAST, ASDEX-
U and C-MOD and the details are shown in Table 1.

bulence with higher wavenumber dominantly reduces the density and dissipates particle
confinement. This is the element point to change the density. And, a regular shape of the
v}, versus to the m identifies that the density is a key parameter of the intrinsic evolution
on the DCD regime of the density and the temperature in a cylindrical laboratory plasma
device. It is similar to the different transport channels of the density and the temperature
in the H-mode and the I-mode plasmas.
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