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Experimental Proposal for ASDEX Upgrade campaign 2020

Particle flux balance during the onset of
detachment

mcavedon
Date: September 20, 2021
Responsible Officers: T. Nishizawa, M. Cavedon, R. Dux, F. Reimold, and B.
Kurzan
Proposed Task Force: TF I

Short description

The goal of this proposal is to characterize a particle flux, sink and source as detachment
sets in. Due to the lack of effective diagnostics, quantitative measurements of plasma
parameters in a reactor-relevant divertor have been mostly limited to the boundary.
The proposed research project will measure the spatial profiles of density, electron
temperature, and particle sink and source by utilizing the newly commissioned divertor
Thomson scattering system and new lines of sight for Balmer

0.1 Special diagnostic requirements

p(θ⃗|D⃗, I⃗) ∝ p(D⃗|θ⃗, I⃗)p(θ⃗|I⃗) (1)

fasdf
(a1)
(a2)
(b1)
(b2)
(c1)
(c2)
(d1)
(d2)
(e1)
(e2)
(f1)
(f2)

n̄e = 2.6 · 1019

n̄e = 3.3 · 1019

n̄e = 3.8 · 1019

n̄e = 5.0 · 1019

m−3

1

Bayes Theorem

Consider a case where we have only 3 spatial points.

Parametric inference (conventional)

ill-posed likelihood

Each spatial point has its own 
axis (degree of freedom).

Parametric vs Non-parametric inference
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Short description

The goal of this proposal is to characterize a particle flux, sink and source as detachment
sets in. Due to the lack of effective diagnostics, quantitative measurements of plasma
parameters in a reactor-relevant divertor have been mostly limited to the boundary.
The proposed research project will measure the spatial profiles of density, electron
temperature, and particle sink and source by utilizing the newly commissioned divertor
Thomson scattering system and new lines of sight for Balmer

0.1 Special diagnostic requirements

p(θ⃗|D⃗, I⃗) ∝ p(D⃗|θ⃗, I⃗)p(θ⃗|I⃗) (1)

fasdf
(a1)
(a2)
(b1)
(b2)
(c1)
(c2)
(d1)
(d2)
(e1)
(e2)
(f1)
(f2)

n̄e = 2.6 · 1019

n̄e = 3.3 · 1019

n̄e = 3.8 · 1019

n̄e = 5.0 · 1019

m−3

1

Bayes Theorem

Consider a case where we have only 3 spatial points.

Use a linear function 
to represent a profile

ill-posed likelihood

Each spatial point has its own 
axis (degree of freedom).

Parametric vs Non-parametric inference

Parametric inference (conventional)
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Experimental Proposal for ASDEX Upgrade campaign 2020

Particle flux balance during the onset of
detachment

mcavedon
Date: September 20, 2021
Responsible Officers: T. Nishizawa, M. Cavedon, R. Dux, F. Reimold, and B.
Kurzan
Proposed Task Force: TF I

Short description

The goal of this proposal is to characterize a particle flux, sink and source as detachment
sets in. Due to the lack of effective diagnostics, quantitative measurements of plasma
parameters in a reactor-relevant divertor have been mostly limited to the boundary.
The proposed research project will measure the spatial profiles of density, electron
temperature, and particle sink and source by utilizing the newly commissioned divertor
Thomson scattering system and new lines of sight for Balmer

0.1 Special diagnostic requirements

p(θ⃗|D⃗, I⃗) ∝ p(D⃗|θ⃗, I⃗)p(θ⃗|I⃗) (1)

fasdf
(a1)
(a2)
(b1)
(b2)
(c1)
(c2)
(d1)
(d2)
(e1)
(e2)
(f1)
(f2)

n̄e = 2.6 · 1019

n̄e = 3.3 · 1019

n̄e = 3.8 · 1019

n̄e = 5.0 · 1019

m−3

1

Bayes Theorem

Consider a case where we have only 3 spatial points.

Use a linear function 
to represent a profile

Surface defined by 
linear functions

ill-posed likelihoodposterior obtained by a 
parametric approach

Parametric vs Non-parametric inference

Parametric inference (conventional)
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m−3
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Bayes Theorem

Consider a case where we have only 3 spatial points.

Non-parametric inference

Smoother profiles have 
higher probabilitiesill-posed likelihoodposterior obtained by a 

non-parametric approach

Each spatial point has its 
own degree of freedom

e.g., Gaussian process

3D distribution3D distribution
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Advantages and disadvantages of the non-parametric inference

7

Non-parametric inference

advantage
●Comprehensive search in the solution space 
e.g., profiles are not limited to piecewise-connected cubic functions

disadvantage
●Large degrees of freedom often require unpractical computational resource 
   exception: analytical solution of the posterior is available 
       ne and Te can be inferred without a computational challenge 
       by using a non-parametric approach                       

preserves the original dimension

Many many parameters！

M.A. Chilenski, et.al., Nucl. Fusion 55 (2015), A. Ho, et.al., Nucl. Fusion 59 (2019)

MCMC or nested sampling
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Non-parametric inference

advantage
●Comprehensive search in the solution space 
e.g., profiles are not limited to piecewise-connected cubic functions

disadvantage
●Large degrees of freedom often require unpractical computational resource 
                        

preserves the original dimension

Many many parameters！

address this!

This work tries to make the problem trackable by 
optimizing the experimental setup and the model
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● introduction

outline

●impurity transport coefficient  
  measurements

● Summary and conclusions



CXRS measurements of a static plasma
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R (m)

Z
(m

)

R (m)

Z
(m

)

R (m)

Z
(m

)
Neutral beam injection

Local impurity emission is induced 
by charge-exchange reactions

The density profiles of Ne10+, C6+, and Ne8++O8+ are measured.

Quasi-static Type-III ELMy H-mode (No time evolution of impurity distribution)

Only the sum of these two is available 
due to the overlapping lines.

Ne, O, and C are assumed to have the same transport coefficients.



Why using the quasi-static plasma
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The diffusion coefficient and the convection velocity can still be 
decoupled by different charge species.

Note

Experimental Proposal for ASDEX Upgrade campaign 2020

Particle flux balance during the onset of
detachment

mcavedon
Date: November 10, 2021
Responsible Officers: T. Nishizawa, M. Cavedon, R. Dux, F. Reimold, and B.
Kurzan
Proposed Task Force: TF I

Short description

The goal of this proposal is to characterize a particle flux, sink and source as detachment
sets in. Due to the lack of effective diagnostics, quantitative measurements of plasma
parameters in a reactor-relevant divertor have been mostly limited to the boundary.
The proposed research project will measure the spatial profiles of density, electron
temperature, and particle sink and source by utilizing the newly commissioned divertor
Thomson scattering system and new lines of sight for Balmer

0.1 Special diagnostic requirements

nz ∝ exp
(∫ r v

D
dr′

)

|ñe,f |2/n2
e,0

|T̃e,f |2/T 2
e,0

p(θ⃗|D⃗, I⃗) ∝ p(D⃗|θ⃗, I⃗)p(θ⃗|I⃗) (1)

p(θ⃗|D⃗, I⃗) (2)

p(D⃗|θ⃗, I⃗) (3)

p(θ⃗|I⃗) (4)

p(θ⃗|I⃗) ∝ exp
(
− 1

2
θ⃗TΣ̂−1θ⃗

)
(5)

fasdf
(a1)
(a2)
(b1)
(b2)

1

This is true only when all impurity ions 
are in the fully ionized state
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Here, 1̂ is an identity matrix.
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For a steady-state, impurity profiles can be solved for given D and v 
without evaluating the time-evolution of the system.

Analytical solution is available!

leads to a significant reduction in the computational cost
We used MCMC.

Why using the quasi-static plasma

11

By simultaneously measuring different charge states, the diffusion 
coefficient and the convection velocity can still be decoupled.

Note
This is true only when all impurity ions 
are in the fully ionized state
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For a steady-state, impurity profiles can be analytically solved for given 
D and v without evaluating the time-evolution of the system.

Analytical solution is available!

leads to a significant reduction in the computational cost
We used MCMC.
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A new spectral analysis method, Linearized Spectrum Correlation Analysis (LSCA), for charge exchange
and passive ion Doppler spectroscopy is introduced to provide a means of measuring fast spectral line-shape
changes associated with ion-scale
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Inference model
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When constructing the model, parameterization is chosen such 
that it facilities the use of the NUTS sampler (Pymc3).

Non-parametric inference of impurity transport coefficients in the ASDEX Upgrade tokamak8

the neutral density at the wall n0,wall to determine the absolute density, and define the

prior distribution of n⃗0, and T⃗0 as

p(n⃗0,T⃗0|E0,wall, n0,wall)p(E0,wall)p(n0,wall),

p(E0,wall) ∝ 1/E0,wall 10 eV ≤ E0,wall ≤ 120 eV,

p(n0,wall) ∝ 1/n0,wall 104 m−3 ≤ n0,wall ≤ 1018 m−3.

(6)

Here, we choose logarithmic priors for p(E0,wall) and p(n0,wall) to avoid bias toward high

amplitudes[33, 34].

Since Eq. (2) is linear with respect to nz, the profile of each charge state for given

D⃗ and v⃗ can be solved analytically. The analytical solution and its derivation are given

in Appendix B. We use a Gaussian process and introduce the probability distribution

of D⃗ as follows:

p(D⃗|Σ̂) ∝ exp

(
− 1

2
θ⃗TΣ̂−1θ⃗

)
θ⃗T = [log10 D1, log10 D2, · · · , log10 DN ], (7)

where

Σ̂n,n′ = σ2
D exp

(
− (rn − rn′)2

2l2co

)
, (8)

σD = 1, (9)

Note that the Gaussian process provides the power of D. This parameterization avoids a

bias toward a larger scale and removes negative D, which is unphysical. Other impurity

transport studies by using the Bayesian framework also infer the power of D[14, 10, 15].

The spatial correlation length lco shown Fig. 2 is set to be proportional to the spacing

between spatial grids. lco is reduced near the pedestal region, where large variations in

D and v over small spatial scales are expected.

Instead of defining the prior distribution of v⃗ directly, we introduce the probability

distribution of
∫ r

0 vdr′/D. This parametrization leads to a significantly better

performance of MCMC compared with the direct parametrization of v⃗. In Eq. (B.4),

v is contained only in the form of
∫ redge
r vdr′/D. Thus, the original parameter space

becomes simpler when we use
∫ r

0 vdr′/D. The probability distribution of v⃗ can still be

calculated when all constituents of the prior distributions are multiplied. First, we use

a Gaussian process again to define:

p(ψ⃗|Ω̂) ∝ exp

(
− 1

2
ψ⃗TΩ̂−1ψ⃗

)
, (10)

where

Ω̂n,n′ = F 2 exp

(
− (rn − rn′)2

2l2co

)
, (11)

Using ψ, we define the discrete form of
∫ r

0 vdr/D as follows:

n∑

i=1

vi
Di

∆ri = (ψn − ψ1)− (F + ψn − ψ1) ·
rn
rN

. (12)
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⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎦

(A.16)
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Non-parametric inference of impurity transport coefficients in the ASDEX Upgrade tokamak8

given energy at the wall E0,wall are uniquely determined by using the Monte Carlo code

discussed in Section. 3.2. We calculate T⃗0 and profile shapes of n0 for E0,wall =10, 20,

40, 80, and 120 eV. By interpolating those profiles, n⃗0 and T⃗0 for arbitrary E0 between

10 and 120 eV can be obtained without running the Monte Carlo code again. We use

the neutral density at the wall n0,wall to determine the absolute density, and define the

prior distribution of n⃗0, and T⃗0 as

p(n⃗0,T⃗0|E0,wall, n0,wall)p(E0,wall)p(n0,wall),

p(E0,wall) ∝ 1/E0,wall 10 eV ≤ E0,wall ≤ 120 eV,

p(n0,wall) ∝ 1/n0,wall 104 m−3 ≤ n0,wall ≤ 1018 m−3.

(6)

Here, we choose logarithmic priors for p(E0,wall) and p(n0,wall) to avoid bias toward high

amplitudes[32, 33].

Since Eq. (2) is linear with respect to nz, the profile of each charge state for given

D⃗ and v⃗ can be solved analytically. The analytical solution and its derivation are given

in Appendix B. We use a Gaussian process and introduce the probability distribution

of D⃗ as follows:

p(D⃗|Σ̂) ∝ exp

(
− 1

2
θ⃗TΣ̂−1θ⃗

)
θ⃗T = [log10 D1, log10 D2, · · · , log10 DN ], (7)

where

Σ̂n,n′ = σ2
D exp

(
− (rn − rn′)2

2l2co

)
, (8)

σD = 1, (9)

Note that the Gaussian process provides the profile of log10 D instead of D. This

parameterization avoids a bias toward a larger scale and removes negative D, which

is unphysical. Other impurity transport studies by using the Bayesian framework also

infer the power of D[14, 10, 15]. The spatial correlation length lco shown Fig. 2 is set

to be proportional to the spacing between spatial grids. lco is reduced near the pedestal

region, where large variations in D and v over small spatial scales are expected.

Instead of defining the prior distribution of v⃗ directly, we introduce the probability

distribution of
∫ r

0 vdr′/D. This parametrization leads to a significantly better

performance of MCMC compared with the direct parametrization of v⃗. In Eq. (B.4),

v is contained only in the form of
∫ redge
r vdr′/D. Thus, the original parameter space

becomes simpler when we use
∫ r

0 vdr′/D. The probability distribution of v⃗ can still be

calculated when all constituents of the prior distributions are multiplied. First, we use

a Gaussian process again to define:

p(ψ⃗|Ω̂) ∝ exp

(
− 1

2
ψ⃗TΩ̂−1ψ⃗

)
, (10)

where

Ω̂n,n′ = F 2 exp

(
− (rn − rn′)2

2l2co

)
, (11)

CX with the thermal neutrals is taken into account

A Monte-Carlo code determines the profiles 
from the edge conditions.

Type-III ELMy H-mode

neutrals
R. Dux, et.al. NF (2020), F. Sciortino, et.al. NF (2021)  
showed neutrals cannot be neglected.
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where

M̂ =
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. . .
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Here, Û is an identity matrix.
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Û
+

Â
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ü
ll
er
,
et

al
.

Im
p
u
ri
ty

se
ed

in
g
fo
r
to
ka

m
ak

p
ow

er
ex
h
au

st
:
fr
om

p
re
se
n
t
d
ev
ic
es

v
ia

it
er

to
d
em

o.
P
la
sm

a
P
hy

si
cs

an
d
C
on

tr
ol
le
d
F
u
si
on

,
55

(1
2)
:1
24

04
1,

20
13

.
[2
]
A

K
al
le
n
b
ac
h
,
M

B
er
n
er
t,

P
D
av

id
,
M
G

D
u
n
n
e,

R
D
u
x
,
E

F
ab

le
,
R

F
is
ch
er
,
L
G
il
,
T

G
ör
le
r,

F
Ja

n
k
y,

et
al
.

D
ev
el
op

m
en
ts

to
w
ar
d
s
an

el
m
-f
re
e
p
ed

es
ta
l
ra
d
ia
ti
ve

co
ol
in
g
sc
en

ar
io

u
si
n
g
n
ob

le
ga

s
se
ed

in
g
in

as
d
ex

u
p
gr
ad

e.
N
u
cl
ea
r
F
u
si
on

,
61

(1
):
01

60
02

,
20

20
.

[3
]
G
.
M
cK

ee
,
K
.
B
u
rr
el
l,
R
.
F
on

ck
,
G
.
Ja

ck
so
n
,
M
.
M
u
ra
ka

m
i,
G
.
S
ta
eb

le
r,
D
.
T
h
om

as
,
an

d
P
.
W
es
t.

Im
p
u
ri
ty
-

in
d
u
ce
d
su
p
p
re
ss
io
n
of

co
re

tu
rb
u
le
n
ce

an
d
tr
an

sp
or
t
in

th
e
d
ii
i-
d
to
ka

m
ak

.
P
hy

s.
R
ev
.
L
et
t.
,
84

:1
92

2–
19

25
,

F
eb

20
00

.
[4
]
M

O
sa
ka

b
e,

H
T
ak
ah

as
h
i,
K

N
ag

ao
ka

,
S
M
u
ra
ka

m
i,
I
Y
am

ad
a,

M
Y
os
h
in
u
m
a,

K
Id
a,

M
Y
ok

oy
am

a,
R

S
ek
i,

H
L
ee
,
et

al
.

Im
p
ac
t
of

ca
rb

on
im

p
u
ri
ti
es

on
th
e
co
n
fi
n
em

en
t
of

h
ig
h
-i
on

-t
em

p
er
at
u
re

d
is
ch
ar
ge
s
in

th
e

la
rg
e
h
el
ic
al

d
ev
ic
e.

P
la
sm

a
P
hy

si
cs

an
d
C
on

tr
ol
le
d
F
u
si
on

,
56

(9
):
09

50
11

,
20

14
.

[5
]
R
.
D
u
x
,
M
.
C
av

ed
on

,
A
.
K
al
le
n
b
ac
h
,
R
.M

.
M
cD

er
m
ot
t,
G
.
V
og

el
,
an

d
th
e
A
S
D
E
X

U
p
gr
ad

e
te
am

.
In
fl
u
en

ce
of

C
X
-r
ea
ct
io
n
s
on

th
e
ra
d
ia
ti
on

in
th
e
p
ed

es
ta
l
re
gi
on

at
A
S
D
E
X

u
p
gr
ad

e.
N
u
cl
ea
r
F
u
si
on

,
60

(1
2)
:1
26

03
9,

o
ct

20
20

.
[6
]
K
.
Id
a,

M
.
Y
os
h
in
u
m
a,

M
.
O
sa
ka

b
e,

K
.
N
ag

ao
ka
,
M
.
Y
ok

oy
am

a,
H
.
F
u
n
ab

a,
C
.
S
u
zu

k
i,
T
.
Id
o,

A
.
S
h
im

iz
u
,

I.
M
u
ra
ka

m
i,
N
.
T
am

u
ra
,
H
.
K
as
ah

ar
a,

Y
.
T
ak

ei
ri
,
K
.
Ik
ed

a,
K
.
T
su
m
or
i,
O
.
K
an

ek
o,

S
.
M
or
it
a,

M
.
G
ot
o,

K
.
T
an

ak
a,

K
.
N
ar
ih
ar
a,

T
.
M
in
am

i,
an

d
I.

Y
am

ad
a.

O
b
se
rv
at
io
n
of

an
im

p
u
ri
ty

h
ol
e
in

a
p
la
sm

a
w
it
h

an
io
n
in
te
rn
al

tr
an

sp
or
t
b
ar
ri
er

in
th
e
la
rg
e
h
el
ic
al

d
ev
ic
e.

P
hy

si
cs

of
P
la
sm

as
,
16

(5
):
05

61
11

,
20

09
.

[7
]
M
A

C
h
il
en

sk
i,

M
G
re
en

w
al
d
,
Y

M
ar
zo
u
k
,
JE

R
ic
e,

an
d

A
E

W
h
it
e.

O
n

th
e

im
p
or
ta
n
ce

of
m
o
d
el

se
le
ct
io
n
w
h
en

in
fe
rr
in
g
im

p
u
ri
ty

tr
an

sp
or
t
co
effi

ci
en

t
p
ro
fi
le
s.

P
la
sm

a
P
hy

si
cs

an
d
C
on

tr
ol
le
d
F
u
si
on

,
61

(1
2)
:1
25

01
2,

20
19

.
[8
]
B
.
G
ei
ge
r,

T
h
.
W
eg
n
er
,
C
.D

.
B
ei
d
le
r,

R
.
B
u
rh
en

n
,
B
.
B
u
tt
en

sc
h
ön

,
R
.
D
u
x
,
A
.
L
an

ge
n
b
er
g,

N
.A

.
P
ab

la
n
t,

T
.
P
ü
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Non-parametric inference of impurity transport coefficients in the ASDEX Upgrade tokamak8

given energy at the wall E0,wall are uniquely determined by using the Monte Carlo code

discussed in Section. 3.2. We calculate T⃗0 and profile shapes of n0 for E0,wall =10, 20,

40, 80, and 120 eV. By interpolating those profiles, n⃗0 and T⃗0 for arbitrary E0 between

10 and 120 eV can be obtained without running the Monte Carlo code again. We use

the neutral density at the wall n0,wall to determine the absolute density, and define the

prior distribution of n⃗0, and T⃗0 as

p(n⃗0,T⃗0|E0,wall, n0,wall)p(E0,wall)p(n0,wall),

p(E0,wall) ∝ 1/E0,wall 10 eV ≤ E0,wall ≤ 120 eV,

p(n0,wall) ∝ 1/n0,wall 104 m−3 ≤ n0,wall ≤ 1018 m−3.

(6)

Here, we choose logarithmic priors for p(E0,wall) and p(n0,wall) to avoid bias toward high

amplitudes[32, 33].

Since Eq. (2) is linear with respect to nz, the profile of each charge state for given

D⃗ and v⃗ can be solved analytically. The analytical solution and its derivation are given

in Appendix B. We use a Gaussian process and introduce the probability distribution

of D⃗ as follows:

p(D⃗|Σ̂) ∝ exp

(
− 1

2
θ⃗TΣ̂−1θ⃗

)
θ⃗T = [log10 D1, log10 D2, · · · , log10 DN ], (7)

where

Σ̂n,n′ = σ2
D exp

(
− (rn − rn′)2

2l2co

)
, (8)

σD = 1, (9)

Note that the Gaussian process provides the profile of log10 D instead of D. This

parameterization avoids a bias toward a larger scale and removes negative D, which

is unphysical. Other impurity transport studies by using the Bayesian framework also

infer the power of D[14, 10, 15]. The spatial correlation length lco shown Fig. 2 is set

to be proportional to the spacing between spatial grids. lco is reduced near the pedestal

region, where large variations in D and v over small spatial scales are expected.

Instead of defining the prior distribution of v⃗ directly, we introduce the probability

distribution of
∫ r

0 vdr′/D. This parametrization leads to a significantly better

performance of MCMC compared with the direct parametrization of v⃗. In Eq. (B.4),

v is contained only in the form of
∫ redge
r vdr′/D. Thus, the original parameter space

becomes simpler when we use
∫ r

0 vdr′/D. The probability distribution of v⃗ can still be

calculated when all constituents of the prior distributions are multiplied. First, we use

a Gaussian process again to define:

p(ψ⃗|Ω̂) ∝ exp

(
− 1

2
ψ⃗TΩ̂−1ψ⃗

)
, (10)

where

Ω̂n,n′ = F 2 exp

(
− (rn − rn′)2

2l2co

)
, (11)

CX with the thermal neutrals is taken into account

A Monte-Carlo code determines the profiles 
from the edge conditions.
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nz ∝ exp
(∫ r v

D
dr′

)

D < 1 m/s2

D ∼ 20 m/s2

|ñe,f |2/n2
e,0

|T̃e,f |2/T 2
e,0

p(θ⃗|D⃗, I⃗) ∝ p(D⃗|θ⃗, I⃗)p(θ⃗|I⃗) (1)

p(θ⃗|D⃗, I⃗) (2)

p(D⃗|θ⃗, I⃗) (3)
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Type-III ELMy H-mode

at the pedestal

just inside the pedestal

neutrals
R. Dux, et.al. NF (2020), F. Sciortino, et.al. NF (2021)  
showed neutrals cannot be neglected.
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where

M̂ =
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Û + B̂1 −Â2 0 0 · · · 0 0 0
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...

... 0
...

. . .
...

...
...

0 0 0 0 · · · B̂Z−2 Û + ÂZ−1 + B̂Z−1 −ÂZ
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Here, Û is an identity matrix.
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Non-parametric inference of impurity transport coefficients in the ASDEX Upgrade tokamak8

given energy at the wall E0,wall are uniquely determined by using the Monte Carlo code

discussed in Section. 3.2. We calculate T⃗0 and profile shapes of n0 for E0,wall =10, 20,

40, 80, and 120 eV. By interpolating those profiles, n⃗0 and T⃗0 for arbitrary E0 between

10 and 120 eV can be obtained without running the Monte Carlo code again. We use

the neutral density at the wall n0,wall to determine the absolute density, and define the

prior distribution of n⃗0, and T⃗0 as

p(n⃗0,T⃗0|E0,wall, n0,wall)p(E0,wall)p(n0,wall),

p(E0,wall) ∝ 1/E0,wall 10 eV ≤ E0,wall ≤ 120 eV,

p(n0,wall) ∝ 1/n0,wall 104 m−3 ≤ n0,wall ≤ 1018 m−3.

(6)

Here, we choose logarithmic priors for p(E0,wall) and p(n0,wall) to avoid bias toward high

amplitudes[32, 33].

Since Eq. (2) is linear with respect to nz, the profile of each charge state for given

D⃗ and v⃗ can be solved analytically. The analytical solution and its derivation are given

in Appendix B. We use a Gaussian process and introduce the probability distribution

of D⃗ as follows:

p(D⃗|Σ̂) ∝ exp

(
− 1

2
θ⃗TΣ̂−1θ⃗

)
θ⃗T = [log10 D1, log10 D2, · · · , log10 DN ], (7)

where

Σ̂n,n′ = σ2
D exp

(
− (rn − rn′)2

2l2co

)
, (8)

σD = 1, (9)

Note that the Gaussian process provides the profile of log10 D instead of D. This

parameterization avoids a bias toward a larger scale and removes negative D, which

is unphysical. Other impurity transport studies by using the Bayesian framework also

infer the power of D[14, 10, 15]. The spatial correlation length lco shown Fig. 2 is set

to be proportional to the spacing between spatial grids. lco is reduced near the pedestal

region, where large variations in D and v over small spatial scales are expected.

Instead of defining the prior distribution of v⃗ directly, we introduce the probability

distribution of
∫ r

0 vdr′/D. This parametrization leads to a significantly better

performance of MCMC compared with the direct parametrization of v⃗. In Eq. (B.4),

v is contained only in the form of
∫ redge
r vdr′/D. Thus, the original parameter space

becomes simpler when we use
∫ r

0 vdr′/D. The probability distribution of v⃗ can still be

calculated when all constituents of the prior distributions are multiplied. First, we use

a Gaussian process again to define:

p(ψ⃗|Ω̂) ∝ exp

(
− 1

2
ψ⃗TΩ̂−1ψ⃗

)
, (10)

where

Ω̂n,n′ = F 2 exp

(
− (rn − rn′)2

2l2co

)
, (11)

CX with the thermal neutrals is taken into account

A Monte-Carlo code determines the profiles 
from the edge conditions.

Type-III ELMy H-mode

neutrals

(m
2
/s
)

D

by: ⎡

⎢⎢⎢⎢⎢⎢⎢⎣

n⃗1

n⃗2

n⃗3
...

n⃗Z−1

n⃗Z

⎤

⎥⎥⎥⎥⎥⎥⎥⎦

= M̂−1

⎡

⎢⎢⎢⎢⎢⎢⎢⎣

n1,N+1u⃗
n2,N+1u⃗
n3,N+1u⃗

...
nZ−1,N+1u⃗
nZ,N+1u⃗

⎤

⎥⎥⎥⎥⎥⎥⎥⎦

(A.15)

where

M̂ =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎣

Û + B̂1 −Â2 0 0 · · · 0 0 0
−B̂1 Û + Â2 + B̂2 −Â3 0 · · · 0 0 0
0 −B̂2 Û + Â3 + B̂3 −Â4 · · · 0 0 0
...

... 0
...

. . .
...

...
...

0 0 0 0 · · · B̂Z−2 Û + ÂZ−1 + B̂Z−1 −ÂZ

0 0 0 0 · · · 0 −B̂Z−1 Û + ÂZ

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎦

(A.16)
Here, Û is an identity matrix.

(Ph m−2s−1sr−1)

ne

nn

Te

Ti

ρpol
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prior distribution
No CXRS data 
available in the SOL

Distribution is close to the prior.

Very wide distributions. 
In a non-parameter inference, each spatial grid has 
its own degree of freedom. If the likelihood fails to 
provide meaningful information, only the prescribed 
smoothing conditions provide constraints.  
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● Complete search in the solution space is possible through a non-parametric  
  approach 
  (Each spatial point keeps its own degree of freedom)

● D(diffusion coefficient) and v(convection velocity) can be measured without 
modulating the impurity profile by simultaneously observing multiple impurity   
charge states  

●An analytical solution for impurity profiles significantly reduces the computation 
cost and makes a non-parametric approach possible. 

● The profiles of D(diffusion coefficient) and v(convection velocity) in the edge of 
a Type-III ELMy H-mode plasma are successfully obtained.


