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ABSTRACT

An intrinsic evolution in the decoupling–coupling–decoupling (DCD) of the electron density and temperature responding to the magnetic
field change is observed in a cylindrical laboratory plasma device. Experimental results show that the density and the temperature decouple
in the low magnetic field, couple with higher magnetic field, and decouple again with a 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, the
turbulence spatial scales, and the relationship between the normalized collision rates and the poloidal mode numbers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146229

I. INTRODUCTION

Since sawtooth oscillation was first observed1 in the magnetically
confinement fusion (MCF) field, the physics of the coupling and
decoupling has been studied for several decades.2–6 The coupling and
the decoupling between the density profiles and the temperature are
extensive and important physical phenomena in magnetized plasma.
Typically, the density profiles and the temperature profiles are gener-
ally reported on the high confinement mode (H-mode)7–9 and the
improved energy confinement mode (I-mode)10–13 in the tokamak
edge region.

In this work, we report an intrinsic evolution of the decoupling–
coupling–decoupling (DCD) based on the gradient changes of the
density and the temperature in the Zheda Plasma Experimental
Device (ZPED). Here, the “coupling” means that the gradients of the
density and the temperature change synchronously; the “decoupling”
means that the density gradient and the temperature gradient change
asynchronously or reversely change. The distinct physics in the intrin-
sic evolution of the decoupling and coupling of the plasma density and
temperature was discussed from three aspects in this paper. First, the
temperature gradient almost does not change, while the density gradi-
ent increases with the magnetic field increase from 0.5 to 0.8 kGs.

This means that the decoupling phenomenon exists due to the
asynchronous change of the gradients in region I. Then, the density
gradient and the temperature gradient synchronously increase with
the magnetic field increase from 0.8 to 1.1 kGs. This is so-called the
coupling phenomenon in region II. Then, the density gradient almost
does not change, while the temperature gradient continuously
increases with the magnetic field increase from 1.1 to 2 kGs. We call
the density and the temperature are decoupled in region III. Second,
the propagation directions of the poloidal wavenumber (kh) and the
radial wavenumber (kr) with magnetic field change, and the drift wave
(DW)14 extends to a higher frequency region. Third, the density gra-
dients drive a nonlinear change of the density fluctuations with the
magnetic field increase, and the integral density decreases, but the inte-
gral temperature increases. Meanwhile, the relationship between the
normalized collision rates of the electron to electron (v�ee) and the
poloidal mode numbers (m) at r¼ 4.5 cm is strongly related to
the density. This means that one potential mechanism affects density,
which is the driven source of the DCD regime in this experiment.
Finally, we discussed the H-mode and I-mode plasmas on the v�ee and
the m based on a few tokamak experiments. A comparison shows that
the intrinsic evolution of the DCD phenomenon is similar to the edge
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gradient changes between the H-mode and the I-mode plasmas. The
density could be one of the key parameters associated with the transfer
between the H-mode and I-mode.

II. EXPERIMENT SETUP

The experiments reported were carried on the Zheda Plasma
Experimental Device (ZPED),15 which is a cylindrical magnetized
plasma device at Zhejiang University, as shown in Fig. 1. Figure 1(a) is
the picture of the real device, and Fig. 1(b) is the schematic diagram of
the ZPED. 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 about 200W forward and about
20W reflect power. The A to the G represent the RF source, the vac-
uum chamber, the magnetic coils, the diagnostic window for the
microwave reflectometry, the throttle valve and pump system, the glass
observation window, and the cooling water tubes, respectively. The

coil thick is 94mm as shown in Fig. 1(b-H). The gas fueling system is
located at the head of the vacuum chamber, as shown by the yellow
arrow. The Quadruple Langmuir probe (QLP)16 and the Langmuir
rake probes are the key diagnostics for the density and temperature
profiles and the density fluctuations in this experiment. The sampling
frequency of the QLP and the Langmuir rake Langmuir probes is
2MHz. The locations of the QLP and the Langmuir rake probes are
marked by the red arrows in Figs. 1(a) and 1(b). A camera is localized
at the end of the device for the observation of the poloidal mode
numbers (m).

The detailed structures and directions of the QLP and the
Langmuir rake probes are shown in Fig. 2. The diagram of QLP is
shown in Fig. 2(a). It consists of four tungsten tips: 1, 2, 3, and 4 of
1 cm in length and 1.4mm in diameter. The distance between the tip3
and the tip4 along the poloidal direction is 4.6mm, and the distance
between the tip1 and tip2 along the magnetic field direction is 4.5mm,
as shown in Fig. 2(a). The plasma profiles (electron density, electron
temperature), the density fluctuations, and the poloidal wavenumbers
(kh) are measured by the QLP. The diagram of the Langmuir rake
probe is shown in Fig. 2(b). It consists of 12 tungsten tips in the radial
direction from the center to the edge. The length and the diameter of
each tip are 2 and 2mm, respectively. The distance between two adja-
cent tips is 4mm. The radial wavenumbers (kr) can be measured by
the Langmuir rake probe. The magnetic field direction and the moving
direction of the QLP and the Langmuir rake probe are marked by the
arrows in Fig. 2. In the experiment, a passive RF compensation circuit
is connected just after the probe tip. The detailed parameters of each
probe tip are the capacitance is 20 pF and the inductance is 6.8lH.
The main purpose of the RF compensation circuit is to eliminate the
influence of the 13.56MHz RF signal from the RF source.18 In this
work, all of the poloidal mode numbers (m) can be observed by the
fast camera diagnostic, which includes a high-speed camera and a lens
system, as shown in Fig. 1. The camera parameters are the spatial reso-
lution of 512 � 512, frames per second of 24 000, and the exposure
time of 10ls. The details on the fast camera diagnostic were studied in
Ref. 19.

III. EXPERIMENTAL RESULTS AND ANALYSIS
A. The measurements of the density and the
temperature

The density profiles and the temperature profiles with different
magnetic fields are measured by the QLP as shown in Figs. 3(a) and 3(b),

FIG. 1. (a) is the real device picture and (b) is the schematic diagram of the
ZPED.17 The locations of the Quadruple Langmuir probe (QLP) and the Langmuir
rake probes are marked by the red arrows. A camera is localized at the end of the
device for the observation of the poloidal mode numbers (m).

FIG. 2. (a) is the diagram of QLP and (b)
is the diagram of the Langmuir rake
probe. The magnetic field direction, the
poloidal direction, and the moving direc-
tion are indicated by the arrows.
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respectively. Actually, in order to measure the profiles of the density
and the temperature, we used the reciprocating motion method to
get the raw data. It means that the QLP system is driven by an elec-
tric motor, which is controlled by the software as experiment
needed, such as the swept velocity and the depth in the plasma. In
Fig. 3, the numbers of each global profile of the density and the tem-
perature are about 2� 105 along the radial direction, and the repre-
sentative points with the error bars on the profiles are to avoid the
curves of the profiles overlap each other.

However, the ionization of the gas in the linear machine is a non-
negligible issue because there is no extra heating source except the RF
source. Thus, the plasma temperature decreases from the head to the
rear of the device. In order to get good plasma performance on
the ZPED, the optimized detection positions of the QLP and the
Langmuir rake probe are considered to avoid the RF source influence
and the plasma temperature drop. The distance between the RF source
and the probes is about 80–100 cm, as shown in Fig. 1 by the red
arrows. In addition, we chose a special region of the plasma, as shown
in Fig. 3 by the shaded bars. The turbulence and the incomplete ioni-
zation in the plasma edge are the main reasons for the measurement
errors of the Langmuir probe system. Meanwhile, in the core region of
the linear machine, the hollow profiles of the density and temperature
are often observed in linear machines, a possibility is also the incom-
plete ionization in the core region of a linear device. Thus, we chose
the special region to study, as shown in Fig. 3 by the shaded bars.

A local ionization of the gas is estimated using the Saha equa-
tion20,21 a2/(1 � a2)¼ (2.4� 10�4/p)T2.5e�u/KT. The main analysis
region of the local ionization of the gas is at r �4.5 cm (as shown by
the red lines in Fig. 3). Then, the local ionization of the gas could be
estimated. The local ionization number a is about 99% at the local
measurement position only, r �4.5 cm. Here, the T represents the
thermodynamic temperature, �3� 104 K; the ionization energy (u) of
the nitrogen atom is 14.5 eV; the plasma temperature (KT) is about
3 eV; and the pressure (p) is about 1.5mTorr, which was measured by
the vacuum gauge in the ZPED. Note: the local ionization of the gas
does not imply the global ionization because the recombination rate of

the electron–ion will increase as long as it is far from the RF source in
a linear machine without an extra heating source, and the global ioni-
zation of low-temperature plasma using the Saha equation should be
studied based on more special experiments or using a coronal model
estimate for the globe ionization balance due to the complex atomic
molecular physics processes.

B. The density gradient evolution with different
magnetic fields

Based on Fig. 3, a detailed analysis of the gradient is shown in
Fig. 4. The density gradient length (1/Lne¼Dne/ne) and the tempera-
ture gradient length (1/LTe¼DTe/Te) are shown by the blue curve and
the red curve, respectively. The density gradient increases with the
magnetic field increase, while the temperature gradient almost does

FIG. 3. (a) and (b) are the density profiles
and the temperature profiles, respectively.
The main analysis region is at r¼ 4.5 cm,
as shown by the red line. The regions of
the integral density and the integral tem-
perature are represented by the shaded
bars, which are confirmed by the black
dashed lines. Corresponding to the inte-
gral density and the integral temperature
will be discussed in Sec. III D.

FIG. 4. The distributions of the 1/Ln and the 1/LTe at r¼ 4.5 cm with magnetic field
change. The three regions of the DCD regime are separated by the gradient
changes of the density and the temperature.
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not change even the magnetic fields increase, as shown in Fig. 4 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 mag-
netic field increase, but the density gradient almost does not change in
region III. These results indicate that the DCD regime exists with the
magnetic field increase:

(1) the density profile and the temperature profile are decoupled in
region I, and density gradient increases while the temperature
gradient almost does not change;

(2) the density and the temperature are coupled in region II, and
both the density gradient and the temperature gradient increase
synergistically;

(3) the density and the temperature are decoupled, and the temper-
ature gradient increases while the density gradient does not
change in region III.

C. The analysis of the wavenumber spectra
and the density fluctuation

In each region, the fundamental physics of the DCD regime
related to the wavenumber spectra, and the density fluctuation are

analyzed, as shown in Fig. 5. The poloidal and the radial wavenumber
spectra are obtained according to the two-point correlation
method,22,23 and the cross power spectra of floating voltage measured
by two floating probes are derived with Cj

XY ¼ Xj fð ÞYj� fð Þ ¼Aei�hjð f Þ,
where j is the number of samples, X and Y are the Fourier transform
of floating voltage, and the star “�” denotes the complex conjugation.
The wavenumber kj is confirmed by the phase difference hj,
kj fð Þ ¼ hjð f Þ=Dd. By sum up complex amplitude of different samples,
wavenumber spectra S(k,f) can be calculated, S k; fð Þ ¼ 1

M

PM
j¼1 Ið0;DkÞ

�½k� kjðf Þ� � jCj
XYð f Þj. Thus, the wavenumber–frequency spectra S(k,

f) of potential fluctuations for radial position r¼4.5cm in regions I, II,
and III are shown in Fig. 5. Here, the (a), (b), and (c) represent the
changes of the poloidal wavenumber (kh) in regions I, II, and III; the
(d), (e), and (f) represent the changes of the radial wavenumber (kr) in
regions I, II, and III.

In region I: in Figs. 5(a) and 5(d), the m¼ 1 at 0.5 kGs, the kh is
at ion diamagnetic direction (i-direction, the turbulence spatial scale

khqS¼kh

ffiffiffiffiffiffiffi
miTe
p

eB ¼kh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
14�1:66�10�27�1:6�10�19TeðeVÞ
p

1:6�10�19�B ¼3:8�10�4 kh

ffiffiffiffiffiffiffiffiffiffi
TeðeVÞ
p

B

¼0.69, B¼0.5kGs, khj j<60m�1, Te�2:3eV, qS¼0:0116m), while
the kr is outward as shown in Fig. 5(d), and the frequency of the DW
turbulence is below 10kHz, as shown in Figs. 5(a) and 5(d) by the blue
dashed lines.

FIG. 5. Wavenumber–frequency spectra
S(k, f) of the density fluctuations at
r¼ 4.5 cm in regions I, II, and III. Here,
the (a), (b), and (c) are the S(kh, f); the
(d), (e), and (f) are the S(kr, f).
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In region II: in Figs. 5(b) and 5(e), them increases to 2 at 1.0 kGs,
while the kh is at the electron diamagnetic direction (e-direction, the
turbulence scale khqS ¼ 0:5904 < 0:6, B¼ 1000Gs, khj j < 110m�1,
Te � 2:4 eV, qS ¼ 0:0054m), while the kr is outward as shown in
Fig. 5(e), and the frequency of the DW turbulence expands to a higher
frequency range as shown in Figs. 5(b) and 5(d).

In region III: when the magnetic field continuously increases, the
m increases to 4 at 1.7 kGs, the DW turbulence gradually transfers
from ion diamagnetic direction to the electron diamagnetic direction,
and the absolute value of wavenumbers is much larger than that in
regions I and II, as shown in Fig. 5(c). While, the kr indicates that the
turbulence transport in the low-frequency region is still inward, but
the higher frequency turbulence transport is outward much, as shown
in Fig. 5(f).

These results suggest that the low-frequency turbulence domi-
nantly exists in low magnetic field. The turbulence propagation is at
the ion diamagnetic direction. This is useful for the density increase
since the diamagnetic effects as a finite pressure fluctuation to increase
the total Reynolds force significantly.17 While, with the magnetic field
increase, the poloidal mode numbers increase from m¼ 1 to m¼ 4. It
is clear that the turbulence frequency expands to a higher frequency
and the turbulence propagation direction gradually reverses from
i-side to e-side, as shown in Figs. 5(b) and 5(c). The radial wavenum-
ber spectra S(kr, f ) suggest that the turbulence frequency also
increases, and the low-frequency component of the turbulence is out-
ward, as shown in Fig. 5(d). In Figs. 5(e) and 5(f), the higher frequency
component of the turbulence is outward and the low-frequency com-
ponent of the turbulence reverses to inward direction. These results
indicate that the drift wave turbulence with higher frequency could
dominantly affect the particle confinement.24,25 The drift wave turbu-
lence with higher frequency was driven by the magnetic field rising, as
shown in Figs. 5(c) and 5(f). The particle confinement degradation is
presented by the integral density decrease with the magnetic field
increase, as shown in Fig. 6(b).

Note: there is no clear difference between regions II and III
except the drift wave frequency increase. This indicates that there may
be a coexisting status of the turbulence types from region II to region
III. Actually, it is a little bit difficult to clearly separate the turbulence
scales, the transport channels, and the stabilization mechanisms.26

Thus, it is better to specify the dominant characteristics in each region.
Especially, in region III, the drift wave turbulence expands with the
magnetic field increase and induces the confinement degradation. This
is consistent with the drift wave turbulences that occur universally in
magnetized plasmas producing the dominant mechanism for the
transport of particles.27

D. The v�ee vs to the m

The turbulence saturation can be observed at the steep density
gradient region when the magnetic field exceeds a critical magnetic
field,28 which is defined due to the knee point of the density fluctua-
tion curve, as shown in Fig. 6(a) by the blue dashed line. Here, the fluc-
tuation amplitude of the density is calculated from 4 to 20 kHz at
r¼ 4.5 cm, corresponding to the steep density gradient region in Fig. 3
by the red line. An integral density and temperature with different
magnetic fields are also calculated, as shown in Fig. 6(b). The integral
regions are presented in Figs. 3(a) and 3(b) by the black dashed lines,
from r¼ 1.5 to 6 cm in the ZPED. One can see that the integral density

decreases, but the temperature increases with the magnetic field
increase with no external particle, heating, and momentum source. A
possible 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 saturation29 in region III. This is consis-
tent with the results in Fig. 6(b), the particle confinement dissipation
with the increase of the DW turbulence; conversely, the temperature
increases with the magnetic field increase. It suggests that an intrinsic
evolution of the decoupling transport channel exists between the den-
sity and the temperature in a Cylindrical Laboratory Plasma Device
with the magnetic field increase.

Thus, a relationship of the v�ee vs to the m is studied for a deep
understanding of the intrinsic evolution of the DCD regime in this
work, as shown in Fig. 6(c). The v�ee related to the m at r¼ 4.5 cm is

calculated by the v�ee ¼ v=xp, xp ¼
ffiffiffiffiffiffiffiffiffiffi
4pnee2
me

q
as shown in Fig. 6(c).30

Here, the v�ee is the normalized collision rate of the electron to electron,

FIG. 6. (a) is the amplitudes of the density fluctuation with different magnetic fields,
and the critical magnetic field is pointed by the blue dashed line. (b) shows the inte-
gral density and the integral temperature, and the integral radius r is from 1.5 to
6 cm. (c) represents the relationship between the v�ee and the m.
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v is the collision rate by the v ¼ 2:91� 10�6nelnKTe
�3=2s�1 and the

lnK ¼ 23� lnðn
1
2
eT
�3

2
e Þ at Te 	 10 eV, the xp is the plasma frequency,

the ne is the plasma density, the e is the electronic charge, and the me

is the electron mass, respectively. A change trend of the v�ee vs to them
in the three regions is shown in Fig. 6(c) by the dotted ellipses. The v�ee
does not change while them increases in Fig. 6(c) region I, them stops
increasing in Fig. 6(c) in region II, the m is almost saturated, and the
v�ee decreases in Fig. 6(c) region III. These suggest that the low density
due to the turbulence dissipation is one of the key points of the intrin-
sic evolution on the DCD regime of the density and the temperature.

IV. DISCUSSION AND SUMMARY

Actually, a few typical results on the v�ee vs them related to the H-
mode and I-mode plasmas from different machines are statistically
evaluated in the plasma edge region at q¼ 0.95, as shown in Fig. 7.
The data points are based on the experimental results from DIII-D,
EAST, ASDEX-U, and C-MOD. The red stars and the red circles rep-
resent the H-mode and the I-mode plasmas with different densities,
respectively. Table I shows the v�ee, the m, and the hnei. It is clear that
the H-mode plasma density is larger than that in the I-mode case
based on the data in Table I. A regular shape of the v�ee vs to the m is

almost similar to the results in Fig. 6(c). A comparison between Fig. 7
and Fig. 6(c) indicates that the density is a key parameter to induce the
intrinsic evolution of the DCD regime, and this may be helpful to
understand the different transport channels of the density and the
temperature in the H-mode and the I-mode plasmas.31

In general, an intrinsic evolution on the DCD regime has been
observed on ZPED with the magnetic field increase: first, the tempera-
ture gradient almost did not change, while the density gradient
increased in region I, and this phenomenon is called decoupling
between the density and the temperature; second, both density and
temperature gradient increased synergistically in region II, and this
phenomenon is called coupling between the density and the tempera-
ture; third, the density gradient almost did not change, while the tem-
perature gradient continuously increased with the magnetic field
increase in region III, and this is called decoupling again between the
density and the temperature. In addition, with the magnetic field
increase, the turbulence propagation direction gradually reversed, and
the DW turbulence frequency expanded to a higher frequency region
with a higher wavenumber. The DW turbulence dominantly reduced
the density and degraded particle confinement, which is the element
point to change the density. A regular shape of the v�ee vs to the m
identifies that the density is a key parameter of the intrinsic evolution
on the DCD regime in the cylindrical laboratory plasma.

How to confirm a global plasma ionization in a linear machine
with about 5 eV and a density less than 1018 m�3 could be a new direc-
tion to study; even the Saha equation might be applied to explain a
local ionization in low-temperature plasma in this paper. However,
this conclusion of the local ionization using Saha is possible as a refer-
ence only.50,51 Thus, it would be more appropriate to use a coronal
model estimate for the ionization balance in the linear machine
plasma. A valuable research direction on this point will be focused in
the next experimental studies.
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FIG. 7. The relationship between the v�ee and the m. The numbers 1–4 correspond
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and the red circles represent the H-mode and the I-mode plasmas with different
densities, respectively. The details are shown in Table I.

TABLE I. The details of the v�ee(�10
�2), m, and hnei(�1019m�3) from a few toka-

maks with H-mode and I-mode plasmas.

DIII-D EAST ASDEX-U C-MOD

t�ee H 5.5431 6.7432 2.8331,33 5.8931

I 7.3431 6.0934 2.7931,33 3.5812,31

m H 6035 7536–38 4039,40 4241,42

I �7012,43 �7534 7544 �7012
hnei H 5.545 337 �5.046,47 �2648

I 4.512 �2.538 �3.533 �1249
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