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Introduction
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Two Far Frequencies (TFF), e.g. 14 GHz + 18 GHz 



Introduction

Two Close Frequencies (TCF), df= several 100 MHz
Significant effect of phase difference is expected 

S. Gammino, et al., “Numerical Simulations of the ECR Heating With Waves of 
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Transaction on Plasma Science, vol. 36, no. 4, p. 1552

Simulation (14 GHz + 18 GHz)

Numerical simulation
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Introduction Two close frequencies

2013
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18 GHz + 17.1 – 18.5 GHz
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Additional mw can improve the stability even at higher net 
mw power



Introduction Kinetic instabilities
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Motivation (to understand)

Exact mechanism of two-close-frequency heating ?

• Role of 2nd frq. to suppress plasma instabilities 

• Structural changes triggered by instabilities 

• Structural changes when the turbulences are 
suppressed

• X-ray spectra in the unstable regimes 

• Effect of the relative phase difference at TCFH mode

• Power balance between the two close frequencies
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Experimental setup

Atomki ECR laboratory

14 GHz ECRIS 

- Permanent magnet hexapole and room 
temperate coils

- No post acceleration
- Used for atomic physics, material science, 

ECR plasma physics 2000
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Experimental setup
(coupling of TCF)

Sweep oscillator 

HP8350B mf.

HP83590A pi.

df = 2-20 GHz

TWTA

P = 500 W 

df=13.6-14.6GHz

Load 

Pmax = 250 W

Circulator (WR62)

df = 12.5 – 18 GHz

Pmax forw.= 650W

Pmax refl.= 80W

20 dB Cross guide

(WR62)

Power Meter

8481 A 

Pmax = 100 mW

Power Meter

8481 B 

1 mW – 25 W
HV Window Vacuum window

df = 12.4 – 18 GHz

Pmax = 1000W

Plasma 

chamber

Klystron

P = 1000 W 

f=14.25 GHz

Sweep oscillator 

HP8620A mf.

HP86260A pi.

df = 12.4-18 GHz

Combiner 

13.5-15.6GHz

Phase 

shifter

Load 

- Two frequency coupling

- df~1GHz is limited by the TWTA

- Net power measurements

TWTA

Phase shifter

Combiner

Circulator

HV window

Direct frq. measurements

by Spectrum Analyzer

14.45 GHz

TWT 14.25 GHz

KLY 



Experimental setup

CSD 
representatives

Hard X-
ray, 

informati
on on hot 
electrons

Cold electron 
component of 

the plasma.

Warm electron 
component of 

the plasma.

Structural 
information on 
warm electron 

component of the 
plasma and plasma 

losses.

To monitor the 
radio emission of 

the plasma

Time resolved 
measurements of 
Hard X-ray spectra



Experimental setup
This talk
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Systematic investigation
Base: Argon plasma, gas flow opt. at 14.25 GHz (KLY) frequency

Characterization of the source (CSD representatives, Count rates, plasma radio-
emission, plasma photos) 

SFH: frequency scan by TWT; 13.6 GHz – 14.6 GHz, df = 50 MHz, 𝑃𝑛𝑒𝑡 = 200𝑊
SFH: TWT power scan at a selected frequency
TCFH: Power balance scan at a selected frequency
TCFH: frequency scan by TWT; 13.6 GHz – 14.6 GHz, df = 50 MHz, 𝑃𝑛𝑒𝑡 = 200𝑊

Time resolved X-ray spectra at 5 representative settings
Spectrally resolved X-ray imaging at 7 representative settings
VL imaging at full frequency scans (single, double)



Results (SFH)

- Nonlinear fluctuation of the ion beam current as function of 
frequency (modal density)

- Rising trend of X-ray fluxes and Ar11+/Ar6+ ratio toward lower 
frequencies instability caused losses are increasing
toward higher Bmin/Becr

- Highest Ar11+ current at 13.8 GHz relatively low HPGe rate 
and high SDD rate.  Dense plasma with moderated losses

Bmin/BECR is increasing from 0.75-0.8

PTWT = 200W
fTWT = 13.6 GHz – 14.6 GHz
PKly = 0 W
fKly = 14.25 GHz

Single frequency scan



Results (SFH)

PTWT = 20 W – 200 W
fTWT = 13.8 GHz
PKly = 0 W
fKly = 14.25 GHz

Power dependence at single 13.8 GHz

- Linearly increasing trends up to 100 W

- Nonlinear jump on X-ray-s above 100 W

- CSD shift above 100 W



Results (TCFH)
Power balance at 13.8 GHz and 14.25 GHz

PTWT = 0 W – 200 W
fTWT = 13.8 GHz
PKly = 200 W – 0 W
fKly = 14.25 GHz

- CSD shift by increasing the TWT power

- The more dominant of the TWT the higher the emitted hard 
and soft X-ray fluxes

- Instability (see plasma emitted RF signals) was varying 
significantly with the power ratios. Power balance is very
important.

- Quite stable plasma conditions at the 120 W klystron and 80W 
TWT powers



Results (TCFH)
Effect of the frequency scan in TCFH mode

- Currents show rather different trends than the case of single 
frequency scan

- Optimums at both side of the KLy frq.

- X-ray fluxes are decreasing toward the higher frequencies

- Overall rate was decreased by about 15 % respect to the 
single frequency operation mode

PTWT = 80 W
fTWT = 13.6 GHz – 14.6 GHz
PKly = 120 W
fKly = 14.25 GHz



Results (TCFH)
PTWT = 30 W
fTWT = 13.8 GHz
PKly = 170 W
fKly = 14.25 GHz

Effect of the relative phase difference (phase shift)
at TCFH mode

Unstable plasma 
conditions

Weak but clear (about 10 %) effect at unstable plasma conditions

Full range is about π
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under processing

Radio-emission of the plasma Spectrally integrated images Spectrally resolved images
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Time resolved hard X-ray component at 
unstable regime 

Plasma + RF Probe + RF diode

emission detection conversion Data flow from the HPGe
detector
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Energy content at different working points
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