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This paper describes the behaviour of impurity transport in HL-2A ohmic discharges. In 2005, small quantities

of metallic impurities (Al, Ni and Ti) were successfully injected into HL-2A plasmas by laser blow-off technique, and

their progression was followed by the soft x-ray cameras with good spatial and temporal resolutions. The impurity

confinement time is estimated from the characteristic decay time of the soft x-ray signal of the injected impurities, and

it is about 30–60 ms. The transport coefficients of impurities (including diffusion coefficient and convection velocity) in

radial different region have been derived by using a one-dimensional impurity transport code, the results present that

diffusion coefficient is much smaller in the central region of plasmas than the outside of it, and it is much larger than

that of neoclassical theory predictions; namely, it is anomalous.
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1. Introduction

Understanding the impurity behaviour is a critical

issue in magnetically confined fusion plasma for well

known reasons: impurities in the plasma core enhance

radiation losses, and they also affect plasma stability.

Especially, with high-Z impurity accumulation, the

risk of plasma disruption increases, so that the fusion

reactor will be destroyed seriously. Testing the avail-

able theoretical predictions still remains one of the

main tasks for experimental investigations of impurity

transport. The behaviour of impurity is exceedingly

complex. How to understand the impurity behaviour

in plasmas, so that effective methods of controlling it

are able to be obtained, is significant for fusion re-

search and the realization of future reactor. Recently

numerical simulation indicates that the transport of

impurity is dominated by turbulent processes, as is re-

ported in some papers.[1−8] Experimentally, it is found

that the impurity transport is related to temperature

gradient, density peaking, magnetic curvature, parti-

cle collision and plasma rotation, etc.[2,5,8−11] In some

tokamaks, it has been found that the radial trans-

port coefficients of impurities (including diffusion coef-

ficient and convection velocity) strongly increase from

the core to the edge. Generally, the coefficient in the

core is one order of magnitude smaller than that in the

edge. In the core, the transport of impurity is tem-

porally discontinuous when sawtooth oscillations are

presented. In the quiet-phase of a sawtooth oscillation

the impurity transport is very low. Only during the

short crash phase is the transport greatly enhanced.

In the past two decades, many experiments

have been performed in different tokamaks (includ-

ing JET,[11,12] Tore Supra[13−15] and ASDEX-U,[16]

etc) by laser blow-off (LBO) technique and gas puffing

in order to determine impurity transport coefficients

under different q-profile conditions, such as internal

transport barrier (ITB), reverse shear and very high

(VH) mode, etc. Recently, a comprehensive review on

ion transport and confinement was given by the ITER

Physics Expert Groups.[17]

In this paper, it is presented that the results of

impurity transport studies on HL-2A plasma use LBO

technique and impurity transport code in ohmic dis-

charges. The experimental conditions are described

in Section 2. The impurity transport simulations are

presented in Section 3. The results of experiment and

simulation are given in Section 4. The summary and

conclusion are contained in Section 5.
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2. Experimental conditions

The HL-2A tokamak (with major radius R =

1.65m and minor radius a = 0.4m) is typically op-

erated in the following parameters: plasma current

IP = 100 − 400kA, toroidal field BT = 1 − 2.7T, dis-

charge duration t = 1 − 3 s, maximum plateau time

tau = 1.5 s, q95 = 3 − 5, line-average plasma density

< ne >= 6×1018−6×1019 m−3, and electron temper-

ature Te = 600 − 1200 eV. It can be performed in di-

vertor and limiter configurations with similar plasma

parameters.

Small quantities of metallic impurities (Al, Ni

and Ti) are injected by a LBO system on HL-2A.[18]

The laser source is provided by a Nd-glass laser (wave

length 1053nm). The pulse is about 8–30ns and sin-

gle pulse power is selected from 3 to 5 J. The target

has a 2 µm coating of impurities on a glass slide, of

which a region with diameter of 3–6mm was ablated.

The number of atoms ablated each time is about 1016–

1018. The criterion for impurity injection is that the

change in the main plasma parameters due to injection

is very small and non-perturbing. Experimentally, the

injected impurity density is found to be of the order

of 1016 m−3, and its influence on the plasma current

and electron density can be neglected.

The evolution of impurity ions in the main plas-

mas is followed by a 100 channel soft x-ray multicam-

era system (5 arrays, 20 channels for each array)[19]

of which the energy range of its detector is 1–10keV.

The spatial and temporal resolution of the system is

2.5 cm and 10µs respectively. Time dependent emis-

sion profiles of impurity ions are derived from the local

soft x-ray emissions reconstructed by a tomographic

technique. Meanwhile, the evolution of total radiation

losses is measured with multichord bolometric arrays

(3 arrays, 16 channels for each array). The detector is

Absolute Extreme Ultra Violet (AXUV) silicon pho-

todiodes of which the energy range is from 1 eV to

10 keV. The spatial and temporal resolutions of the

system are 2.5 cm and 50µs respectively. In addition,

the evolution of impurity line radiation is observed by

a monochromator in the VUV spectral range.[20]

Aluminium is injected during quasi-steady state

discharge phase, as it appears clearly for a typical shot

at t = 800ms in Fig.1 (shot 4018), where the current

Ip, loop-voltage V loop, the central electron density

< ne > (ρ is normalized radius), the brightness of soft

x-ray signal Esx (normalized), total radiation losses

EBOL (normalized, from Bolometer), the line bright-

ness of Al XI (wave length λ = 55.0nm) EL (normal-

ized, from VUV) and the temperature Te (from ECE)

are presented.

Fig.1. Time evolutions of plasma current Ip, loop-voltage V loop, central electron density < ne >, brightness of soft

x-ray signal Esx (normalized), total radiation losses EBOL (normalized), line brightness of Al XI EL (normalized)

and temperature Te, for HL-2A shot 4018.

3. Impurity transport simulation

The impurity transport code (STRAHL) was

introduced around 1986 from Europe, which was

supported by International Atomic Energy Agency

(IAEA) projects, and it was successfully used on HL-

1M tokamak.[21,22] Over the years, the code has gone

through several modifications including transplanting

from DOS to Window operation system and supple-

menting simulations of soft x-ray and total radiation

losses.

The radial particle flux through a magnetic flux

surface is governed by the continuity equation. The
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impurity particle flux density Γ z is given by the

formula:[23]

∂Nz

∂t
+ ∇ · Γz = Qzt. (1)

Where Nz is the particle density of impurity in ion

stage Z, and Qzt is the sum of all particle sources and

sinks.

The impurity flux density Γz is expressed as the

sum of both diffusive and convective terms:

Γz = −Dz
dNz

dr
+ VzNz. (2)

Where D and V are radial diffusion coefficients and

convection velocities respectively. D and V include a

neoclassical part and an anomalous part. The neoclas-

sical part of V is the so-called Ware pinch velocity[24]

Vware = −c
Eψ
Bθ

(where c is constant, Eψ is the toroidal

electric field and Bθ is the poloidal magnetic field),

and its direction is inward. The anomalous part of

D and V is related to temperature gradient, density

peaking, magnetic curvature, particle collision and

plasma rotation, etc. It has not consistent conclusion

that they contribute to the anomalous part. In the

analysis, the coefficients D and V are assumed to be

independent of ion stage and do not vary with time,

and V = 2S
D r

a2
(where a is the mesh last radius, a

few centimetres out the last closed flux surface, con-

stant S is about 0.5–2). The source and sink term

Qzt couples the transport equation is made up of the

ionization Iz , recombination Rz , charge exchange Cz ,

parallel loss Lz and outer source/sink Qz. They can

be respectively written as

Iz = Ne(Nz−1Sz−1 − NzSz), (3)

Rz = Ne(Nz+1αz − Nzαz−1), (4)

Cz = NH(Nz+1α
cx
z+1 − Nzα

cx
z ), (5)

Lz = −
Nz

τ‖
. (6)

Where Ne and NH are electron density and hydrogen

density, Sz, αz, αcxz and τ‖ are ionization coefficient,

recombination coefficient, charge exchange coefficient

and parallel loss time respectively.

Assumed an invariable source (S0) of impurity lo-

cating at the edge of plasma, the density (N0) of neu-

tral impurity atoms due to ionization entering plasma

decays as follows:

N0(r) = N0(R)
R

r
exp

(

−

∫ R

r

NeS0dr/v0

)

, (7)

where v0 is initial velocity of impurity, R is distance

of impurity source to plasma centre. Therefore, the

number (Q0) of ions produced per unit time per unit

length is:

Q0 = 2π

∫ R

0

N0(r)NeS0rdr. (8)

For the calculations of ionization, recombination

and charge exchange rate coefficients, the radial pro-

files of electron density and electron temperature have

to be specified, while the relevant rate coefficients

are taken from the atomic database. The hydrogen

density is calculated from the impurity densities and

the given electron density using condition of quasi-

neutrality.

In scrape-off layer (SOL), electron temperature

Tea(r) and electron density Nea(r) decay as follows:

Tea(r) = Te(a) exp[(a − r)/λT], (9)

Nea(r) = Ne(a) exp[(a − r)/λn], (10)

where λT and λn are the decay lengths of temperature

and density respectively.

The neoclassical transport coefficients[25] are the

sum of a classical (CL), a Pfirsch–Schluter (PS) and

a banana plateau (BP) terms. The three contribu-

tions are calculated with the relevant formula.[26] The

anomalous diffusion coefficient is assumed to have the

form as follows:

D(r) = D(a)

[

1 + α
( r

a

)β
]

/(1 + α). (11)

The energy losses due to impurities consist

of ionization, line radiation, recombination and

Bremsstrahlung for tokamak plasma. The correspond-

ing power densities of these four kinds of emission are

listed below (all in unit of W·m−3).[27]

pi = c1

M−1
∑

z=1

NeNzSz

(

χz +
3

2
Te

)

+ pr,

pr = c2

M−1
∑

z=1

NeNz+1αzTe,

pbr = c3zeffN2
e T 1/2

e ,

pl = c4NeT
1/2
e

M−1
∑

z=2

Nz

L
∑

l=1

Czl exp

(

−
χex

Te

)

,(12)

where M is the atomic number, χz is the ionization

energy, zeff is the effective ionic charge, χex is the ex-

citation energy, c1 − c4 are constants and Ckl are co-

efficients in the Ref.[27].
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The plasma parameters (e.g. electron tempera-

ture Te and electron density Ne) are measured accu-

rately, and the transport coefficients are given by the

formula (11). Then, the data points are read into the

simulation code. By finely adjusting their profiles un-

til a good agreement is achieved between the exper-

imental and the simulation data, a successful model

for impurity transport is produced. In this way, the

transport coefficients of impurities in radial different

region have been derived, and the results are consid-

ered to determine in the experiment.

4. Experimental results

Aluminium is successfully injected into plasmas at

800 ms by LBO technique for HL-2A shot 4057. After

Al has been injected, the soft x-ray signals at ρ = 0.06

and ρ = 0.38 are shown in Fig.2. Only the contribu-

tion from injected impurity (Al) is taken into account

and the background level of plasma before LBO has

been subtracted. This can be done because the back-

ground radiation is nearly constant, apart from the

sawtooth activity that represents only a minor per-

turbation in comparison with the extra radiation due

to the injected impurities.

From Fig.2, it is found that the first inward and

then outward movements of the injected impurities

and the process of impurity accumulation can be ob-

served between two dot lines. During the rising phase

of the soft x-ray signal, the impurities enter regions

of higher electron density and higher electron tem-

perature, and the sawteeth are inverted at 805.6 and

813.2ms, which suggests that the flow of impurities is

inward from the edge to the central region of plasmas

at the time of the sawtooth crash. Similarly, during

the decreasing phase of the soft x-ray signal, the im-

purities continuously diffuse out, and the sawteeth are

inverted at 821.2 and 829.4ms, this implies that the

flow of impurities is outward from the central region

to the edge at the time of the sawtooth crash.

Fig.2. Time evolutions of the local soft x-ray signal Esx

(normalized) at normalized radius 0.06 and 0.38, for HL-

2A shot 4057. The background radiation before LBO has

been subtracted. The vertical dash lines express the times

for the tomographic reconstructions shown in Fig.3. The

vertical dot lines from left to right indicate the process of

impurity accumulation.

Figure 3 shows the tomographic reconstructions

of the soft x-ray emissivity distributions for the times

indicated by the vertical dash lines in Fig.2, and cor-

responding to 804, 808, 812 and 816ms during the

rising phase of the soft x-ray signal, and to 820, 822,

830 and 850ms during the decreasing phase of the soft

x-ray signal. Figure 4 shows the soft x-ray emissivity

distributions along a horizonal central chord.

Fig.3. Time evolutions of the local soft x-ray emissivity distribution following impurity injection as reconstructed from

the line integrated measurements for the times indicated and corresponding to the vertical dash lines in Fig.2. The

background radiation before LBO has been subtracted.
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From Figs.3 and 4, in the early time of injected

impurities, the impurities propagate inwards, and the

soft x-ray emissivity distribution is hollow, and has

an asymmetric profile. This indicates that impurity

transport is poloidally asymmetric, and the impurity

radiation at lower field side is stronger. By the for-

mula xh(t) =
∑

i

xi(h) exp(−t/τi) (where xh(t) repre-

sents the soft x-ray signal at the coordinate (h) iden-

tifying the line of sight, xi(h) is spatial component,

and τi is relaxation time. τ1 is identified as the impu-

rity confinement time τp, whereas τ2 is connected with

the initial ingress phase of the injected impurity, see

the Refs.[13, 28]), the impurity confinement time τp

is determined about 30ms for shot 4057. The similar

results can be obtained by the analysis of the experi-

mental data.

Fig.4. Time evolutions of the local soft x-ray emissivity

distribution along a horizontal central chord for different

times. The background radiation before LBO has been

subtracted.

Fig.5. Time evolutions of the soft x-ray brightness, total radiation losses, and line brightness of Al XI for HL-2A shot

4057. The background radiation before LBO has been subtracted. The simulated curves are also shown.
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The transport coefficients of impurities (includ-

ing diffusion coefficient D and convection velocity v)

in radial different regions have been derived by using

impurity transport code. The brightness of soft x-ray

signal Esx (normalized), total radiation losses EBOL

(normalized), and line brightness of Al XI EL (normal-

ized) are shown in Fig.5. The solid line and dash line

are experimental and simulative result respectively.

Figure 6 shows the transport coefficients of im-

purities in radial different region. The values of D

are 0.82, 0.90 and 2.15 m2/s at ρ = 0, 0.5, 0.8 in the

discharge. They are much larger than those of the neo-

classical predictions (by using the neoclassical trans-

port formula estimation, the neoclassical maximum of

D in the central region of plasma is less than 0.05,

and about 0.1m2/s in the edge). This indicates that

the transport of impurity is anomalous. At present,

the transport parameters beyond ρ = 0.8 are inaccu-

rate, because the complex processes in SOL are not

considered in detail in the code.

Fig.6. The profiles of the diffusion coefficient D and convection velocity v for HL-2A shot 4057.

5. Summary and conclusion

The behaviour of impurity transport is illumi-

nated by using the LBO technique and impurity trans-

port code in HL-2A ohmic discharges. The experimen-

tal results clearly show that the design parameters of

laser target and films are quite reasonable. After im-

purities have been injected, it is found experimentally

that the movements of the injected impurities are first

inward and then outward by using the soft x-ray cam-

eras. During the rising phase of the soft x-ray sig-

nal, the flow of impurities is inward from the edge to

the central region of plasmas at the time of the saw-

tooth crash. Similarly, during the decreasing phase

of the soft x-ray signal, the flow of impurities is out-

ward from the central region to the edge at the time

of the sawtooth crash. In the early time of injected

impurities, the soft x-ray emissivity distribution is hol-

low, and has an asymmetric profile. It indicates that

impurity transport is poloidally asymmetric. Trans-

port of impurity is enhanced greatly during sawtooth

crashes. Impurity confinement time is about 30–60ms

on HL-2A. By impurity transport code, diffusion co-

efficient D and convection velocity v have been de-

termined on HL-2A ohmic discharges. In the central

region of plasma (0 ≤ ρ < 0.5), the typical values

of D and v are 0.5 − 1.0m2/s and 0.0 − 3.0m/s re-

spectively. However, in the range of 0.5 ≤ ρ < 0.8,

the values are 1.0− 2.5m2/s and 3.0− 10.0m/s. They

are much larger than those of the neoclassical the-

ory predictions, and impurity transport is anomalous.

The anomalous behaviour of impurity transport will

be deeply researched by using theory and experiment.

The author is grateful to Professor Yan Long-Wen

for useful suggestions, and would like to thank the as-

sistance of the HL-2A group.
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