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Plasma thermal quench (TQ) is a rapid cooling process 
occurring when hot plasmas are exposed to external cold 
energy sinks. The core of TQ is the fundamental 
transport physics which has broad appeal to plasma 
physicists with a variety of specializations. In tokamak  
fusion reactors like ITER where hot plamas (T~100 
million Kelvin) are confined by strong magnetic fields, 
when the confinements are disrupted either intentionally 
or unintentionally, TQ occurs and marks the point of "no 
return" of the rapid energy release from hot plasmas to 
the cold reactor walls. This process can significantly 
bring thermal load management issue at the walls and 
potentially cause severely damage to the reactors. 
Despite the crucial role of TQ and the broad interests of 
fundamental transport physics, previous understandings 
have been failed to predict or explain many TQ-relevant 
experimental measurements, in particular the broad 
variation of TQ times.  
Here we present our theoretical and numerical study of 
TQ physics, in which we find surprising physics scalings 
and unique transport characteristics that will improve our 
understandings to the TQ physics and experimental 
results. Specifically, in tokamak disruptions where the 
magnetic connection length becomes comparable to or 
even shorter than the plasma mean-free-path, parallel 
transport can dominate the energy loss and the thermal 
quench of the core plasma goes through four phases 
(stages) that have distinct temperature ranges and 
durations [1]. The main temperature drop occurs while 
the core plasma remains nearly collisionless, with the 
parallel electron temperature Te|| dropping in time t as Te||

∝ t-2 and a cooling time that scales with the ion sound 
wave transit time over the length of the open magnetic 
field line [2]. These surprising physics scalings are the 
result of effective suppression of parallel electron 
thermal conduction in an otherwise bounded, 
quasineutral, and collisionless plasma, which is different 
from what are known to date on electron thermal 
conduction along the magnetic field in a nearly 
collisionless and quasineural plasma. We also find that 
Te||∝ t-2/5 in the collisional stage. All the above 
theoretical results are supported by our fully-kinetic 
particle-in-cell simulations [Figure 1]. 
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Figure 1. Te|| (x = 0, t) of a slab plasma (x ∈ [−LB, LB]) 
from a VPIC simulation with LB = 700λDe, where λDe is 
the initial electron Debye length. The initial plasma is 
uniform with electron and ion mass ratio me/mi =1/100, 
ion charge state Z = 1 and Knudson number Kn,0 = 98 
and the thermobath boundary on two ends has 
temperature Tw = 0.01T0, where T0 is the initial plasma 
temperature. The vertical dashed lines mark the moments 
when the four fronts (two electron fronts followed by 
two ion fronts) reach the center, while the dotted lines 
with slopes of −2 (blue) and −2/5 (green) are marked for 
the collisionless cooling flow phase and collisional 
phase. 
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field lines suddenly intercepts a cold boundary, Te‖(x= 0, t)
barely changes over a period that is approximately one-third
of τ etr. This is simply the time for the so-called precooling
front (PF), which is driven by suprathermal electron loss and
propagates from the boundary toward the core plasma at a
speedUPF = 2.4vth0, to arrive at the plasma center (x= 0) [23].
This instance is marked by the black dashed vertical line in
figure 2. The subsequent cooling of Te‖(x= 0) is indeed driven
by the electron conduction flux that follows a similar scal-
ing as the flux limiting form in equation (2). Notice that for a
nearly collisionless plasma, the conduction flux corresponding
to Te‖ cooling is given by qen ≡

´
meṽ3‖fed

3v. Consequently,
the duration of this phase does follow the free-streaming scal-
ing previously given in equation (3). Remarkably the precursor
phase ends abruptly when the so-called precooling trailing
front (PTF) reaches the center. This is a second electron front
that propagates from the boundary toward the core plasma,
with a speed UPTF =

√
2e∆ΦRF/me [23]. Here the reflecting

potential ∆ΦRF is the result of the ambipolar electric field
in the ion recession layer where a plasma rarefaction wave
is formed. Since the ambipolar potential scales with Te‖, we
would normally have vth,e < UPTF < UPF, and thus ∆t1 ∼ τ etr.
The short duration of the precursor phase produces very lim-
ited cooling and typically T1 ! 0.6T0.
Cooling flow phase (Te‖ from T1 to T2 with Tw < T2 # T0

and ∆t2 ∼ τ itr): Once the PTFs reach the plasma center from
both ends, qen undergoes a qualitative transition from scal-
ing with vth,e (i.e. qen ∝ nevth,eTe‖) to scaling with Vi‖ (i.e.
qen ∝ neVi‖Te‖). Here Vi‖ is the parallel ion convective flow
and ambipolar transport implies the parallel electron flow
Ve‖ ≈ Vi‖. Previously we have shown that in a semi-infinite
plasma bounded at one side only by a thermobath boundary,
qen always has the free-streaming flux-limiting form nevth,eTe‖
due to the cold electrons being pulled into the hot plasma
by the ambipolar electric field [23]. The qualitative change
of qen in a bounded plasma is driven by how Te‖ is being
cooled in a long mean-free-path plasma where electron trap-
ping is provided by the reflecting (ambipolar) potential along
the magnetic field line on both ends.

The core cooling physics is most straightforwardly under-
stood in a plasma with perfectly absorbing boundaries. Since
the trapped-passing boundary is given by vc ≡

√
e∆ΦRF/me,

and the truncated electron distribution at x= 0 has the form
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withΘ(x) the Heaviside function satisfyingΘ(x< 0) = 0 and
Θ(x> 0) = 1. One can see that the parallel electron temperat-
ure Te‖(vc,T0) =

´
meṽ2‖fed

3v/
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fed3v=
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)
T0 of the

electrostatically trapped long mean-free-path electrons cools
drastically with a decreasing vc/vth0 # 1. This correlates with
a reducing reflecting potential ∆ΦRF. Away from the sym-
metry point at x= 0, a finite parallel electron conduction flux
arises from the asymmetric truncations (VL andVR) on the pos-
itive and negative sides of electron distribution in v‖
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Figure 2. Te‖(x= 0, t) of a slab plasma (x ∈ [−LB,LB]) from a
VPIC simulation with LB = 700λDe, where λDe is the electron
Debye length. The initial plasma is uniform with me/mi = 1/100,
Z= 1 and Kn,0 = 98 and the thermobath boundary on two ends has
Tw = 0.01T0. The vertical dashed lines mark the moments when the
four fronts reach the center, while the dotted lines with slopes of −2
(blue) and −2/5 (green) are marked for the cooling flow phase
(∆t2) and collisional phase (∆t4).

In the limit of significant plasma cooling, one can write Ve‖ ≈
(−VL+VR)/2 and find a convective energy flux scaling for
electron thermal conduction

qen ≈
6Te‖
5T0

neVe‖Te‖. (4)

In a cooling plasma of Te‖ # T0, one recovers the remarkable
result of qen # neVe‖Te‖ observed in VPIC simulations.

An even more interesting and impactful result is on qen of
a plasma with thermobath boundary conditions. The subtlety
is that cold electrons from the boundary plasmas can follow
the ambipolar electric field into the core plasma. This cold
electron beam component was previously found to restore the
free-steaming flux-limiting form of equation (2) in a semi-
infinite plasma [23].With cold boundary plasmas on both ends
at x=±LB, the cold electron beams from both sides, acceler-
ated by the ambipolar electric field, nearly cancel each other,
in the electron flow and thermal conduction flux. As the result,
qen takes on the qualitatively different result by retaining the
convective energy transport scaling in the absorbing wall case.
Quantitatively, once the ion recession front, which propagates
from the boundary to the plasma center at the local ion sound
speed, reaches the center, qen has settled into a magnitude that
is solidly subdominant to the actual convective energy flux
3neVi‖Te‖, as shown by the black lines in figure 3(e).

Remarkably the core plasma cooling history in the cool-
ing flow phase is similar if not nearly identical between the
absorbing and thermobath boundary cases. This is connec-
ted to thermal conduction being subdominant to convective
energy transport in both cases. Next, we use the absorbing
wall case to illustrate the characteristics of the cooling his-
tory. An important result from the VPIC simulations is that
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