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Requirements for rapid impurity production and delivery 

In ITER runaway electrons are likely to be generated during Current Quench  

(RE current must be reduced to < 2 MA by collisional suppression with a response time < 10 ms)§  

 

 

1) Large mass to reach Rosenbluth’s electron density over a relatively large fraction of Vplasma 

 

2) Prompt response and delivery 

 

3) High injection velocity to reach RE beam in early phase of ‘avalanche’ at a distance larger than 

minor radius 

 

4) High ram pressure of ionized injected impurity to penetrate strong confining toroidal field 

§ S.Putvinski, Disruption mitigation in ITER: Physics requirements, US Disruption Mitigation Workshop, March  12, 2012  



Laser interferometer 
Laser 
interferometer 

10/5/2012 INB FTP/P1-31 IAEA FEC 2012 3 

Are nanoparticle (NP) plasma jets a solution? 

1) Large impurity mass:  ← NPs have much larger mass than common gas atoms 

2) High injection velocity, rapid production & delivery: ← NP plasma accelerated to km/s! 

3) High ram pressure ( 𝝆𝒗𝟐 𝟐  ): ← NP plasma jet overcomes confining magnetic field 

pressure ( 𝑩𝑻
𝟐/𝟐𝝁𝟎 ) and penetrates to RE beam 

 

Inherent advantages 

 Efficient ablation and assimilation: ← NPs have a large surface to volume ratio 

 Enhanced magnetic field penetration: ← NP plasmas have large mass to charge ratio 

 Toroidal uniformity improved: ← NP plasma jets expand 
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Overall reaction time, from trigger to the delivery of impurity, is ~𝟏 − 𝟐 𝒎𝒔 

Duration: 

Pulsed Production 

Tokamak 
plasma (ne, Te) 

 

 
𝑩⊥ − 𝒇𝒊𝒆𝒍𝒅 

TiH2 grains + 
C60 powder 

Coaxial accelerator 

Exhaust  

nozzles 

Acceleration Transport 
Penetration 

Hot H2 + sublimated C60 

TiH2/C60 injector cartridge 

~𝟎. 𝟑 𝒎𝒔 ~𝟎. 𝟎𝟐 𝒎𝒔 ~𝟎. 𝟎𝟐 − 𝟎. 𝟐 𝒎𝒔 ~𝟎. 𝟎𝟓 − 𝟎. 𝟓 𝒎𝒔 

RE 
beam 

C60 (Ø1.1 nm, 720 amu, 360 e-) 

C60 plasma jet  

(~1017-1018 cm-3, >4 km/s) 

C60 plasma jet from coaxial gun has injection and delivery 
potential for RE beam suppression/energy dissipation in DIII-D 
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FAR-TECH’s pulsed power system for C60/C plasma jets 

Key components: 

• TiH2/C60 injector cartridge gas source† : ~𝟏𝟖𝟎 𝒎𝒈 C60 NP jet (~𝟓 × 𝟏𝟎𝟐𝟐 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒔) 

• Plasma accelerator: 𝒗𝒋𝒆𝒕 ≥ 𝟒 𝒌𝒎 𝒔  

† I.N. BOGATU, Fullerene/Titanium Hydride Gas Source (Patent Application No. 12/002,420 submitted in December  2007) 
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Pulsed power driven TiH2/C60 injector cartridge was characterized 

in shots with different composition, configuration, and fill length 
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TiH2 grains (~1 mm) 

uncoated C60 coated  Rc 

L1 C1 

H2 + C60 

Nozzles 

Electrode 
plunger 
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C60 coating increases cartridge resistance  

and relative energy deposition 
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Cartridge capacitive driver 
and equivalent circuit 

Cartridge resistance variation 
during the current pulse 
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Diagnostics setup for cartridge  

H2 and C60 molecular gas jets characterization  
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TiH2/C60 cartridge produced in ~300  µs a  

C60 gas mass of ~180 mg with a velocity ~110 m/s 
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TiH2/C60  TiH2 (only) 
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FAR-TECH’s pulsed power system installed 

 on test chamber at HyperV Technology Corp. 
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Diagnostics setup used for plasma jet measurements  

Plasma accelerator  

muzzle 
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High Mach number C60/C plasma jet shows 

 a high degree of collimation  

INB FTP/P1-31 IAEA FEC 2012 12 

PIMax camera image Plasma gun muzzle  

(front view) 

Imprint on ballistic pendulum disk 
(at 8” from muzzle) 
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C60/C plasma jet mass and velocity are in the range of  

several tens of mg with an average velocity of several km/s 
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Ballistic pendulum data 

Shot # Gas Jet 

(2010) 

𝑷𝑯𝟐𝑪𝟔𝟎   

𝒈 ∙ 𝒌𝒎 𝒔  

Accelerated Plasma Jet 

(2012) 

𝑷𝑯𝟐𝑪𝟔𝟎𝑪 

𝒈 ∙ 𝒌𝒎 𝒔  

2 0.033 no data 

3 0.011 no data 

4 0.008 0.605 

5 no data 0.282 

 

Gas/plasma jet momentum from repetitively firing  

with the same TiH2/C60 cartridge at 5 kJ driver energy 

Plasma jet momentum is much larger than gas jet from cartridge 

injector only as shown by ballistic pendulum data 
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C60/C plasma jet implementation proposed for DIII-D† 
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DIII-D is ideal for RE experiments:  

 C tiles compatible with injection of C60/C 

 Established technique to produce RE beam 

 Broad range of diagnostics  

 RE beam control demonstrated 

† Proposed for inclusion in the DIII-D Five-Year Plan 

   I.N. Bogatu, J. R. Thompson, and S. A. Galkin, Plasma Jets for Runaway Electrons Avalanche Suppression  
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Typical evolution of plasma current Ip, RE current Ir, and Te during 
thermal quench (TQ), current quench (CQ) and RE Plateau in DIII-D 

Pulsed millisecond plasma jet can act during RE current Ir rise (CQ) or on RE Plateau 

DIII-D discharge ‡ 

‡ Shot example on DIII-D (from A. N. James, Investigations of runaway electron generation, transport, and stability in the DIII-D tokamak 2011 APS-DPP) 
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Summary 
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 Hyper-velocity high-density C60 plasma jet from coaxial gun has rapid response, 
injection and delivery potential for RE beam suppression/energy dissipation 

 Pulsed power system prototype for C60/C plasma jets has been tested and provided: 

 ~180 mg C60 gas with velocity ~110 m/s from TiH2/C60 cartridge in ~300  µs 

 Unprecedented momentum of ~0.6 g km/s of Mach number plasma jet 

 C60/C plasma jet proof-of-principle experiment proposed for DIII-D 

 Pulsed millisecond plasma jet can act during RE current Ir rise (CQ) or on RE plateau  
suppress/deconfine REs before ‘avalanche’ 
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LSP PIC code† 3D simulation of C+ and C60
+ plasmoids (n=2x1016 cm-3, T=1 eV, v0=30 km/s) of 

penetration depth through transverse BT magnetic barrier: comparative results 
† WELCH, D. R., et al., Nucl. Inst. Meth. Phys. Res. A 464, 134 (2001). 

S.A. GALKIN, I.N. Bogatu, and J.S. Kim, 3D Kinetic Simulation of Plasma Jet Penetration in Magnetic Field (APS DPP 2009 ). 

𝑬𝒑 = −𝒗 × 𝑩 

C+ 

t=1.4 µs 

C60
+  

t=2.2 µs 

PIC simulations: C60
+ plasma penetrates 𝑩⊥-field barrier  

as a compact structure by self-polarization 
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𝑾𝒌 𝑾𝑩  
𝑾𝒌 = 𝒎𝒊𝒏𝒊𝟎𝒗𝟎

𝟐/𝟐 

𝐫𝐠𝐢

𝐰

𝟏

𝟐. 𝟑 𝜷𝒊𝒕𝒉

 

𝒓𝒈𝒊 = 𝒎𝒊𝒗𝟎/(𝒒𝑩⊥) 
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Ram pressure/Magnetic pressure 

Ne+ plasma 

(TS CV, 𝜷𝒌~𝟑, 

 𝒓𝒈𝒊 𝒘  ~𝟏𝟎−𝟑 )  

H, C, and C60 plasma jet parameters for LSP PIC code 

simulations and for present plasma gun 
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Hyper-velocity NP plasma jets for REs collisional suppression should have similar capability! 

Globus-M tokamak 

‡ A.V. Voronin et al., Double pulse plasma gun for parameter controlling of Globus-M, 36th EPS Conference on Plasma Phys. Sofia, 

June 29 - July 3, 2009 ECA Vol.33E, P-5.157 (2009) 

Fast penetration (~50-60 µs) to plasma core of Globus-M tokamak‡ 

demonstrated by hyper-velocity (~110-140 km/s) H plasma jet  
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Q: Could C60 plasma jet have caught up q=2 (and q=3) surfaces  

to trigger secondary disruption on Tore Supra§? 

§ S. Putvinski, F. St-Laurent, G. Martin, G.E. Notkin, M. Dremin, B.V. Kuteev,V. Kapralov, On RE suppression experiments in Tore 
Supra and T-10, MHD ITPA, October 2011 
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A: Likely, as plasma jet has much higher velocity (> 4 km/s)! 

1.0 
Gas (or plasma) 
injection location 
(cartridge valve or 
plasma gun) 

0.5 km/s 1 km/s 2 km/s 

4 km/s 

Observations: 

• 𝒗𝒊𝒐𝒏𝒊𝒛𝒆𝒅 𝒋𝒆𝒕 = 𝒄𝒐𝒏𝒔𝒕. only 

if 𝑩 = 𝟎 ! In reality 
𝒗𝒊𝒐𝒏𝒊𝒛𝒆𝒅 𝒋𝒆𝒕 decreases. 

• As 0.5 km/s Ne gas jet 
could not catch up q=3 
surface, it means its 
𝝆𝒗𝟐 𝟐  could no longer 
overcome 𝑩𝟐 𝟐𝝁𝟎  

§ S. Putvinski, F. St-Laurent, G. Martin, G.E. Notkin, M. Dremin, B.V. Kuteev,V. Kapralov, On RE suppression experiments in Tore 
Supra and T-10, MHD ITPA, October 2011 
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Jet distance vs. time (trajectory) is a straight line  

only for 𝑩 = 𝟎 , which is not the real case ! 

Time to catch up q=2 surface is ~ 10 ms 

• jet is ionized, decelerates and stops 
when 

𝝆𝒗𝒋𝒆𝒕
𝟐

𝟐
≅

𝑩𝑻
𝟐

𝟐𝝁𝟎
 

• 𝝆 = 𝒎𝒊𝒏 and 𝒏 decreases due to jet 
expansion … 

• 𝒗𝒋𝒆𝒕 decreases (due deceleration) 

and 𝒗𝒋𝒆𝒕
𝟐   even stronger … 

𝑩𝑻 𝒓 =  
𝑩𝑻 𝟎 𝑹

𝑹 + 𝒓
 

• magnetic pressure increases by a 
factor of ~3 for 𝑹 = 𝟔. 𝟐 𝒎 and 
𝒂 = 𝟐 𝒎 at RE beam in-board 
location 

Conclusion: high ram pressure is 
required - higher initial 𝒗𝒋𝒆𝒕 and 𝝆 ! 

§ S. Putvinski, F. St-Laurent, G. Martin, G.E. Notkin, M. Dremin, B.V. Kuteev,V. Kapralov, On RE suppression experiments in Tore 
Supra and T-10, MHD ITPA, October 2011 

† S. Putvinski, Disruption mitigation in ITER: Physics requirements, US Disruption Mitigation Workshop, March  12, 2012 
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Volume for 𝑬 𝑬𝒄𝒓𝒊𝒕 > 𝟏  region is smaller than 𝑽𝒑𝒍𝒂𝒔𝒎𝒂 ¶ 

¶ V.A. Izzo, P.B. Parks, L.L. Lao, DIII-D and ITER rapid shutdown with radially uniform deuterium 
delivery, Plasma Phys. Control. Fusion 51 (2009) 105004 
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Potential of C60/C plasma jet on DIII-D 

C60 plasma jet ! 

(~1023 m-3, ~100 mg) 

• 𝒗𝒋𝒆𝒕 ≥ 𝟒 𝒌𝒎 𝒔  

• potential to catch up 
(penetrate to) q=2 surface 
to trigger secondary 
disruption 

• high resistivity (?) 

§ S. Putvinski, F. St-Laurent, G. Martin, G.E. Notkin, M. Dremin, B.V. Kuteev,V. Kapralov, On RE suppression experiments in Tore 
Supra and T-10, MHD ITPA, October 2011 
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C60 plasma jet as a hyper-fast impurity injection for RE 

suppression/deconfinement at CQ before exponential amplification 


