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Why an Isolation Transformer (XFMR)?

 65 kV arcs presently trip the Ion Source (I.S.) 2MHz 
amplifier requiring physical access to the HVamplifier requiring physical access to the HV 
enclosure with corresponding delays. 

 An isolation XFMR would allow 2 MHz I.S. amplifier to p
be located outside the 65kV  enclosure.

 It would allow better monitoring and control of the     
2 MH A lifi2 MHz Amplifier.

 It would allow much quicker diagnosis, repair and 
facilitate routine servicingfacilitate routine servicing.

 It might prevent the amplifier from tripping off line.
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Ion Source Equipment Arrangement
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Ion-Source Antenna Matching Networks
 Presently, two RF amplifiers (at 2 MHz and 13.56 MHz) are combined through matching 

networks to deliver the RF power to the Ion sourcenetworks to deliver the RF power to the Ion-source
– 13 MHz CW system (~1200 W max) works as a igniter and sustainer
– 2 MHz pulsed system (80 kW 6% duty max) works as the main power source
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1:1 Isolation XFMR Requirements:

St d ff 65 kV DC d t i Stand off 65 kV DC secondary to primary
– Electrostatic grounded shield between xfmr secondary and 

primary
 Must couple 2 MHz 120 kW pulsed RF with 6% duty cycle:

– 2450 Vrms @ 50 A ( ~ 7000 Vpp, 141 App)

 Efficiency > 89% (-0.5 dB loss); goal > 95% (-0.22 dB loss)y ( ); g ( )
 Bandwidth > 400 kHz (FWHM) centered at 2 MHz
 RF leakage (<0.2 mW/cm2) outside XFMR enclosure
 65 kV arc pulses from ion source are attenuated to <14 kVpp 

(comparable to full power rf reflected from a short.)
 All components operate lower than 100C (60C goal)p p ( g )
 Must be robust and low maintenance.
 Must be Safe (lockable with key kept inside 65kV enclosure, PPS 

certifiable)
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Design Overview
Note HV is exposed p
here               not here
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Type 43 ferrite core 
from Fair-rite Co.

Per toroid 
Expected 
operating 
region + 0.07 
OerstedOersted

I t

Resistive 
losses ~ 
29% of 

Input 
Matching 
capacitors
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2MHz reactive 
energy
Curie temperature > 130C



Input Matching
(for real transformer)

120.0V

Note: leakage inductance value of 2 uH is based on 
Network analyzer measurements.
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An ~ 3300 pF capacitance will be placed in series with the XFMR 
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input.  This also acts as an additional DC break between the 
amplifier and XFMR primary.



Better Match with Input Compensation

No input compensation
With 3300 pF series 
Capacitance

400 kHz BW

5 2%

0.22% 
Return loss

5.2% 
Return loss

0.00055% 
Return loss

9 Managed by UT-Battelle
for the Department of Energy



T43—60_S21_625 PF.BMP 12-15-08

< 3% throughput loss

816 kHz per Division
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Corona Horns Mitigate Steep Gradients

The corona horns provide a gentle 
transition between the intense 65 kV 
field at the center conductor and free 

File prefix: Corona-3.EOU
Plot type: Contour
Quantity: Potential (V)

File prefix: Corona-2.EOU
Plot type: Contour
Quantity: Potential (V)

space.   The left plot is the HV coax 
cable with the outer shielding ending 
abruptly.  The right plot has the same 
field gradually changing with the 
horn.  Note that the plot is of field 
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Amplifier Physical Layout
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High Power 
Measurements 
with CT

CT power reading
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as accurate as a 
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High Power RF Testing
ISO-XFMR Power Test

60 0

70.0

80.0
2 MHz Amplifier Power Out  vs  Power In

20.0

30.0

40.0

50.0

60.0

Pw
r_

O
ut

 (k
W

)

just water load
XFMR w/ 652 pF
XFMR - No Caps

0.0

10.0

20.0

0.0 20.0 40.0 60.0 80.0 100.0

Pwr_In (dBm)

Water 
Load

Ross Relay used 
to simulate 
antenna arcs.

Load
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Thermal Images of XFMR Cores at 100 kW 6% duty cycle

Highest reading = 119.5F

When mounted in 
NEMA-4NEMA 4 
enclosure the 
cores will have 
forced air cooling.

Air Flow Indicator 
on Amplifier 
ChimneyChimney 

T =122.5F 
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Water Load Hoses: 84.5F In,  87.5F Out, 
Flow = 15 gpm  Pdiss ~ 6.6 kW



Antenna Arc to Amplifier Pulse Testsp
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Antenna Arc to Amplifier Pulse Tests
HV Switch

RF Input

XFMR

Water Load

External HV 
Connector
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Water Load



Arc test results

Input Voltage with 65 kV Arc
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Transformer was tested at 85kV for 1 hour with no arcs.
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Leakage current ~ 2.6 uA



Conclusion
 All specs were met or exceeded
 Measured loss <3%
 S11 bandwidth ~400 kHz with > 26 dB return loss
 S21 bandwidth > 1 MHz with < 5% loss
 Highest measured component temperature < 120 F
 HV isolation > 85 kV HV isolation > 85 kV
 Measured RF leakage is    
well within ORNL limits.

Tested for 1 week on I.S. test 
stand at nominal operating 
power with no issues.

19 Managed by UT-Battelle
for the Department of Energy



TBD

 Final testing of transformer with amplifier at full 
power whilst instigating  65 kV arcs from secondary 
t dto ground.

 Cut 30 cm hole in 65 kV enclosure ceiling needed for 
xfmr output connector installation (expands existingxfmr output connector installation (expands existing 
fan hole).

 Lay 8” wide ground plane between xfmr and 2 MHz y g p
amplifier.

 Install 3.125” Coax for RF power between amplifier 
d XFMRand XFMR.

 XFMR cover requires interlock to shut off RF Power.
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 Conduit to carry CT primary and secondary signals 
and interlock status back to amplifier controller.



FinFin
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High Power Test on Ion Source Test Stand

Transformer was placed between theTransformer was placed between the 
2 MHz amplifier and the antenna 
matching network.  There was no 
high voltage.  It ran continuously for 
eight days at 50 – 60 kW with no 
issues.

2 MHz 
AmplifierAmplifier

Matching 
Network

Isolation
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Isolation 
transformer



HV Cable Specs
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Test Setup for ISO-XFMR and 65 kV Enclosure
Calculated Values

Hi-Pot test of 65 kV Isolation transformer to simulate shorted secondary

Isolation 
XFMR

25 
OHMS
2kW

Hi Pot test of 65 kV Isolation transformer to simulate shorted secondary

2kW

49.9
ohm

L ~ 50 uH
(type 43)

1.7
nF**

Measured 
signal is 108.3 
times smaller

110 type 31 
ferrite cores 

~ 200 uH

Fl ti

25 
OHMS

4 kW
test loadOscilloscope

0.465

Ch 1

~5 mA from

250 mV 
maximum

times smaller 
than coupled 

signal

145 pF

Floating 
@ 65 kV 

2kW

AC

0.465
ohm

Ross 
Relay

(80 kV)
65 kV 

enclosure / 
Hi-Pot

~5 mA from 
leakage *

(130 Mohms)
>130 
Mohm

65 
kV

SH70P110
0 – 70 kV

0 – 110 mA
28 Joules Stored

(Simulates arc)

Building 
Ground

Hi Pot
tester

* 65 kV ion source draws 0.5 
– 0.7 mA during pulse.  5 mA 

chosen as worst case.

11.4 
nF

28 Joules Stored
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Ground

Figure 1   
Test Layout

M. McCarthy
12-2-2008

** 1.7 nF is estimated distributed 
capacitance of 65 kV enclosure 

from M. Stockli
(not included in test circuit)



Transformer Structure
Inner Shield is electrostatic shield between 65 kV and input

50 
h

2 MHz 120 kW Isolation Transformer

p

RF input
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Inner & 
Outer 

XFMR output will 
thread Type-31 
cores for arc 

To ion source matching 
network with 50 ohm 
nominal impedance

ohm

Fair-rite type 43 
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Shields 
grounded

suppression

toroid cores
108 each

EPR 
Dielectric 

Constant 3.6

Outer Shield is input

Center Conductor

Middle Shield

Outer Conductor

Inner & 
Outer 
Shields 
grounded

2 MHz
2450 Vrms

Active transformer area is ~ 54 inches

NEMA 
Enclosure

12-2-2008
M. McCarthy
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Cores under test



Power In vs Power Out 

ISO-XFMR Power Test
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Cable Specs
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Ion-Source Antenna Matching Networks
 Provide impedance matching between the amplifiers and the antenna

Th I t h l i d (R {Z } 1 )– The Ion-source antenna has a very low impedance (Re{Za}<1 )
– 2 MHz amplifier has a standard 50  output impedance

 capacitor is not ideal for good impedance matching
– Impedance matching requires 2 or more adjustable reactive elements to 

achieve perfect matching
– For 2 MHz system, a 2 capacitor type matching network is being developed
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Operating

2 MHz

Operating 
region from 
30 kW to 
120 kW 

k
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peak power.
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XFMR Power Loss
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Choosing Ferrites (from Fair-rite Co. – selection of 17 types):

Type 43 ferrite cores were 
chosen.  They are available 
in a size to fit the HVCM 
cable ith the o ter ins latorcable with the outer insulator 
removed (1.4” I.D.).  They 
have a reasonable loss 
factor indicating ~13% of the 
energy required to develop 
the flux in the core isthe flux in the core is 
dissipated as heat. They 
have good permeability at 2 
MHz resulting in a 
reasonable number of cores.
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95V

100V

104V

10 uH 93V

Number of Cores 100 V ideal

75V

80V

85V

90V
10 uH  93V

The inductive reactance (XL) of the cores 
act in parallel with the ideal transformer 
and the 50 ohm load.  With higher XL less 
magnetizing current is used and more

           Time

4.9800us 5.0000us 5.0200us 5.0400us 5.0600us 5.0800us 5.1000us 5.1200us 5.1400us 5.1600us 5.1800us4.9603us
V(V1:+) V(L1:2) V(R5:2)

72V

98.00V
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100.95V

magnetizing current is used and more 
power goes into the load. However, 
longer cable = higher resistive losses.  
We compromised with 108 cores resulting 
in a calculated 81 uH inductance.

R1 R2
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40 uH  97V
in a calculated 81 uH inductance.

XL = 9.44 ohms per core.
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           Time

7.06us 7.07us 7.08us 7.09us 7.10us 7.11us 7.12us 7.13us 7.14us 7.15us
V(V1:+) V(L1:2) V(R5:2)

92.51V

Core 
Inductance


