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Why an Isolation Transformer (XFMR)?

e 65 KV arcs presently trip the lon Source (1.S.) 2MHz
amplifier requiring physical access to the HV
enclosure with corresponding delays.

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

e It would allow better monitoring and control of the
2 MHz Amplifier.

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

e It might prevent the amplifier from tripping off line.
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lon Source Equipment Arrangement
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lon-Source Antenna Matching Networks

e Presently, two RF amplifiers (at 2 MHz and 13.56 MHz) are combined through matching
networks to deliver the RF power to the lon-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:

e Stand off 65 kV DC secondary to primary

— Electrostatic grounded shield between xfmr secondary and
primary

e Must couple 2 MHz 120 kW pulsed RF with 6% duty cycle:
— 2450 Vrms @ 50 A ( ~ 7000 Vpp, 141 App)

e Efficiency >89% (-0.5 dB loss); goal > 95% (-0.22 dB loss)
e Bandwidth > 400 kHz (FWHM) centered at 2 MHz
e RF leakage (<0.2 mW/cm?2) outside XFMR enclosure

e 65KV arc pulses from ion source are attenuated to <14 kVpp
(comparable to full power rf reflected from a short.)

e All components operate lower than 100C (60C goal)
e Must be robust and low maintenance.

e Must be Safe (lockable with key kept inside 65kV enclosure, PPS
certifiable)
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D eS i g n Ove rVi eW 2 MHz 120 kW lIsolation Transformer
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FIG3.1.1.6 Block diagram of matching circuits for 60kW-2MHz-RF (pulse aperation) and

100W-30MHz-RF (CW operation to maintain low temperature plasma). 2 MHz
2450 Vrms
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% Active transformer area is ~ 54 inches




Per toroid Hysteresis Loop

532?&??3 | LA Type 43 ferrite core

region +0.07 e from Fair-rite Co.
Oersted Y/4uR
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Input Matching

Note: leakage inductance value of 2 uH is based on

(for real transfo rmer) Network analyzer measurements.
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An ~ 3300 pF capacitance will be placed in series with the XFMR
input. This also acts as an additional DC break between the
amplifier and XFMR primary.
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Better Match with Input Compensation

) ) With 3300 pF series
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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
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
gradient not field lines.
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Amplifier Physical Layout
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High Power

Measurements

with CT

CT power reading

900

800
700

=

& 600
=500 -
400 -

EB0.0

=200
10.0 1
0-0 I I [ [

00 200 40.0 60.0 80.0
XFMR Input Pwr

100.0

PEARSON"
CURRENT
MONITOR
MODEL 110

Measurements
indicate that this CT is
as accurate as a
directional coupler for
this application

—+—DC1-DC2 Fwd
-+ DCI-CT
DC1-DCL

13 Managed by UT-Battelle
for the Department of Energy

Senzitivity

Output resistance
Maximum peak current
Mazimum rms current
Drroop rate

Usezble rise ime

Current fime product

Low Trequency 3dB cut-off
High frequency 3dB cut-off
Iff figure

Qutput connector
Operating temperature
Waicht

0.4 VoltAmpere +1/-0%
50 Ohms

5000 Amperes

G0 Arperes

0.8 Wmillisecond

20 nanoseconds

0.5 Ampere-second mrax.*
1 Hz (approximata)

20 MHz (approximate)
1.6 peak Amperes/Hz
BNC [UG-290A/J)

Do E5°C

22 ounces

* Meximum curreni-ime product can be obtained by Lsing
core-reset hias as described in the Appiication Notes.
0.2 Ampere-szcond is typical without bias.
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ISO-XFMR Power Test
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Thermal Images of XFMR Cores at 100 kW 6% duty cycle
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When mounted in
NEMA-4
enclosure the
cores will have
forced air cooling.

Air Flow Indicator
on Amplifier
Chimney

T =122.5F

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




Antenna Arc to Amplifier Pulse Tests

Isolation Transformer HV Test Set-Up

oscilloscope oscilloscope
I:I I:I Configure the equipment as shown. Note
that the Hi-Pot is connected to the
CH1 CH2 CH3 CHa4 N @R @B G transformer output connector or any
" + component electrically equivalent such as
J J_ J_ the water load. Ensure the red “danger”
- - tape provides an adequate perimeter
around the test area. Ensure the
transformer secondary components are
sufficiently isolated from other
. components and structures. Ground the
Output Waveguide polyethylene hoses five feet from the
water-load. Ensure that the polyethylene
HV DI water hoses and the water load are
Fwd Probe isolated from ground by 18". Clean the
’—‘ outer surface of the hoses with alcohol
Inpu / l l between the water load and where the
. N | hoses are grounded.
Directional GOT:::J;' £
Coupler w/ 50 ohm term CTp CTs
RFL for Hi-Pot test Note: Output directional coupler
Isolation RF External and water I_oad and hoses are at
’—- XFMR Input Coupler . high voltage.
Aluminum
J—— l Ground plate
Clean Polyethylene hose with alcohol
0.125" thick and support off floor.
/ -«— Output polyethylene hose
Ground +65 KV Directional (216 psi rating)
cables Coupler
\ Hi-Pot Tester D|1vég(i:npla;:gst:re Input and output
Water Load @ 3 Mohm - cm DI water hoses
Phenolic Ground'
. Block ) hoses 5
HV insulators from water
load.

M. McCarthy 9-23-,
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Antenna Arc to Amplifier Pulse Tests

HV Switch

External HV
Connector

Water Load
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Arc test results

Input Voltage with 65 kV Arc

v

-4.00E-07 -2.00E-

Volts

-+00" ¢ 4.00E-07 6.00E-07 8.00E-07

Time (ns)

—e—HV Probe
—a— Primary CT
Secondary CT

Transformer was tested at 85kV for 1 hour with no arcs.

Leakage current ~ 2.6 uA
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Conclusion
e All specs were met or exceeded
e Measured loss <3%
e S11 bandwidth ~400 kHz with > 26 dB return loss
e S21 bandwidth >1 MHz with < 5% loss
e Highest measured component temperature <120 F

e HVisolation > 85 kV

Measured RF leakage is
WeII within ORNL limits.

eTested for 1 week on I.S. test
stand at nominal operating
power with no issues.
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TBD
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Final testing of transformer with amplifier at full
power whilst instigating 65 kV arcs from secondary
to ground.

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

Lay 8" wide ground plane between xfmr and 2 MHz
amplifier.

Install 3.125” Coax for RF power between amplifier
and XFMR.

XFMR cover requires interlock to shut off RF Power.

Conduit to carry CT primary and secondary signals
and interlock status back to amplifier controller.




FIn
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High Power Test on lon Source Test Stand

Transformer was placed between the
2 MHz amplifier and the antenna
matching network. There was no

o | high voltage. It ran continuously for
eight days at 50 — 60 kW with no
SRS issues.
A D ‘3
007/0 '
fé@'ﬁ%\;ﬁw
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HV Cable Specs

ESSEX-X-RAY - 2200 SERIES TRIAXIAL CABLE - DATA SHEET

VOLTAGE | PART CONDUCTOR SIZE SEMICON DIELECTRIC INMER: SHIELD INTERSHIELD | RATED
DC | AC |NUMBER| AWG STRANDS MM2 | DIA (MIM) | DIA (WUM)| MATERIAL | DIA (MM | CONSTRUCTION| AWG | Coverage | SEMICON | INSULATION | VOLTAGE
(kY| (RV) (equiv) (%) (Dc)
225 2122 4 30 BC Briadz| 21.00 2340 31.10 EPR 41.80 28 TC Braid 4 as TAPE MYLAR 5
40 2186 16 18729 SPC 1.31 1.50 250 SILICONE T.50 3£ TC Braid 16 86 ink & tape SILICONE 40
S0 | 17 | 2032TNJ 16 18729 SPC 1.31 1.50 250 SILICONE T.50 34 BC Braid 16 86 ink & tape | POLYOLEFIN 1

B0 | 20 | 2024Tvd 12 18725 SPC 3.3 2.30 340 SILICONE 5.10 34 BC Braid 15 81 ink & tape polyethylens 1

75 | 25 2241 14 18727 SPC 1.4 1.80 280 EPR T.ED 2 %30 TC Braid 10 90 EXTRUDED EPR 75
100 | 30 | 22921 410 7Ex 452 1.30 4 50 EPR 15.70 34 TC Braid 14 a0 EXTRUDED| PVC & Mylar 2
125 | 40 [ 2243TRJ 8 48x B.a7 420 560 EFR 15.70 30 TC Braid 8 90 TAPE TPR 5
160 | 50 | 20427V 11 7Ex 417 1.30 610 EPR 2450 34 TC Braid 15 a0 EXTRUDED| PVC & Mylar 2
350 2088-R2 2 T 3362 7.40 7.60 Paper/Oi 23,60 35 % 0.08 Cu 4 100 TAPE PAPERJCIL 350
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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

| |
1 | |
, | | |
Isolation | | 025 g |
XFMR HM
L o ' okw !
type 31 | |
1.7 ferrite cores I |
nF**
| |
L ~50uH |
Measured (type 43) 25 I
signal is 108.3 | OHMS |
mes smate Floating | |
signal '—I @ 65 kv I :
ch1 145 pF : |
maximum |4 I
_ S l 4 kW
Oscilloscope :— test Ioad:
0.465 = ~5mAfrom T T T T T T T T 7T
ohm >130 leakage *
,_O_> Mohm (130 Mohms)
Ross S
AC (8RO8|I{<1\};) s 65kV | SH70P110
0-70kV
. DV enclosure / : - ) loma
(Simulates arc) : —_— == Hi-Pot | 28 Joules Sntlored
| " l114 tester |
| nF |
— - _____ |
* 65 kV ion source draws 0.5
— 0.7 mA during pulse. 5 mA
= = = Building chosen as worst case.
Ground
** 1.7 nF is estimated distributed Figure 1 M. McCarthy
capacitance of 65 kV enclosure Test Layout

from M. Stockli
(not included in test circuit)
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Transformer Structure

Inner Shield is electrostatic shield between 65 kV and input

RF input
EIA 1-5/8” XFMR output will

Inner & 2 MHz 120 kW lIsolation Transformer thread Type_31
Outer rvom cores for arc
Shlelds Toionsour(_:ematching SuppreSS|on
grounded ominal macdence

Fair-rite type 43
toroid cores
108 each

EPR
Dielectric
Constant36 | | TN \@eeeeeeccean

Center Conductor In n er &
Middle Shield Outer
Outer Conductor H
Shields
| 1] grounded
77 NEMA
Enclosure
2 MHz {\j Active transformer area is ~ 54 inches
2450 Vrms

- 12-2-2008
M. McCarthy
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(LTIt TI 1]

L T (T
.I.Flllllllllli-ln----.
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Power In vs Power Out

ISO-XFMR Power Test

80.0

70.0

60.0
g 50.0 —e— just water load
5 —=— XFMR w/ 652 pF
o 400
_ XFMR - No Caps
=
a 30.0

0.0 20.0 40.0 60.0 80.0 100.0
Pwr_In (dBm)
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Cable Specs

S | . G 0 & = =
= E% VOL'I:AUE VOLTAGE “C(‘)RE_S CORE r:é 5 JACKET OUTSIDE E”] ,_
Mol M. |@o|WITHSTAND| BETWEEN |C/S AREA| RESISTANCE | CAPACITANCE | —1 {7 39 o) MATERIAL | DIAMETER(S 2 [T =
mao| moe = Ky CORES Lt~ =5 z0OE E"\
Syl S 128 c mim? ma/M | PE/M|BS |BS mm  |EEEEE
72 KV DC 1.64 11.5
S| C2212 1 5 100 65 1.64 11.5 130x10% 80 YES|GREY PVC | 20x0.4 20 0.5
600 V AC 1.62 11.7
5 KV DC 2.07 8.9
L | C2236 | 3 |250 90 2.07 8.9 101£10% 80 YES|BLACK PVC| 38X£0.6 125 1.7
72 KV AC 3.724 5.6
2 Ky DC 1.64 11.5
Pl C2214 | 3 |75 55 1.64 11.5 154+10% 95 YES| GREY PVC [16.5x0.4| 686 0.5
500 VWV AC 1.62 11.7
5 KV DC ]Ej 1;
S4 C2213( 4 |100 65 Olr? 79'1 180+107% 80 YES| GREY PVC [21.5x0.4| 886 0.6
72 KV AC e - GRID 230)
2.49 /.8
2 KV DC 1.64 11.5
Q| C2231 | 3 |75 55 1.64 11.5 154+£10% a0 YES| GREY PVC [168.5x0.4| 66 0.4
600 V AC 1.62 11.7
5 kv pC —124 —=
A c2226 | 4 |75 55 1'\51 jf 197110% 9o YES| GREY PVC [16.8x0.4| 66 0.5
2 KV AC 775 7.8
FSSEY X—RAY & REVISIONS DUE TO CONWTINUING PRODUCT DEVELOPMENT ESSEX X—RAY RESERVES THE RIGHT TO MCDIFY DATA WITHOUT NOTICE
MEDICAL EQUIPMENT LTD WO, DATE By |PRAWN [{FFROVED  DATE 155UE SCALE @Ncﬂ' T BE REPRODUCED IN WHOLE OR PART WITHOUT
FLITCH INDUSTRIAL ESTATE, CHELMSFORD ROAD g 25 5 89 Dn(;‘.l JOF 16.09.495 11 N.T.5 PRIOR FERMISSION OF ESSEX X—ReY & WEDICAL EQUIPMENT LTD.
GREAT D'JT""“I‘%";- ESSEO’SS;MiT;’éJE , ENGLAND 1o | 14.7.90 [ 250 [TMLE DRAWING No.
elephona 1 1 T M - - A
Erfg,ﬁ ngﬂpengff;frq,_mm 11 12.2.02 1558 CABLE _;ATA SHEET D51 UO
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lon-Source Antenna Matching Networks

e Provide impedance matching between the amplifiers and the antenna
— The lon-source antenna has a very low impedance (Re{Za}<1 Q)
— 2 MHz amplifier has a standard 50 Q output impedance

e 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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EIA & MEIA™ POWER HANDLING

1000

Average Power (KW)

\

Operating
region from 1
30 kW to 1 I 10 100 1000 10000
peak power. 78
1548
31A

29 Managed by UT-Battell
for the Department of Energy




¥ OAK
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XFMR Power Loss

80.0

70.0

60.0

s 50.0 —=— With Cap Matching
i"' W/O Cap Matching
=1
g_ 20,0 —e— XFMR In Pwr
o
@
=
LL
* 30.0

20.0

10.0

0.0

0.0 . . . 40.0
Input Power (kW)
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Choosing Ferrites (from Fair-rite Co. — selection of 17 types):

Ferrite Selection

Ferrite Upper Freq Permeability XL per Core # Cores per Available Loss Factor %% Heat
type (MHz) 2 MHz chms 1000 ohms 14" 1.0, [2 MHz)

Lt 400 210 0.33
67 300 410 0.66

52
51
44
46
33
85

00 11.51 B7

L]
31

77 3 1000 16.44 &1 ¥ 100 [
78 2.5 1650 71z SN 1700 71.8%

73
75
76

Mote: Type 3 is good for suppression of RF from 1 - 300 MHz
It will be used between the XFMR and the 5. matching network.
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Type 43 ferrite cores were
chosen. They are available
in a size to fit the HYCM
cable with the outer insulator
removed (1.4” 1.D.). They
have a reasonable loss
factor indicating ~13% of the
energy required to develop
the 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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Number of Cores 100 V ideal

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
power goes into the load. However,
longer cable = higher resistive losses.

We compromised with 108 cores resulting
in a calculated 81 uH inductance.

XL = 9.44 ohms per core.

R1

MW %
50
Vv

V1 L1
VOFF =0 10uH
VAMPL =1

FREQ = 2000400 \
1

e

Core
Inductance
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