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Numerical studies of fast pressure crash associated with double tearing modes
W. Zhang*, Z. W. Ma'", and H. W. Zhang'
YInstitute for Fusion Theory and Simulation, Department of Physics, Zhejiang

University, Hangzhou 310027, China

Abstract: The fast pressure crash associated with the nonlinear evolution of DTMs is
investigated using a three-dimensional toroidal and nonlinear MHD code CLT. It is
found that dependence of the pressure crash time on the resistivity is much weaker
than that in previous studies, and the pressure crash begins when the explosive mode
growth almost finishes. It is also found that the pressure crash time is nearly
independent of the parallel thermal conductivity. The fast pressure crash is mainly
resulted from generation of the outward radial flow when magnetic field lines in the
core region become stochastic due to magnetic reconnection. The radial flow can

effectively transfer the hot plasma around the magnetic axis into the outer region.

With TFTR parameters, the crash time is about 36 xS that agrees well with that from

TFTR observations (20~40 us). It is also found that the Tokamak geometry does not

influence the time scale of the pressure crash.
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. Introduction

In present Tokamaks (such as DIII-D[1], TFTR[2], NSTX][3],ASDEX-U[4],
JET[5],and TPX][6]), it is found that the negative magnetic shear in the core region
can help to suppress the drift instabilities[6], stabilize ballooning mode instabilities[7],
suppress Electron Temperature Gradient Turbulence[3] and then significantly improve
plasma confinement. Due to its advantage in the superior energy confinement, the
reversed magnetic shear configuration has been adopted as one of the advanced
scenarios in future fusion reactors such as ITER[8, 9] and CFETR[10]. However,
there exists a destructive non-ideal instability, i. e. Double Tearing Mode (DTM) in
such configuration.[11-31] In the linear phase, DTM grows much faster than a single
tearing mode because two tearing modes with the same helicity on the resonant
surfaces could strongly couple with each other. The nonlinear evolution of DTM can
result in an off-axis sawtooth or a core-crash sawtooth, which can greatly degrade
energy confinement in Tokamak.[3, 32, 33] During an off-axis sawtooth, the
temperature crash only takes place in the annular region, while the temperature
around the magnetic axis remains almost unchanged. However, during a core-crash
sawtooth, the temperature becomes flattened in a broad region (including the
magnetic axis).

It is widely accepted that core crash sawteeth observed in TFTR are closely
related to the nonlinear evolution of the m/n=2/1 DTM, where m and n are the
poloidal and toroidal mode numbers, respectively. However, the physical mechanism

for the fast pressure crash is still in debate. [27, 28, 34-43] The pressure crash time
observed in TFTR is about 20~40 xS, [32] but the crash time shown in Chang’s

simulation corresponds to the Sweet-Parker[44] reconnection time 7~’z,° (where

Ty IS the resistive diffusion time and 7, is the Alfvén time), which is ~1 ms for TFTR

parameters.[32] Ishii et al. [35] and Janvier et al. [36] found that the explosive

nonlinear growth of the DTM is triggered when the triangular deformation of
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magnetic islands with a sharp current point at the X point exceeds a critical value.

Therefore, they suggested it is a structure driven mode. Wang et al. [38] found that the
growth rate in the crash phase is ~ n"° (where 7 is the resistivity), which is the

same with the flow driven reconnection[45].
In the present paper, a series of numerical simulations are conducted using a
three-dimensional toroidal MHD code CLT.[46] It is found that the pressure crash

time is nearly independent of the resistivity. With TFTR parameters [2, 32], the crash

time in our simulations is about 36 xS, which is consistent with experimental

observations (20~40 uS). It should be noted that, in previous studies,[34, 36, 38, 47]

the fast pressure crash occurs together with the explosive growth of the modes.
However, as shown in the present paper, the pressure crash occurs about one hundred
of Alfvén times after the explosive growth of the modes. It also should be noted that
the crash time is independent of the parallel thermal conductivity, which indicates that
the fast pressure crash is not directly driven from the fast reconnection of the
magnetic field.
I1. Model description

The model used in CLT is the single-fluid MHD model (Eg. (1.1)~(1.6)).

% — . (pv)+ V-[DV(p)] (LD
g§=—wﬁm—rm%v+V{_p«p—mn+V{”Wm] (1.2)
%z—V~VV+(JxB—Vp)/p+V-[vV(V)] (1.3)
%§=—VXE (1.4)
E=-vxB+n(J-J,) (1.5)

J=VxB (1.6)

where p, p, v, B, E, and J are the plasma density, the plasma pressure, the velocity,
magnetic field, the electric field, and the current density, respectively. The subscript
“0” denotes the initial quantities. I'(=5/3) is the ratio of specific heat of the plasma.
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B, andp,, arethe magnetic field and the plasma density at the magnetic axis,
respectively. All variables in CLT are normalized as follows: x/a—x, p/ p, = p,
p/(B:/u)— p,t/t, >t viv,—>v B/B,—»B E/(,B,)—E and

J/(By/ 4ya) > J where a is the minor radius, v, =B, //u,py is the Alfvén speed,
and t, =a/lv, isthe Alfvén time. The resistivity » and the diffusion coefficient D,
the perpendicular and parallel thermal conductivity x, and «x;, the viscosity v are
normalized as follows: n/(u,a’/t,)—>n, DI/@*/t,)—>D, x /(@*/t,)—>«,,

K1 (@’ It,) >k, and v/(a®/t,) > v, respectively.

%1073

pressure
q
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Figure 1 Initial pressure profile and g profile.

For TFTR [2, 32], the major and minor radiuses are R, =2.60m and a=0.94m,
respectively. The toroidal field B, ~ 4.2T , the electron density n, ~1.0x10%m?,
and electron temperature T, ~ 5kev. The corresponding resistivity 7 ~1x10™° and
the Alfvén time t, =1.08x10™"s. Due to the limit of computational capability, the

resistivity used in the present paper is from 7 ~1x107to 7 ~1x107". We will show

that the crash time is almost independent of the resistivity, then the value of the
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resistivity will not be an issue.
I11. Simulation results

The initial pressure profile and the g profile are shown in Figure 1. The plasma

beta and the g-value at the magnetic axis are setto be S, =1.4%and q,=2.9,

respectively. As there are two q=2 resonant surfaces, the m/n=2/1 DTM is the most

unstable mode in this system. The equilibrium is obtained from the NOVA code.[48]

The grids used in the simulations are 256 x32x 256 (R,¢,Z), and convergence

studies have been ensured by verifying the time step and spatial resolution. The

normalized parameters for the typical case are D =1.0x10", x, =5.0x10"°,

K, =5.0x107, v=1.0x10"°,and 7=1.0x107", respectively.
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Figure 2 Poincare plots of magnetic field lines and pressure distributions at the
precursor (t=18085t,), at the pre-crash (t = 21566t, ), and the post-crash
(t =21944t,) of the core-crash sawtooth.
Poincare plots of magnetic field lines and pressure distributions at the precursor

(t=18085t,), the pre-crash (t = 21566t, ), and the post-crash (t = 21944t,) of the

core crash sawtooth are shown in Figure 2. The pressure distribution in our simulation
is almost the same as the experimental observations (e.g., Fig. 2(b) in Reference [32]).

In the present paper, we mainly focus on the time scale of the pressure crash.
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Figure 3 Evolution of the plasma pressure at the magnetic axis ( P, ) with

Xis

n=1x10",7=1x10°, and 7=1x107. The plasma pressure at the magnetic axis

experiences a long time of very slow decrease phase and then exhibits a sudden crash
for all cases.

Evolutions of the plasma pressure at the magnetic axis with 7=1x10",
n=1x10°, and 7=1x10" are shown in Figure 3. As we can see, the behaviors of

pressure evolution are qualitatively the same for different 7. At first, the plasma

pressure at the magnetic axis almost remains unchanged for a long time, then
experiences a very slow decay phase, and subsequently exhibits a sudden crash for all
cases. In order to examine the speed of the pressure crash, the crash time is defined as

the duration in which the decreasing rate of the plasma pressure at the magnetic axis
is higher than 1.0x10°,i.e., dp,, /dt>1.0x10° (asillustrated in Figure 8). The
crash time is in good agreement with the crash time directly estimated from Figure 3.

Figure 4 shows the crash times for different resistivities (7=3x10°, n=1x10",
7/23
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7=3x10"°,7=1x10° ,»=3x10", and77=1x107). It indicates that, although the
pressure crashes associated with DTMs under different resistivities happen at different
times, the crash time 7, only slightly increases with decreasing 7, i.e., 7, ~7 %,

The dependence of the crash time on the resistivity is much weaker than both the

Sweet-Parker reconnection 7y, ~ 7™ [32] and the flow driven reconnection
7, ~ 17" [38]. According to the scaling law 7, ~7™°", for TFTR parameters
(7~1x107), the crash time 7, ~ 331z, ~ 36us, which is just in the range of TFTR

observations (20~40 us).[32]

10 10° 10 107
7
Figure 4 The crash time (z,) for the resistivity 7=3x10°, n=1x10°, 7=3x107°,
n=1x10°,7=3x10", and 7=1x10". The dependence of 7, on the resistivity is

. ~ 17", which is much weaker than that in previous studies.
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Figure 5 Evolutions of the kinetic energy for different toroidal numbers and the

growth rate of total kinetic energy. The linear growth rate is y, =0.00035 and the
maximum nonlinear growth rate y,., =0.012 at t ~21590t, (marked with a black
“x ). The fastest pressure crash occurs at t, ~ 21750t, (marked with a red ‘x ), which

is about 160t, after the modes reach their peak growth rates.
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Figure 6 Pressure evolutions with 7=1x10° and different K-
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The evolutions of the kinetic energy for different toroidal numbers and the growth
rate of the total kinetic energy are shown in Figure 5. All mode amplitudes experience

a long time of the slow linear growth phase, and then suddenly exhibits an explosive

nonlinear growth before the fast pressure crash at t ~21750t, . The linear growth rate
of total kinetic energy is y, =0.00035, but the nonlinear growth rate quickly

increases almost two orders of magnitude, y,.,, =0.012. Such explosive growth of

kinetic energy results from the nonlinear mode-mode coupling effect between the
modes with different toroidal mode numbers.[47] However, it should be noted that the

crash of the pressure does not happen in the explosive growth phase. As shown in

Figure 5, the pressure crash begins at least~ 70t, and the fastest pressure crash takes
place at about 160t, after the modes reach the maximum growth rate. Since the

pressure crash time only takes about 280t, , the time difference At=160t, for the

maximum growth rate and the fastest pressure crash is unneglectable. Since the
explosive growth of the modes is the result of the fast magnetic reconnection, the time
difference between the peak growth rate and the fast crash indicates that the fast
pressure crash is not directly resulted from the pressure diffusion along reconnected
field lines. If the fast pressure crash is associated with parallel pressure diffusion, the

time scales of the pressure crash should strongly depend on the parallel thermal

conductivity. However, as shown in Figure 6, the pressure crash times for x, from

1x107°to 1 are almost the same (about 300t, ).
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Figure 7 Snapshots of flow patterns (the arrows) and pressure distributions (the

contour plots) (a) at the m/n=2/1 DTM precursor (t =21566t,), (b) at the beginning
of the pressure crash (t =21664t, ), (c) in the middle of the fastest crash

(t=21740t,), (d) at the post-crash (t =21967t,). (These stages are also labeled in

Figure 8.) The arrows marked with pink are the flows around the magnetic axis,
which is mainly responsible for pressure crash at the magnetic axis. The velocities in

each figure are normalized with the maximum value of the velocity in Figure 7(c).

In the previous studies, it is suggested that the fast pressure crash results from the

explosive mode growth. But our results indicate that it is not the case because the

crash of the core pressure takes place at about 160t, after the modes reach their
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maximum growth rates. To further investigate the mechanism of the fast pressure

crash, we inspect the flow patterns (the arrows) and pressure distributions (the contour

plots) (a) at the m/n=2/1 DTM precursor (t = 21566t, ), (b) at the beginning of the
pressure crash (t =21664t, ), (c) in the middle of the fastest crash (t =21740t,), (d)

at the post-crash (t =21967t,) as shown in Figure 7. During the development of

DTM, the outer cold islands continuously grow and expand inward while the inner hot
islands keep shrinking and been squeezed outward, which can also be seen from the
Poincare plots of the magnetic field (Figure 2(c) and (¢)). Therefore, the hot plasma
core naturally becomes narrow and elongated, and a large pressure gradient is built up,
as shown in Figure 2(d) and 7(a). Consequently, a strong radial flow is generated in
the narrow and elongated hot region (Figure 7b and c). The radial flow can effectively
transfer the hot plasma around the magnetic axis to the cold outer region. Then the

evolution of the plasma pressure at the magnetic axis can be estimated by

dpaxis uou
T = (paxis - pcold ) x Lt ) (7)

where p,; and p., arethe plasma pressures at the magnetic axis and the outer

region, respectively. u_, is the outward radial velocity of the magnetic axis and L is

out

the spatial scale. Note that the pressure exchange occurs in the whole mixed region,

then the spatial scale L ~a. The detailed pressure evolution during the pressure

crash and the corresponding dp,,, / dt measured in the simulation and the
dp,,;; / dtestimated by Eq. (7) are shown in Figure 8. During the DTM precursor,

there is no radial flow near the magnetic axis. Therefore, P, .. remains almost

axis
unchanged. At the beginning of the nonlinear stage, the two outer islands begin to

squeeze the inner core. As a result, P

i Slightly increases. As this effect could not be
included in Eq. (7), the estimated dp,, /dt differs from that of the simulation at this

stage. However, after the fast crash begins, the two curves agree well with each other,
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especially for the first stage of the pressure crash. It indicates that the pressure crash at

the magnetic axis is mainly due to the outward radial flow, and the time scale can be
estimated by the outward radial flow velocity (i.e. 7, ~a/v,,). To enssure this is

validated, we have also carried out a series of simulations with different resistivities.
It is found that the resistivity only affects when the narrow and elongated hot region
forms, before the fast pressure crash starts. However, the influence of the resistivity

on the crash time is feeble.
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1 | L] I L] I
® | |
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212 213 214 215 " 216 "247 " 2148 219 ' 2.2
vt, x10°
Figure 8 The detailed pressure evolution during pressure crash and the corresponding

dp,,. / dtmeasured in simulation and the dp,, /dt estimated by Eq. (7).

As discussed above, the generation of the radial flow is crucial for the fast
pressure crash. However, it is still not clear how such a kind of radial flow could be
generated. As we know, the plasma is usually frozen in the magnetic field, and it is
impossible to generate a strong radial flow that moves across field lines. The possible
reason is that flux surfaces in the core region are destroyed, and magnetic field lines

become stochastic.

The mode structures with n=1,2,3 and m=0~7 (a) before the pressure crash

at t=18085t, and (b) during the pressure crash at t=21694t, are shown in

Figure 9. It is different from the DTM precursor that (1) all modes are well expanded
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234 in the whole core region during the pressure crash, which indicates the spatial
235 broadening of the modes and (2) during plasma pressure crash the primary mode
236 (m/n=2/1) is not the dominant mode anymore, i.e., the maximum amplitudes of

237 several higher m and n modes are comparable to the m/n=2/1 mode. The energy

238 spectrum (a) before the pressure crash at t=18085t, and (b) during the pressure

239 crash at t=21694t, are shown in Figure 10. As we can see, the higher n modes

240 gain notable energy during the pressure crash. For the n=1 and 2 modes, the

241 amplitudes of the higher m modes (m>3) slightly increase only, but the spatial

242 structures are largely broadened; however, for the n>3modes, they are not only
243 broadened in the spatial space but also in the Fourier space. Since the modes become
244 flattenning both in the real space and in the Fourier space, magnetic flux surfaces are
245 totally destroyed and magnetic field lines become stochastic (Figure 2.c). That is

246 why a strong radial flow from the magnetic axis to the outer could be generated.

247
248
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250  Figure 9 Mode structures of the modes with n=1,2,3and m=0~7 (a) before the

251  pressure crash at t=18085t, and (b) during the pressure crash at t=21694t, .
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Figure 10 Energy spectrum (a) before the pressure crash at t =18085t, and (b)

during the pressure crash at t=21694t, .

As discussed above, these numerical simulations can explain the fast pressure
crashes observed in TFTR.[32] However, could such a kind of MHD activity occur in
other Tokamaks? Is it related to the geometry of Tokamak? To address this issue, we
have also carried out numerical simulations with the geometry of EAST [49, 50] that

is largely different from TFTR. The geometry of EAST is given as follows: the major
radius R, =1.85m, the minor radiusa = 0.45m, the elongation E=1.9, and the
triangularity o =0.5. All other parameters are the same as Section I11.A. The

pressure evolutions with 7=3x10",7=3x10°and 7=3x10" are shown in Figure 11.

The crashes times are 7, =430t,,7, =457t,, andr, = 483t,, respectively. The

dependence of the pressure crash time on resistivity is 7, ~7°%° (Figure 12), which
is qualitatively the same with Figure 4. It should be noted that the normalized Alfven
time in these cases is t, =5.3x10®s and the real crash time for 7=3x107 is
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7, =483t, ~ 26,us . The flow patterns and contour plots of the pressure are shown in

Figure 13. It is clear that, during the pressure crash, a strong radial flow is generated,
and it can quickly transfer the hot plasma around the magnetic axis to the cold outer
region. Although the EAST has the elongation E=1.9 and the triangularity

o =0.5,which is largely different from TFTR[2], the results are qualitatively the
same. It is indicated that such a kind of fast pressure crash could occur in different

Tokamaks.
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Figure 12 The crash time (z,) for the resistivity 7=3x10°, 7=1x10°, n=3x10°,

-0.025

n=1x10°,and 7=3x10". The dependence of 7, on the resistivity is 7, ~7 %,

which is qualitatively the same with Figure 4.
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[
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Figure 13 Snapshots of flow patterns (the arrows) and pressure distributions (the

contour plots) (a) at the m/n=2/1 DTM precursor (t =34002t, ), (b) in the middle of

the fast crash (t =34986t, ), (d) at the post-crash (t =35344t, ).The velocities in each

figure are normalized with the maximum value of the velocity in Figure 13(b).
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IV. Summary

A series of simulation studies of the fast pressure crash associated with the
nonlinear evolution of the m/n=2/1 DTM is carried out by using a
three-dimensional toroidal and nonlinear MHD code CLT. It is found that the crash

time of the plasma pressure at the magnetic axis is nearly independent of the

resistivity. The crash time for typical TFTR parameters is about 36 xS, which is

consistent with experimental observations (20~40 xS ). [32]

In previous studies[34, 36, 38, 47], the fast pressure crash is supposed to result
from the explosive growth of DTM. However, in the present paper, we find that the

fast pressure crash at the magnetic axis does not happen in the explosive growth phase.

Instead, it takes place at about 160t, after the mode reaches the maximum growth

rate. At this moment, the explosive growth almost finishes. It is also found that the
crash time is independent of the parallel thermal conductivity, which also indicates
that the pressure crash is not directly resulted from the fast reconnection. During the
explosive growth, all modes with different m and n grow up, and the mode structures
exhibit largely radial expansion. With many modes with different helicities well
developed in the core region, flux surfaces are destroyed, and magnetic field lines
become stochastic. Consequently, a strong radial flow from the hot magnetic core to
cold plasma is generated and then quickly transfers the hot plasma around the
magnetic axis to the outer region, resulting in the fast pressure crash.

The possible influence of the geometry of Tokamaks is also studied. It is found
that such a kind of fast pressure crash is independent of a Tokamak geometry. The fast
crash could happen in different Tokamaks and may also be related to the MHD

activities observed in other Tokamaks (e. g. ASDEX-U[33] and Rijnhuizen Tokamak
[51])
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