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Snowflake Divertor Experiments on TCV

Outline of the Talk

• The TCV Tokamak

• Magnetic in-situ Calibration

• Ohmic and Assisted Plasma Start-up

• Doublet Shaped Plasmas

• Snowflake Divertor

‣ Snowflake divertor on TCV

‣ Magnetic properties of the TCV snowflake

‣ Snowflake divertor in the H-mode regime
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Snowflake Divertor Experiments on TCV

The TCV Tokamak
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Snowflake Divertor Experiments on TCV

TCV - Tokamak à Configuration Variable
Mission
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Contribute to 
physics basis for
• ITER scenarios
• DEMO design
• Tokamak concept 

improvement



Snowflake Divertor Experiments on TCV

Unique TCV Features
Flexible plasma shapes
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TCV Parameters
• R = 0.88m;  a = 0.25m
• BT ≤ 1.5T;  IP ≤ 1.2MA
• 0.9 ≤ elongation κ ≤ 2.8
• -0.8 ≤ triangularity δ ≤ 0.9
• Internal fast n=0 coils

(as in ITER)



Snowflake Divertor Experiments on TCV

Unique TCV Features
Flexible plasma shapes
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Unique TCV Features
Electron Cyclotron Systems
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• 2nd harmonic X2 (82.7GHz)

• 3nd harmonic X3 (118GHz)

6 × 0.5MW - 2s
Side launch ECH, ECCD
ncut-off = 4×1019m-3

3 × 0.5MW - 2s
Top launch ECH
ncut-off ≈ 1020m-3
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Snowflake Divertor Experiments on TCV

Magnetics in-situ Calibration
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Magnetics in-situ Calibration
Motivation
• Axisymmetric errors (n = 0):
‣ Plasma shape deformation
‣ Wrong plasma position/strike points location
‣ Caused by:

-Errors in the radius and vertical position of the PF coils
-Errors in the measured PF coil currents

• Asymmetric errors (n > 0):
‣ Creation of magnetic islands
‣ Locked modes
‣ Caused by:

-Misalignment/deformation of the PF coils

Goal of the calibration
• Find the real positions and gains of the TCV magnetic system
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The TCV Magnetic System

‣ 16 PF Coils (E and F)
‣ 7 ohmic coils (A, B, C and D)
‣ 3 toroidal field connections (T)
‣ 4 x 38 magnetic field probes
‣ 61 flux loops
‣ 24 saddle loops
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Snowflake Divertor Experiments on TCV

The Calibration Technique
• Each coil is separately powered
• All magnetic signals are acquired and compared to expected values

• The discrepancies are associated to calibration errors (660 parameters)

• The correction parameters are determined by minimizing a cost function

• The error on the PF coils position is of the order of ~1 mm
• The error on the n = 0 poloidal field is ~1 mT
• The n = 1 error field is of ~0.1 mT
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where ψSL is the flux in the SL, ḃ is the first time-derivative of the magnetic field
and ΩSL is the SL surface.

Each SL signal is pre-amplified near the machine to limit the impact of the long
transmission line. They are then either amplified to be used as time derivatives of
the magnetic flux or integrated to obtain the flux itself. An over-voltage protection is
inserted between the pre-amplifiers and the amplifiers to protect the circuits against
spikes induced by the plasma dynamics. The resulting signals are then filtered and
acquired or used by the real time control system. A different filter is used by the real
time shape and position control with a higher cut-off frequency to avoid a too large phase
lag that would impair fast instability feedback.

The block diagram of the signal processing is shown in Fig. 3. All the electronic
devices have been calibrated offline using the method previously described in [14].

3. The calibration method

The magnetic field error in TCV is evaluated using an extension of the procedure
explained in [14]. In this paragraph, the method is summarized emphasizing the new
features introduced by the SL signals.

Each poloidal field coil is separately powered with a given current. The typical wave
form used has a flat-top of 20 kA for the ohmic coils (O1 and O2) and the toroidal
field coils and 4 kA for the other coils (E and F). During the flat-top phase, the current
is controlled within 10 A for 1 s. The stationary phase is longer than the vessel time
constant (∼ 13.4 ms) to ensure that the eddy currents in the vessel and in the mechanical
structures vanish. For each powered coil, all the magnetic signals are acquired and
time averaged on the flat-top phase to reduce the noise and the statistical error. The
measured quantities are then compared with the expected values, yielding the vector of
the differences between the experimental values and the theoretical predictions:

∆Ψf = Ψf − M
fc

Ic (2)

∆bm = bm − B
mc

Ic (3)

∆Ψs = Ψs − M
sc

Ic (4)

Ψf , bm and Ψs are the vectors of the measured quantities in the flux loops, magnetic
probes and SLs respectively; M

fc
, B

mc
and M

sc
are the matrices of the Green’s functions

between the PF coils and the considered sensors and Ic is the vector of the coil currents.
Notice that Ic = T

ca
Ia, where Ia is the current in the combined PF circuits and T

ca
is the transfer matrix used to obtain the current in each coil from the current in each
circuit. In the same manner M

fa
= M

fc
T

ca
, where M

fa
is the matrix of the Green’s

functions between the PF coil systems and the flux loops. Similarly B
ma

= B
mc

T
ca

and
M

sa
= M

sc
T

ca
.

The difference between the measured quantities and the expected values in Eqs. 2-4
is due to the errors in the geometrical characteristics of the PF coils, in the magnetic
sensors and in the electronic devices used to acquire the signals.

Mathematically, this discrepancy can be expressed with a first order Taylor expansion
as follow:

3 F.Piras, Fusion Eng. Des. 2010 
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Ohmic and Assisted Plasma 
Start-up
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Snowflake Divertor Experiments on TCV

Ohmic Plasma Start-up

• Start-up magnetic field reconstruction

• Plasma evolution during early ramp-
up phase

• Statistical analysis of breakdown

• Modeling of the ohmic start-up
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Figure 1.7.7: Magnetic field reconstruction (a) and connection length (b) at the ionization time for a typical
TCV breakdown (shot #38053).

length:

Pi,j =

�
l (Ri,j(t), Zi,j(t)) dt (1.7.16)

where Pi,j is the signal on the considered pixel, l is the connection length as a function of the

radial and vertical position expressed as the parametric functions Ri,j(t) and Zi,j(t). Fig. 1.7.8

shows a comparison of the image form the tangential visible camera and the virtual camera based

on the connection length distribution. The good agreement between the two images validates the

magnetic reconstruction code. The differences are due, besides the reconstruction errors, to the

different timing. The equilibrium reconstruction code computes the magnetic configuration just

before the breakdown (no plasma current). On the other hand, the frame from the fast camera

is recorded few milliseconds later, close to the maximum of the Dα signal (end of the ionization

phase). After few milliseconds, the magnetic configuration may be slightly different due to the

evolution of the current in the VV and in the ohmic coils. The differences can also come from a

wrong alignment of the fast camera. Moreover, the radiated light has been considered proportional

to the connection length. The reality is more complicated and more complex mechanisms that

are not considered may justify the differences between the two images.

1.8 The ramp-up phase

The analysis of the ramp-up phase differs from the problem of the magnetic reconstruction at the

ionization-phase since the plasma current is a source of magnetic field and therefore it has to be

added to the model. Notice that besides the value of the plasma current Ip, the spatial distribution

of the current inside the vacuum vessel is an unknown of the problem. A single filament model is

used to represent the plasma current. The plasma current distribution is therefore characterized

by three unknowns: the plasma current Ip and the position of the plasma filament inside the

vacuum vessel (rp and zp):

mru = fru (Ia, Iv, Ip, rp, zp) = M
ru

(rp, zp) [Ia; Iv; Ip] (1.8.1)

Extremely Shaped Plasmas to Improve the Tokamak Concept Francesco PIRAS, CRPP/EPFL

F.Piras, to be published 
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Assisted ECH-X2 Plasma Start-up

• Assisted plasma start-up scenario

• Power injected from the LFS (central port)

14

Ip

Vloop

ECH Power

t

t

t

~0

-15ms +15ms

Breakdown

(a)

(b)

(c)

F.Piras, to be published 



Snowflake Divertor Experiments on TCV

Assisted ECH-X2 Plasma Start-up

Scan of the main ECH parameters

• ECH power scan (better high power)
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Assisted ECH-X2 Plasma Start-up

Scan of the main ECH parameters

• ECH toroidal angle scan (best 90 deg)
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Assisted ECH-X2 Plasma Start-up

Scan of the main ECH parameters

• ECH polarization scan (better X pol.)
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Snowflake Divertor Experiments on TCV

Doublet Shaped Plasmas

18
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Doublet Shaped Plasma Concept
Why doublets
• Intrinsic zone of negative magnetic shear
• Lower vertical instability growth rate
• Possible advantages related to radioactive mantle
• Net current present at the plasma pedestal

• Doublet plasmas gives the possibility to study H-mode physics and 
magnetic reconnection
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Possible Doublet Configurations

Changing the mantle thickness, symmetry and edge properties
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Doublet Shaped Plasma Scenario

• Lateral constriction of highly elongated plasma

• Predicted maximum growth rate beyond ideal stability limit

21

F.Piras, to be published 



Snowflake Divertor Experiments on TCV

Doublet Shaped Plasma Scenario

• Hour-glass scenario

• For peaked profiles the highly asymmetric doublets (e) does not exist
• Low MHD stability

22

F.Piras, to be published 
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Doublet Shaped Plasma Scenario

• Merging of two droplet-shaped plasmas

• The two breakdowns have to be simultaneous

23

F.Piras, to be published 
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The Double Breakdown Problem

• Low chance to have a double ohmic breakdown

• Double breakdown assisted with ECH-X2
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Snowflake Divertor
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The Standard Divertor Configuration
Heat flux on the tokamak PFCs is a primary challenge of 
magnetic fusion research

• In diverted plasmas:
‣ Magnetic X-point present (BP = 0)

• Several strategies reduce the divertor heat loads:
‣ Tile tilting 
‣ High flux expansion at strike points
‣ Large radiated power fraction

Divertor lifetime remains a crucial issue for tokamaks

• New solutions proposed to reduce the power heat loads:
‣ The Snowflake Divertor [D.D.Ryutov, 2007]
‣ The Super-X Divertor [P.M.Valanju, 2009]

26
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Snowflake Divertor Experiments on TCV

The Snowflake Divertor Concept
X-point replaced by second order null
• BP = 0 AND ∇BP = 0
• 4 divertor legs 
• Minimum two divertor coils necessary
• Separatrix angle at the X-point of 60o  instead of 90o

• The SF features:
‣ Larger flux expansion in the X-point region
‣ Longer connection length in the SOL
‣ Higher magnetic shear close to the separatrix

27
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Creating a Snowflake on TCV

• Open divertor can be freely configured
‣ 16 independently powered coils
‣ Vessel covered with graphite tiles

• Several PF coils used as SF divertor coils
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Viewing a Snowflake on TCV

‣ The tangential visible camera confirms the 
magnetic configurations

‣ σ parametrizes the proximity to an ideal 
snowflake configuration (SF)
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IP = 230kA, BT=1.4T
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IP = 230kA, BT=1.4T
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IP = 230kA, BT=1.4T
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Exploring H-mode Snowflakes

Motivation:

• The H-mode and ELMs are important in present and future tokamaks

• Do the different SF magnetic properties affect the H-mode?

Experiments:

• Can a SF divertor reach an ELMy H-mode?

• How do the ELM dynamics compare with a SN H-mode?

• Can we channel ELM power onto the additional strike points? 

33
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Tuning the Configurations

• Plasma properties
‣ IP = 300kA 
‣ Bx∇B ion-drift towards X-point

• Additional heating
‣ 1MW ECH-X3
‣ 0.5-1MW ECH-X2
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Accessing the H-mode

• Scan Pin to identify H-mode power threshold
‣ Low density: a fraction of Pin from ECH
‣ High density: only ohmic power (ECH cut-off)

Unchanged power threshold for Ohmic and ECH H-modes
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Type I ELMy H-mode

36

ELMy H-mode for SN and SF+ within the same discharge
• SF+ established from SN moving the 

second X-point toward the SN X-point

• After the transition:
‣ Te and confinement increase by ~15%

‣ The ELM frequency is lower

‣ Hα spikes and integrated Hα across each 
ELM increase by ~30%
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Type I ELMy H-mode

37

ELMy H-mode for SN and SF+ within the same discharge
• SF+ established from SN moving the 

second X-point toward the SN X-point

• After the transition:
‣ Te and confinement increase by ~15%

‣ The ELM frequency is lower

‣ Hα spikes and integrated Hα across each 
ELM increase by ~30%
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Snowflake Reduces ELM Frequency

• Scan ECH-X2 input power keeping ECH-X3 constant
• dνELM/dPin > 0 for both configurations → type I ELMs
• SF+ has 2-3 times lower νELM

• ΔWELM/WP only 20-30% higher in SF+
• νELM  does not change with X2/X3 deposition, κ, SF+→SN
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Similar Pedestal Profiles

• Similar Te and ne profiles from 
Thomson scattering
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Enhanced Pedestal Stability

• The SF+ shows:
‣ Larger second stability region, i.e. enhanced kink-ballooning stability
‣ Better stability of ideal ballooning modes (n→∞)
‣ Lower low n (external kink) stability limits

40

Ideal MHD pedestal stability computed with the KINX code
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Snowflake Divertor Experiments on TCV

Enhanced Pedestal Stability

• The SF+ shows:
‣ Larger second stability region, i.e. enhanced kink-ballooning stability
‣ Better stability of ideal ballooning modes (n→∞)
‣ Lower low n (external kink) stability limits
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Ideal MHD pedestal stability computed with the KINX code
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Snowflake Divertor Experiments on TCV

Strike Point Power Sharing

• 15% of ΔWELM reaches the bottom strike point 
‣ confirmed with thermocouples on divertor tiles

• Cross-field transport from the null region explains the measured profiles
• No significant profile broadening during ELMs
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Vertical infrared camera profiles
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Snowflake Divertor Experiments on TCV

Conclusions (Snowflake Divertor)

• The snowflake divertor has been established and controlled on TCV with: 
‣ Higher flux expansion, connection length and magnetic shear

• An ELMy Type I H-mode was established, showing: 
‣ Similar H-mode power threshold to single-null plasmas
‣ ELM frequency reduced by 2-3, while energy lost per ELM increased by 20-30%
‣ Higher plasma temperature and better confinement (~15%)
‣ Similar pedestal profiles

• 15% of the ELM energy reaches one of the additional strike points

• The pedestal stability analysis suggests enhanced kink-ballooning stability

• Future work will focus on the strike point power sharing 
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Snowflake Divertor Experiments on TCV

νELM vs X2/X3 absorption, κ
• υELM  does not change with X3 deposition location
• Relatively small variation of υELM  with κ
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