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Abstract: In this paper we describe the characteristics of a system in which copper and gold metals 
are separated by using ionized plasma in a strong magnetic field. The RF antenna was tuned to the 
ion-cyclotron frequency and sharp resonance was observed for the collected material. Control of the 
plasma profile has been carried out by using a microwave ICRH and special antenna configuration. 
Pure gold was collected in the form of metal film deposited on the collector. 
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1. Introduction  

Many plasma processes have been used for 
element separation. The separation of metallic 
elements and isotopes in fully ionized metal plasma 
has been studied since 1966 (Bonnevier, Krishman, 
Geva, Evans etc.). Commercially available extractive 
metallurgy generates a lot of by-products and is 
environmentally questionable. The necessity to 
separate toxic material from recycled products 
generates interest in selective separation by 
vaporization and is based on plasma technology [1]. 
The element separation in vacuum arc centrifuges is 
well known [2]. The enrichment of Al in Al-Ti 
plasma, separation of copper and nickel, and copper 
and zinc were reported. Typically, metal vapor or 
particles were introduced into argon plasma and the 
product was deposited on the wall of the reactor in 
the form of a thin metal film.  Dawson and colleagues 
first demonstrated that Ion Cyclotron Resonance 
Heating (ICRH) could be was used to enrich 
isotopes [3]. The process uses ICRH to selectively 
energize one isotope. The collector selects those 
isotopes with the largest cyclotron orbit. In this paper 
we describe the characteristics of an ICRH system, in 
which the metallic elements: copper and gold, are 
separated by using microwave plasma in a strong 
magnetic field.  

2. Experimental Set Up   

The general diagram is shown in Fig.1 and 
consists of four major parts: ion source, antenna (4), 
magnetic coils and collector (5). The ion source 
includes sputter plate (1),, microwave guide and horn 
(2). The sputter plate is attached to the water cooled 

base and has a following chemical composition: 
Copper – 77.88%; Gold – 17.51%; Zn – 4.61%. The 
Ion-Cyclotron Frequency (ICR) drive includes: an 
antenna (4); two RF generators (9 & 10); matching 
networks (11 & 12) and a phase shift module (not 
shown). A few different antenna configurations were 
designed and tested: a. Nagoya type III antenna; a 
four phase helical antenna and a “simple” solenoid. 
The length of the antenna was 65 cm. The distance 
between the antenna and sputter plate was 40 cm.  
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Fig.1 Experimental Set Up 

RF generators are capable of varying frequency 
from 10 kHz to 400 kHz with output voltage 100 to 
1000 Volts. The matching network includes four 
variable capacitors and a coil. A capacitance voltage 
divider instead of ferrite transformer was used to 
match the 50 Ohms amplifier impedance to the 
complex antenna’s impedance. The magnetic system 
has the capability to vary the B-field from 0 to 



1 Tesla and consists of three different sets of coils 
driven by three separate DC power supplies. 
Collector design is shown in Fig.1 and includes the 
collector, fence and base holder. The aperture (3) is 
variable in order to match the internal diameter of the 
antenna. 

3. Experiment 

The microwave plasma was ignited in front of 
the sputter plate at working pressure ~ 10-4 Torr in an 
argon atmosphere. The plasma zone is determined by 
the magnetic field and microwave frequency. We 
used two different microwave sources: 2.45 GHz and 
10.45 GHz. Thus, the resonance magnetic field was 
set to 0.0875 T and 0.37 T, respectively. Plasma 
density was set in the range of 1 to 1.4 x 1012 cm-3.  
Plasma was generating continuously and the 
considerable amount of heat was dissipated in the 
sputter plate and water cooled reactor walls. The 
sputter source area was 182 cm2 and it was negatively 
biased by ~ 1 kV from the separate DC power supply. 
The sputtering rate is proportional to sputter current 
(Isp.) and directly depends on plasma power, pressure 
and plasma gas composition.  The collection current 
(Ic) and sputtering current (Isp) vs. plasma power are 
shown in Fig.2 at the following conditions: pressure, 
p= 4.4 x 10-5 Torr; DC bias, Ub = -350 V, axial 
magnetic field, B = 0.42 T and plasma gas – argon. 
Most runs were done at B= 0.5 Tesla, plasma power 
in the range of 100 to 500 Watts, with the sputtering 
rate 3 mg/hr to 11.5 mg/hr, respectively. After 
10 hours continuous operation, the surface of the 
sputter plate was investigated by scanning electron 
microscopy (SEM). Analysis shows that material 
erosion is uniform.  

4. Results and Discussions 

The resonant gold ions co-rotating with the RF 
wave constantly gain perpendicular energy. 
Resonance frequency for Au+ was 28 kHz and for 
Cu+ ions ~ 120 kHz.  A phase shift module was used 
to set different phases. Variation of phase shift 
between 0 to 180 degrees does not really affect 
material collection rate. Calculated Au+ and Cu+ 
velocities were 1.0 x 103 and 1.7 x 103 m/s, 
respectively. Doppler resonance for Au+ was 27 kHz. 
Antenna impedance at the resonance frequency was 
0.2 Ohm and maximum Q of unloaded antenna was 

~ 15. The number of Larmor orbits per transit was 
176. For final ion energy of 100 Volts, the necessary 
RF magnetic field (BRF) should be 284 Gauss.  In 
order to achieve this BRF, we use an RF power source 
capable of driving RF current up to 2200 Amps. The 
ICR caused a radial distribution of elements within 
the plasma reactor. The rotation velocity and ion 
energy were changed by RF power, antenna 
configurations and pressure. Once the gold/copper 
plasma is produced, the next step is selective 
acceleration of the gold ions, so they are separated 
from other ions and collected. Ion cyclotron 
resonance heating was tuned to gold ions resonance 
frequency, so that ions are gyrating in a magnetic 
field at a frequency wcAu = qB/MAu. The system was 
tuned to ICR of the gold ions by changing RF 
frequency at constant B-field. Thus, Au+ are 
efficiently accelerated, while non-resonant species 
(Cu, Zn, etc) are unaffected. The product (gold) was 
collected using a specially designed collector (Fig.1).  

 

   Fig.2 Sputtering and Collector Currents vs. power 

The process of selecting particles with a high 
perpendicular energy is done “geometrically” Au+ 

with large orbits reach the collector substrate over a 
geometric fence. The collector substrate material 
plays an important role in the collection process.  We 
tested a few different substrate materials, including 
aluminum, stainless steel, tantalum and molybdenum. 
Metal films deposited on the different substrates, 
were examined with the Scanning Electron 
Microscope and ICP mass-spectrometer. Some of the 



gold collection results for different collection plate 
materials are shown on Fig.3.  

We tested the blocking fence for several different 
sizes. The ion current drifting to the collector over 
the blocking fence (~1.5 cm wide) was about 0.01 of 
the current coming down along the magnetic field 
lines. Changing the blocking fence dimensions 
automatically give us some enrichment on the 
collector substrate, due to the larger Larmor radius of 
Au+ ions. Energy of Au+ was measured by using a 
radial energy analyzer. Final energy is in the range 
between 55 to 90 Volts. Biased grids above the 
collector plate increase the purity of the product by 
cutting off low energy gold ions. The same results 
were achieved if we positively biased the collector. A 
high precision scale was used to measure the 
collected material. Typically, we collected around 
25 mg of gold on a collector and 58 mg of “waste” on 
the fence (during a single experiment). Collected 
product (Au) depends on plasma power and 
collection rate varied from 6 mg/hour to 20 mg/hour. 
The purity of the collected material (product) 
depends on the potential of the blocking fence. For 
example, if the fence is grounded, the product content 
was 50%wt. of Cu and 50% wt. of Au. If fence is 
under a “floating” potential the product content was 
68.5%wt. of Cu and only 31.5%wt of Au.  

The small addition of xenon in argon apparently 
affected the characteristics of the plasma and 
substantially increases the production rate.  

  

      Fig.3 Collected product vs. substrate material  
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