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Abstract: Experimental results in the HT-7 tokamak indicated significant losses o f runaway electrons due to 

magnetic fluctuations, but the loss processes did not only rely on the fluctuation amplitude. Efficient radial runaway 

transport required that there were no more than small regions o f the plasma volume in which there was very low 

transport o f runaways. A radial runaway diffusion coefficient o f Z)r ~ 10 m V 1 was derived for the loss processes, 

and diffusion coefficient near the resonant magnetic surfaces and shielding factor Y* = 0.8 were deduced. Test 

particle equations were used to analyze the effect o f magnetic fluctuations on runaway dynamics. It was found that 

the maximum energy that runaways can gain is very sensitive to the value o f as. as = (0.28 -  0.33) was found for 

the loss processes in the experiment, and maximum runaway energy could be controlled in the range o f £  = (4 MeV 

- 6  M eV ) in this case. Additionally, to control the maximum runaway energy below 5 MeV, the normalized 

electric field needed to be under a critical value Da = 6.8, and the amplitude normalized magnetic fluctuations b 

needed to be at least o f the order o f «  3 x  10-5 .

I. IN TR O D U C TIO N

This paper investigates the effect o f magnetic 

fluctuations on runaway electrons in the H T-/ 

Tokamak. It is demonstrated that, under proper 

conditions, magnetic fluctuations result in significant 

radial runaway transport, which reduces the runaway 

population effectively. Moreover, the dynamics o f 

runaway electrons can be affected in this process, and 

the maximum runaway energy w ill be restrained. The 

paper is organized as follows. Section II presents 

experimental results and analysis, Section III uses test 

particle equations to analyze the effect o f magnetic 

fluctuations on runaway dynamics, and Section IV  

presents conclusions.

II. E X P E R IM E N TA L RESULTS AND ANALYSIS 

A. The Effect on Runaway Confinement

A typical discharge that we are concerned with in the 

H T -/ tokamak is shown in Figure 1 . Magnetic 

fluctuations emerged at about 0.487 s and their 

amplitude increased gradually as seen from the M imov 

signal. The RA signal was obtained from one o f the 

BGO scintillators, which measured the thick-target 

Bremsstrahlung emission resulting from lost runaway 

electrons. A t the onset o f the emergence o f the 

magnetic fluctuations, the RA signal began to increase, 

which indicated the loss o f runaway electrons. These 

runaway electrons were generated by the loop voltage
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and were confined well in the plasma before they were

lost. The ECE signal also increased, resulting in a 

small ’’spike”  in the ECE signal. The RA signal then 

decreased to almost zero, and the ECE and FEB 

signals began to decrease also. Until about 0.492 s, the 

increase in the RA signal indicated that runaway 

electrons experienced another loss process. Both ECE 

and FEB signals slightly increased. The loss process 

then disappeared. This clearly demonstrated that the 

magnetic fluctuations were responsible for the loss 

processes o f runaway electrons, but the loss processes 

did not only rely on the amplitude o f the magnetic 

fluctuations.
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F IG .1 .Typical discharge in HT-7 tokamak. From 

the top to bottom the waveforms are: plasma 

current and loop voltage, ECE signal, FEB signal 

from  fast electron bremsstrahlung, RA signal from 

th ick-target bremsstrahlung emission caused by lost 

runaway electrons, M irnov signal and the

normalized amplitude o f magnetic fluctuations

b  = B r / B 0 deduced from M irnov signal.

• —  Ruijie ZHOU
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FIG. 2. RA signal from th ick-target bremsstrahlung 

emission caused by lost runaway electrons (a), and 

the timefrequency spectrum o f magnetic 

fluctuations from M irnov signal w ith  marked mode 

numbers (b). The two loss runaway processes are 

marked as phase A and phase B.

Figure 2 shows the time- frequency spectrum o f the 

magnetic fluctuations combined with the RA signal on 

the same time scale. The two loss processes are 

marked as phases A and B in the figure. The MHD 

modes with low frequency ( f<  20 kHz) were identified 

from M imov signals and are marked also. However, 

we cannot be sure about the M HD modes at high 

frequency ( f  > 30 kHz), which demoted as ''high 

(m，n)’’. It is seen that the main M HD modes o f the 

magnetic fluctuations were m/n = 2/2 and m/n = 2/1. 

These two modes exist throughout the whole period. 

Additionally, it is clear that other modes were
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destabilized in phases A and B. In phase A, the mode

with m/n = 3/1 and high (m,n) modes emerged. In 

phase B, only the mode with m/n = 3/1 emerged, and 

no clear high (m,n) modes are seen. The fact that 

runaway loss occurred in both and in only phases A 

and B indicates the important role o f the m/n = 3/1 

mode in the loss processes, and clearly high (m,n) 

modes did not play a key role. According to the 

analysis o f this region ⑴，it is possible that stochastic 

magnetic fields resulted from modes overlapping in 

phases A and B. This indicates that, although the 

amplitude o f the magnetic fluctuations was increasing, 

runaway electron losses only occurred when modes 

m/n = 2/2, m/n = 2/1 and m/n = 3/1 all existed, and 

perhaps stochastic magnetic fields existed because o f 

the overlapping o f modes.

This gives the general picture that efficient radial 

runaway transport requires there to be only small 

regions o f low transport o f runaways in the plasma 

volume. Therefore, mixed magnetic topology must be 

considered in experiments to analyze the effect o f 

magnetic fluctuations on the runaway transport12 A\  In 

the following, the fraction o f the plasma volume with 

reduced transport is denoted as. It is seen that even 

small as may reduce the effect o f magnetic fluctuations 

on runaway transport greatly. The total width o f 

magnetic islands associated with modes m/n = 2/2, m/n 

= 2 / 1  and m/n = 3/1 can be deduced from the 

parameters o f the magnetic fluctuations, and was no 

more than 3 cm in this experiment. However, the 

fraction o f plasma volume o f stochastic regions must
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be large in our experiment to result in significant losses

o f runaways. Additionally, in the simulation o f G. 

Papp 丨5】，the reason why RMPs are ineffective in 

expelling runaway electrons from the core so that they 

are lost at the edge o f large devices such as the JET 

was explained as the minor radius being too large for 

RMPs to create a stochastic magnetic region in the 

core o f the plasma. This also supports the experimental 

conclusion that efncient radial runaway transport 

requires that as is small. Considering the delay time o f 

about 1 ms from the emergence o f the MHD modes to 

the peak o f runaway losses in the RA signal, the 

runaway loss process requires a radial diffusion 

coefncient o f approximately Z)r - 1 0  m^s V This is the 

average runaway diffusion coefficient over the plasma 

radius.

B. Deduce the diffusion coefficient near the 

resonant magnetic surfaces

In theory, the diffusion coefficient o f runaway 

electrons, Dr, is thought to be governed by magnetic 

turbulence in the plasma. The runaway diffusion 

coefricient can be roughly written as 16 l0】：

Dr  =  Ynqv^R T,mn\bmn\2 S (n  -  (1)

where <5(jc) is the Dirac’ s delta function. The factor Y*， 

known as a shielding factor, describes the deviation o f 

the runaway electron diffusion from the thermal 

electron diffusion due to the displacement o f the 

runaway electron orbits from the magnetic surfaces 

(orbitaveraging) and their large gyro-radii
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FIG. 3. The raw M irnov signals (a) and the three 

extracted main inodes by the FFT filte ring  method, 

w ith m/n=2/2 (b), m /n= 2 /l(c ) and m /n=3/l (d).

(gyro-averaging). The latter means that the runaway 

electrons do not experience the full strength o f the 

magnetic turbulence present at the resonant surfaces 

[7-i2] 们 记  shielding effect depends on a few parameters 

o f the particle orbit and its gyro-radius, and strongly 

depends on the width o f the poloidal spectrum o f 

magnetic turbulence [7, 12丨. Additionally, it has been 

pointed out that the radial profiles o f the diffusion 

coefncients o f the chaotic transport have fractal-like 

structures with reduced diffusivity near the low-order 

rational drift surfaces thus forming transport barriers 

for the radial transport, and isolated MHD modes may 

even form effective local barriers to the turbulent 

transport o f runaway electrons The diffusion 

coefficients are reduced by this correction [1し13 l5】.

According to Eq.l, to obtain the radial profile o f the 

runaway diffusion coefficient, the radial profile o f the 

normalized amplitude o f magnetic fluctuations must be 

deduced. Here we only attempt to obtain this profile 

during phase A. First, the characteristics o f the three 

main modes in the Mirnov signal were extracted by 

FFT filtering owing to their different frequencies. The 

results are shown in figure 3.

Then, according to the normalized amplitude o f the 

magnetic fluctuations o f the raw signal, which is 

b = l x  10~4 as seen in figure 1，the normalized 

amplitude o f magnetic fluctuations o f the extracted 

modes can be deduced as bm/n=2/2 =  4 x  , 

bm/ n- 2/ l = 2  X  10 5 and &m /n=3/l= ^*2 x  10 5. 

Just considering the diffusion coefficient near the 

resonant magnetic surfaces rmm Eq.l can be reduced to:

D r(r  =  rmn) =  Y7TQ(T*mn)U||/?|5mn(rmn)| (2)

Then, runaway diffusion coefficient near the resonant 

magnetic surfaces can be deduced i f  the shielding 

factor Y is assumed to be constant. To estimate the 

value o f the shielding factor Y, the radial profile o f 

diffusion coefficient was derived by fitting through the 

three coefncient value near the resonant magnetic 

surfaces, and assuming the coefficient value at the core 

and edge o f plasma were zero. Then comparing with 

the experimental value o f the average radial diffusion 

coefficient, £)r - 1 0  m2s~\ it gave the shielding factor 

Y «  0.8. The result is shown in figure 4. Although this 

estimation o f the runaway diffusion coefficient and 

shielding factor is rough, it presents a reasonable
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picture o f the runaway diffusion. However, it have to

be mentioned that i f  the detailed profile o f the 

shielding factor Y is considered, the profile o f the 

diffusion coefficient may be corrected significantly [n |.
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FIG. 4. Runaway diffusion coefficient near the 

resonant magnetic surfaces w ith q = l, q=2, q=3 

(three red dots), and deduced radial profile  of 

runaway diffusion coefficient by fitting  through the 

coefficient value near the three resonant magnetic 

surfaces, and assuming the coefficient value at the 

core and edge o f plasma were zero, w ith shielding 

factor Y = 0.8 (blue line).

FIG. 5. Energy evolution o f lost runaway electrons

from  one BOG scin tilla tor detector. The time 

resolution o f the energy spectrum is 10ms, and five 

spectrums is given from  0.47s to 0.52s. Phase A and 

phase B were in (0.48s-0.49s) and (0.49s-0.50s), 

respectively.

C. The Effect on Runaway Dynamics

To obtain the energy evolution o f the lost runaway 

electrons, the energy spectrum o f one BOG scintillator 

detector is shown in figure  5. The time resolution o f 

the spectrum is 10 ms, and five spectrums are 

presented from 0.47 to 0.52 s. Phases A and B 

correspond to the periods 0.48C0.49 s and 0.49C0.50 s, 

respectively. It is seen that almost no runaway 

electrons were lost from plasma before phases A and B. 

Magnetic fluctuation in phase A resulted in great 

losses o f runaway electrons. The energy o f these lost 

runaway electrons was less than 6 MeV, and most o f 

the energy was concentrated under 4 MeV. In phase B, 

many runaway electrons were also lost from the 

plasma; again the electrons had energy less than 6 

MeV, but there was a much larger fraction in the 

energy range o f 4 MeV < E < 6 MeV. The time 

interval between the two loss processes in phases A 

and B was less than 10 ms, and the acceleration o f 

electrons was comparatively slow. I f  only considering 

the acceleration o f runaway electrons due to the 

toroidal electric field, collision with plasma particles 

and synchrotron radiation losses, it takes at least 400 

ms for fast electrons to become runaway electrons with
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energy o f 6 MeV. It is thus obvious that not all synchrotron radiation losses, and diffusion associated

runaway electrons were from the plasma in phase A. with fluctuations ド，21].

The surviving runaway electrons were accelerated to The essential feature o f this set o f test-particle

higher energy, and lost in phase B. The fact that equations is that two singular points in momentum

runaway electrons can survive in phase A with very space can be obtained by solving the equations: a

poor magnetic surfaces indicates the good confinement saddle point (yc) that gives the critical energy for

o f runaway electrons in the plasma. This coincides runaway generation and a stable focus {yj) that gives

with the experimental results o f TEXTOR [,6J. In their the energy lim it for the generated runaway electrons.

experiment, a stochastic field formed after pellet An analytical relation between the two points and the

injection through the plasma. Runaway electrons were normalized electric field can be obtained from the

then lost with an effective diffusion coefficient o f Dr - test-particle equations I41:

300 m2s-1, and a beam o f runaway electrons survived
へ 。地W { 1 + も ' ， sin '  +

the turbulent phase.

I I I .  R U N AW AY DYNAM IC S V IA  TEST
Here r  =  vr t  is the time multiplied by the collision

PA R TIC LE  EQUATIONS
frequency, where vr  =  nee4lnA/47t£：〇m |c 3 ;

To further analyze the effect o f magnetic fluctuations
D =  E^/Er is the normalized electric field, where fu

on the dynamics o f runaway electrons in phases A and
is the toroidal electric field and ER =  (JcTe/m ec2) ED,

B, test particle equations are presented in this section.
and Ed =  nee3\nA/4n£QkTe is the Dreicer field; y is

Although kinetic theory should be used in a detailed
the relativistic gamma factor; Fgc and Fgy are

description o f runaway dynam ics【17一20i, as we have
parameters describing the two contributions to the

mentioned, the collision o f runaway electrons with
synchrotron radiation losses (the guiding center motion

other plasma particles is very weak owing to the high
and the electron gyromotion, respectively), where

velocities. Moreover, since the runaway population is a
Pgc =  Fgy(m ec/eB 0R0) 2 and Fgy =  2e0B l/

very small fraction o f the electrons in the plasma,
3neln八m e; zdr =  vr zd is the normalized diffusion

runaway electrons can be regarded as test particles.
time, where r d =  a^/(y〇Dr ) is the characteristic

The test particle equations describing the motion o f a
radial diffusion time; a is the minor radius; y〇 is the

runaway electron in momentum space were derived
first zero o f the Bessel function J〇; and Dr is the 

effective radial diffusion coefficient that describes the
from the kinetic Fokker-Planck equation, taking into

account the effect o f acceleration due to the toroidal
diffusion losses o f runaway electrons resulting from

electric field, collision with plasma particles,
the fluctuations, cos 6S is the cosine o f the pitch angle
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FIG. 6. The relation between normalized electric 

field and the runaway energy at the singular points. 

Experimental condition in phase A  is considered in 

figure 10(a), w ith normalized magnetic fluctuations 

amplitude b  = l x  10~4 and three potential value 

o f as are calculated fo r comparing. Condition in 

phase B is considered in figure 10(b), w ith 

6 = 1  x  l 〇- 4.

Considering both corrections for the runaway diffusion 

coefficient, orbit-averaging and gyro-averaging effects

at a singular point, which can be determined from the 

solution to the algebraic equation:

a jrCOS70s +  bdrCOS60s +  CdrCOS59s +  d jrC O S^O s^r0 0 ^ ^  + 

f drCOS20s +  gdr^〇S〇s +  =  0 (4 )

The coefficients a jr to h jr can be found in the 

Appendix o f Ref. (41).

and the mixed magnetic topology, the effective radial 

diffusion coefficient Dr is constructed as l3,4]:

D  _ Y 〇e De+2(Dm D e)^2COsSvn+ D m vj ⑺

De+ a s[2(Dm De)2cosSv^+Dm v^]

where Dm and De are the magnetic field line diffusion 

coefficient and electrostatic diffusion coefficient 

respectively; Dm =  nqRbz , De =  nqRv备 and

vE =  t / B 0 is the drift electron velocity induced by 

the fluctuating poloidal electric field E. This is the 

average effective radial runaway diffusion coefficient. 

The normalized diffusion time r dr =  vr Td =  

yr a2/ ( /〇Dr ) can then be derived.

In this experiment, the normalized electric field was D  

= 6.6 without great change in the whole period. The 

two contributions o f synchrotron radiation losses are 

estimated as Fgc «  5.75 x  10~8 and -  0.11. The 

normalized amplitude o f magnetic fluctuations is 

b = 1  x  10~4 in phase A and 6 =  4 x  10~4 in phase 

B. The drift electron velocity is taken as vE =  

103 m /s , and the shielding factor T= 0.8. The two 

singular point energies can then be obtained as the two 

roots when solving Eq. 3. The results are shown in 

figure 6 .

Figure 6(a) considers the experimental conditions for 

phase A ，in which 6 = 1  x  10一4, and three potential 

values o f as were calculated for comparison. The 

crossing-points between the fixed D  = 6.6 and the 

curves in the low-energy region give the critical energy 

for runaway generation (yc). In all three situations, the 

critical energy was approximately 150 keV. In the 

high-energy region, the crossing-point gave the energy
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lim it for the generated runaway electrons (7/), which

changed greatly in the three situations. For the lower 

value o f as, which corresponds to a large fraction o f 

plasma volume in the stochastic magnetic region, the 

maximum runaway energy can be controlled to a lower 

leve l.7/ 6 MeV for as =  0.35 and yi ^  3.5 MeV for

as = 0.2. Therefore, the maximum runaway energy is 

very sensitive to as. In phase A, the energy o f most 

runaway electrons was concentrated under 5 MeV, 

which coincides mostly with the situations o f as =  0.28. 

The conditions for phase B are considered in figure 

6(b). In the figure, the critical energy for runaway 

generation (y6.) is about 150 keV, which is almost the 

same as the value in phase A. In terms o f the 

maximum energy that a runaway electron can gain, as 

= 0.33, y； -> 5.8MeV fits best in this phase. Comparing 

the results in figure 6(a) and figure 6(b), it is seen that 

for the same value o f a9, almost the same maximum 

runaway energy is obtained for different amplitudes o f 

the normalized magnetic fluctuation b. This indicates 

that the maximum runaway energy is much more 

sensitive to as than the amplitude o f normalized 

magnetic fluctuations b . This coincides with the

Category I II______________________________
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FIG. 7. The relation between minimum level o f 

magnetic fluctuations and normalized electric field. 

as =  0.28 is taken as the situation in phase A, and 

two energy lim its，ア/ =  8.8(£* s  4MeV) and jv = 

lO .S ^  -  5MeV) arc considered. D a denotes the 

critica l normalized electric field beyond which 

runaway energy can’ t be controlled below the value 

7/ even with the largest levels o f b.

Taking into account the parameter as = 0.28 m phase A 

in the experiment and considering the two energy 

limits, yt = 8.8(£  ̂  4 M e V ) and y7 = 10.8(£ ̂  5 M e V ), 

the relation between the minimum level o f magnetic

experimental results presented above.

Although the maximum runaway energy is much more 

sensitive to the fixed value o f av, the amplitude o f the 

normalized magnetic fluctuations b plays an 

important role also. Given as, the minimum level o f 

magnetic fluctuations bmin needed to keep the 

runaway energy below a value 7/ can be derived from 

Eq.3 |4):

fluctuations and normalized electric field is obtained as 

shown in figure 7. First, it is seen that for given as, 

there is a critical normalized electric field Dn beyond 

which runaway energy cannot be controlled below the 

value yi even with the largest level o f b. To control the 

runaway energy below 4 MeV, the normalized electric 

field should be under 5.9. Additionally, to control the 

runaway energy below 5 MeV, the normalized electric
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field should be below approximately 6.8. For the

conditions in phase A, D  = 6.6 and 5 = 1  x  10一4, the 

maximum runaway energy can be controlled in the 

range o f 4 MeV < E < 5 MeV. Additionally, to control 

the runaway energy below 5 MeV, the normalized 

amplitude o f magnetic fluctuations b should be at 

least on the order o f «  3 x  10~5.

Therefore, in general, the electric field D, the 

normalized amplitude o f magnetic fluctuations b and 

the fraction o f plasma volume o f good magnetic 

surfaces as can all affect the dynamics o f runaway 

electrons. D  is the main energy source o f runaways. In 

many runaway mitigation experiments, the key idea is 

decreasing the electric field. The fluctuation level b 

strongly affects both the dynamics and transport o f 

runaways. However, unless as 0，the effect o f 

magnetic fluctuations on runaway transport w ill 

decrease greatly. Both the transport and dynamics o f 

runaways are highly sensitivity to as.

IV. CONCLUSIONS
The nature o f runaway electrons is such that the 

transport and dynamics o f the electrons are strongly 

affected by magnetic fluctuations in the plasma. The 

operational region o f the HT-7 tokamak in which 

plasma has large magnetic fluctuations has been 

investigated in former experiments, and it was found 

that large stochastic magnetic field regions were 

formed by the overlapping o f modes. In this paper, we 

further investigated the effect o f the magnetic 

fluctuations on runaway electrons in this operational

Category III _____________________________
region.

Experiment results indicated significant losses o f 

runaway electrons due to magnetic fluctuations, but the 

loss processes did not only rely on the amplitude o f the 

magnetic fluctuations. Although the amplitude o f 

magnetic fluctuations increased, runaway electrons 

losses only occurred when modes m/n = 2/2, m/n = 2/1 
and m/n =3/1 all existed in plasma, which made it 

easier for runaway electrons to be transported from the 

plasma center to the outside region and then lost. 

When only modes m/n = 2/2 and m/n = 2/1 existed, 

there were no significant losses. This indicates that 

efficient radial runaway transport requires there to be 

no more than small regions o f the whole plasma 

volume in wmch there is very low transport o f 

runaways. The diffusion coefficient o f radial runaways 

Z)r - 1 0  m2s~x was derived for the loss processes, and 

the radial profile o f the diffusion coefficient was 

deduced with the shielding factor T  = 0.8. Additionally, 

it was found that only some o f the runaway electrons 

were lost in the loss processes, and those that survived 

runaways were accelerated to higher energy. This 

indicates the good confinement o f runaway electrons in 

plasma.

Test-particle equations were used to analyze the effect 

o f magnetic fluctuations on runaway dynamics. It was 

found that the maximum energy that runaways can 

gain is very sensitive to the value o f as. For a lower 

value o f as, the maximum runaway energy can be 

controlled at a lower le v e l.as = (0.28 -  0.33) was 

found for the loss processes in the experiment, and the

2 9 9



maximum energy o f runaways could be controlled in

the range o f £  = (4 MeV -  6 MeV ) in this case. 

Additionally, to control the maximum runaway energy, 

the electric field must below a critical value Da. In the 

experiment, to control the runaway energy below 5 

MeV, the normalized electric field needed to be under 

6.8, and the normalized amplitude o f magnetic 

fluctuations b needed to be at least o f the order o f 

5 »  3 x  10- 5.
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