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Abstract

This paper describes the design and performance of a three-stage
magnetic pulse compressor used to trigger the Flash X-Ray Accelerator at
Lawrence Livermore National Laboratory. Each of two compressors gener-
ates a pulse onto a bundle of thirteen parallel cables. The cables carry the
pulse to a network of spark gaps that initiates the accelerator charge and dis-
charge sequence. The performance data illustrate the compression of a
7.7-us, dual-resonant waveform into a 232-ns (FWHM) unipolar pulse with
an 80-ns risetime and a maximum dV/dt of 1.98 kV/ns. Additional data are
also presented to show network jitter, efficiency, and sensitivity to small
changes in charge voltage and reset current.

Introduction

The Lawrence Livermore National Laboratory Flash X-Ray (FXR)
Accelerator generates a single, intense burst of x rays by focusing a 50-ns
beam of 18-MeV electrons onto a small tungsten target.! The flash of x rays
is used to diagnose the hydrodynamic behavior of a chemical explosion by
taking an x-ray snapshot of the event at a specific moment in time. Since the
accelerator was designed for single-shot duty, the pulsed power system uses
spark gaps to switch 13 Marx banks, which in turn charge 54 water-filled
Blumlein transmission lines. Each Blumlein line has a single spark gap
attached to one end and a ferrite-loaded accelerator cell attached to the other
end. When the Blumlein spark gap is triggered, a 90-ns voltage pulse is
produced at the cell.

The FXR trigger system, shown in Fig. 1, is based on a low-mainte-
nance magnetic pulse compressor. The design replaced the original FXR
trigger system,> which was very effective but which required constant
maintenance as it aged. Eventually, the maintenance effort could no longer
assure that the original system would produce a pulse within acceptable jitter
limits. The new system uses two magnetic compressors initiated by spark
gaps to generate a 100-kV, 1.9-GW, fast-rising pulse onto two bundles of
thirteen 67.6-Q cables. Like its predecessor, the upgraded trigger system is
fully redundant because each compressor uses two spark gaps to help ensure
that an input pulse will be initiated. The magnetic switching network, being
passive, is a very reliable pulse compression system.

The system described in this paper is similar in design to one described
by Birx3 in which a three-stage magnetic compressor pulses a bundle of
trigger cables. However, the FXR compressor differs from Ref. 3 in its use
of a dual-resonant transformer™> that steps up the initial charge voltage and
greatly reduces the voltage-dependent jitter of the circuit.
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Figure 1. One half of the magnetically switched trigger system
for the LLNL Flash X-Ray (FXR) accelerator. The system
includes a duplicate of the network shown above.
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Figure 2. Simplified network diagram of the magnetic pulse
compressor with voltage waveforms.
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Figure 2 is a circuit diagram of the magnetic pulse compressor. A dc
power supply initially charges capacitor Cq to +35 kV. The pulse is initiated
by closing one of the two spark gaps that connects Cy to the primary of a
dual-resonant transformer. The transformer steps up the pulsed voltage to
175 kV on C;. The first magnetic switch, L,, saturates as the voltage peaks
on C; and permits current from C, to charge C, to approximately 160 kV.
Similarly, the second magnetic switch, L, saturates as the voltage peaks on
C,, which charges Cs from C, to approximately 140kV. When Cy is fully
charged, the last magnetic switch, L3, saturates and connects Cj to the cable
bundle. The magnetically switched section of the circuit, from C; to the
load, is known as a Melville or series pulse-compression line. A number of
articles describe the design and operation of the Melville line in great
detail -8

The air-core, dual-resonant transformer in Fig. 2 is designed to step up
the available power supply voltage to 175 kV in a 600-J pulse. The energy
and voltage levels were selected to endure the hysteretic and resistive circuit
losses and still produce the desired pulse of 100 kV at the output. The
175-kV voltage at the transformer secondary is also the voltage on C; and is
given by Eq. (1) when circuit resistance is neglected4:

[

’Ls Wr
Vi® =5 ZTP [COS ﬁ — cos '\/_1—-;——16_] , (1)

where Vo =35kV, Ly =111.7 pH, L, = 3.0 pH, ® = 480 krad/s, and the
coupling coefficient, £, is 0.6.

The complex waveform described by Eq. (1) removes the voltage-
dependent jitter from the first-stage switch, L,. The flux density in the core
of L, builds up to saturation as the integral of the applied voltage. Figure 3
shows the voltage on C; and the flux density in L; as a function of time.
Ideally, the voltage on C, is integrally symmetric because the negative and
positive portions of the voltage wave have the same volt-second content. As
a result, switch L, has a flux density that begins and ends at the same satu-
rated level. The dashed lines of Fig. 3, representing an arbitrary increase in
charge voltage, illustrate the advantage gained by the resonant waveform of
Eq. (1). Even though the resonant wave becomes bigger, it still remains
integrally symmetric and caused L; to saturate at the same moment.
Therefore, the switching action of L, always occurs at the peak voltage of
C, without regard to small changes in the charge voltage. The remaining
two magnetic switches, L, and Ls, still exhibit a voltage-dependent jitter,
but their contribution is very small.
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Figure 3. Sketch of the voltage at C; and the resulting flux
density (By) in Ly. Dashed lines indicate the effects of a
charge voltage increase.

Each of the three magnetic switches contains a core of 2605CO Metglas
tape wound with Mylar film for insulation. The first magnetic switch (L) is
sized so that B, ,, would be less than B, for the peak operating voltage
(see Fig. 3). The value of B, is given by

1 0.8437/0
B =y [ Vi@ dr @

where Ny is the number of turns on L, A; is the magnetic cross-sectional
area, and V,(¢) is given by Eq. (1). The evaluation of Eq. (2) yields an ex-
pression for B,

V,(max) 1.6432
B =—L1—"2"" "2 <33T, 3
max 20N,A, ®

where @ = 480 krad/s and V{(max) = 175 kV. In this case, L; was de-
signed with a flux swing of B, = 3 T by selecting N} =9 turns and A; =
11.13 x 10-3 m2. A peak voltage greater than 175 kV will saturate L;
slightly at B .. This condition is favorable because it generates an early
current pulse that is oriented to reset L, and Ly before the main pulse
arrives. Once fully saturated, the inductance of L drops to 4.1 pH. The
combination of L; and structure inductance allows C; to charge in 980 ns.

The voltages on C, and C3 are each unipolar and rise with a 1 -
cos ot waveshape. Switches Ly and Lg are sized to saturate when the
voltage peaks on each preceding capacitor. When fully saturated, each
switch transfers the energy to the next stage through the stray inductance of
the structure.

Table 1 is an electrical and mechanical summary of each magnetic
compression stage. The drop in charge voltage from C; to C, and from C,
to C;5 is caused by a combination of resistive and magnetic losses
encountered by the pulse at each stage of compression. In addition, the
saturation times of L, and L3 were adjusted to slightly exceed the charge
times of C, and C;. This was done to allow some increase in input voltage
and still have L, and L3 switch on the voltage peaks.

Capacitor Cy (Fig. 2) is a parallel combination of two 0.7-uF, 50-kV
plastic case capacitors. The measured capacitance of Cy is 1.40 pF with an
estimated internal resistance of 70 m€Q. Capacitor banks C; and C, each
contain four capacitors with a nominal value of 40 nF at 100kV. The bank
is configured by connecting two capacitors in series and joining that series
branch in parallel with another. The resulting capacitor banks (C; = 39.2 nF
and C, = 38.1 nF) have a 200-kV maximum charge voltage and an estimated
internal resistance of 350 mQ. The third capacitor bank, Cs, also contains
four 40-nF capacitors but is configured to feed the 1ast magnetic switch from
two sides for low inductance. Each half of the Cq bank is fitted with a cur-
rent probe to compare the current contributions from each side.

The three magnetic switches must be reset (remagnetized) between
pulses so that the cores will be ready to undergo a full flux reversal on the
next pulse. This is achieved by passing a 15-A dc current through the
switches in a direction that will reset the cores. The low-voltage dc power
supply is protected from the high-voltage pulse by a large series inductor
(600 uH) and shunt capacitor (4 uF), as shown in Fig. 2. The reset current
flows to ground through two parallel paths of equal resistance. One path is
through L; and the secondary winding of the resonant transformer. The
other path is through L, Ls, and the 21-uH inductor connected across the
output. The dc current must be well regulated to avoid reset variations ap-
pearing as jitter on the output pulse.

Table 1. Summary of switch parameters, dimensions, and component values for the three magnetic

compression stages.

Compression _stage

Stage data First (Ly, Cy)

Second (L,, Cy) Third (L3, C3)

Magnetic material (thickness)

Core insulation (thickness) Mylar (7.6 pm)

Number of core laminations 2875

Number of core sections (height) 3 (50.8 mm)
Magnetic cross section 11.13 x 10-3 m?
Average magnetic path length 0.810 m

9.02 x 10-3 m3
900 + 1500 J/m3

Magnetic core volume
Magnetic losses/m3

Total magnetic core loss 21.64 J
Number of switch turns 9
Number of coil groups 4
Unsaturated permeability 4500 L
Unsaturated inductance 6.29 mH
Coil cross section 32.6 x 10-3 m?
Saturated inductance 4.1 pH
Bank capacitance, C, 39.2 nF
Charge time of C, 8.6 us
Saturation time of L, 7.7 us
Stage gain 8.78
Gross switch weight 81.6 kg

2605CO (25.4 pm)

2605CO (25.4 pm)
Mylar (12.7 pm)

2605CO (25.4 pm)
Mylar (12.7 pm)

2700 2350

3 (50.8 mm) 5 (50.8 mm)
10.45 x 10-3 m? 15.16 x 10-3 m?
0.838 m 0.791 m

8.76 x 10-3 m3 12.0 x 103 m3
3700 J/m3 6700 J/m3
324 ] 804 J

3 1

12 1

1000 Ko 550 Ko

141.1 pyH 13.24 pH
32.6 x 10-3 m2 46.0 x 10-3 m?
440 nH 70 nH

38.1 nF 38.1 nF

980 ns 450 ns

1.06 pus 525 ns

2.18 2,20

81.6 kg 131.5 kg
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Figure 4. Detailed network diagram of the magnetic pulse compressor showing the -

resistive test load and current transformer locations.
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The circuit of Fig. 2 was tested before installation by replacing the ca-
ble bundle with four ceramic resistors, as shown in Fig. 4. The parallel
combination of resistors equals 6.24 €2, which is 16.7% larger than the ex-
pected bundle impedance of 5.2 Q. One of the four resistors measures
24.7 Q and is fitted with a current transformer (CT),) to estimate the output
voltage.

Figure 5(a) shows the primary and secondary voltages of the resonant
transformer. The primary voltage begins at —35 kV and reaches a second
voltage zero in 8.6 ws. The secondary voltage (V1) reaches a second peak of
+175kV in 7.7 ps. Figure 5(b) shows the voltage V, along with the current
through CT;. Capacitor C, is charged with a bipolar current that is near
zero when L; saturates. The discharge of C; into C, yields a total peak
current of 9.8 kA, which charges C, in 980 ns.

Figure 6(a) is a measure of the voltage on C, and the current through
CT,. Inthis case, the negative current signal charges C, to 160 kV and is
equal to the large positive-current pulse of Fig. 5(b). Switch L, saturates in
1.06 ps and discharges C, into C3 with a total peak current of 19.25 kA.
Figure 6(b) shows the charging of each half of C5 by the current probes CT,
A and B. One of the two probes is inverted so that an analog subtraction of
the two signals will indicate any power-flow imbalance. The total peak cur-
rent and 450-ns charge time are used to estimate a 140-kV peak voltage on
Cs. The discharge of Cj is also indicated in Fig, 6(b) and the signals show
a 17% peak imbalance between between the A and B discharge
contributions.

Figure 7(a) shows the measured current through one of the four load
resistors. The current monitor (CT,) indicates a peak value of 4.4 kA,
which implies an output voltage of 108.7 kV. The output pulse reaches a
peak power of 1.9 GW and contains approximately 373 J of energy. The
pulse rises in 80 ns (10-90%) with a maximum dV/dt of 1.98 kV/ns and an
average dV/dt of 740 V/ns. In addition, the pulse width is 232 ns (FWHM)
with a 10-kV prepulse.

Primary voltage (Vo) Secondary voltage (V0 ):

10.26 kV/d 56.91 kv/d
Secondary voltage (v,): Secondary current (CT1 )
56.91 kv/d 1100 A/d

Time scale; 1 ps/d Time scale; 1 ps/d

Figure 5. (a) Primary and secondary voltages on the resonant
transformer. (b) Secondary voltage and current out of the
resonant transformer.

. Resistor current
Rasistor vdlue: 24.7¢q
Time stale: 50 ne/id

Figure 7(b) shows the output pulse into a cable bundle using the same
probe (CT) to monitor the current into a single 67.6-Q cable. In this case,
the cable current peaks at 1.4 kA, which implies a peak cable voltage of
94.6 kV. The negative reflection shown in the photograph arises from the
open-circuit trigger electrode that is capacitively coupled to the cable. The
short-lived open circuit causes the trigger voltage to double until the spark
gap closes. Once closed, the coupling network appears as a matched cable
load and suppresses further reflections.

@ W

i ¢ zvonage (VE): 27.92kvid
Cyoument (CT, 2750 A/d 1
Time scale: 200 ns/d }

Current in ¢ach leg
of C4{CT; A, B): 2750 A/d
Time scale: 100 ns/id

Figure 6. (a) Voltage and current waveforms for capacitor C,.
(b) Current in each leg of capacitor bank. C,.

" Cable impedante: 67.6 Q
Time scale: 100 ns/d

Figure 7. (a) Output waveform into the resistive test load. (b)
Output waveform into a cable bundle on FXR.
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The photographs of Fig. 8 illustrate the overall sensitivity of the com-
pressor to independent changes in dc reset current and input charge voltage.
Figure 8(a) shows a shift in the output pulse timing when reset current
varies; the input voltage is held constant at 32.5 kV. Figure 8(b) shows a
larger shift in output pulse timing arising from a variation in the input charge
voltage with the reset current held constant at 20 A. Calculations indicate
that the sensitivity of the compressor to charge voltage is dominated by the
second-stage magnetic switch.

(a) | | (b)

Output voltage: 21.4 12v/d
Time scale: 50 ns/d

Reset voltage: 20 A
Charge voltage variation
32 - 34kV

Sensitivy: 35 ns/kV

Output voltage: 21.4 kV/d
Time scale: 50 ns/d
Charge voltage: 32.5 kV
Reset current variation
5520 A

Sensitivy: 1.67 ns/A

Figure 8. (a) Output pulse timing vs reset current. (b) Output
pulse timing vs charge voltage.

The Melville section of the pulse compressor has an energy efficiency
of 62.2%, as measured at C; and C3. However, the overall efficiency from

Cyto Cy is only 43.67%. The efficiency loss occurs because the resonant
transformer is improperly tuned, which causes L, to switch 800 ns early. In
doing so, a significant amount of energy becomes trapped in the primary
circuit, where it cannot contribute to the output pulse.

Mechanical Design il

The magnetic pulse compressor is an open-frame, oil-immersed ma-
chine built on a single aluminum base plate; the device measures 147.3 X
71.12 c¢m, and stands 137.2 ¢cm high. The open-frame design simplifies
machine maintenance and allows the entire 750-kg structure to be raised and
lowered into an oil tank. Low electrical inductance is achieved by encircling
the magnetic switches with a cage of twelve brass rods that conduct the
pulsed currents and serve as structural members. The magnetic switches
stack on top of one another with L, at the bottom.

The air-core transformer consists of two concentric solenoids with radii
chosen to yield a coupling coefficient of 0.6. The primary solenoid is a
four-turn spiral consisting of a copper foil insulated by four combined layers
of Mylar and Kraft paper. The secondary solenoid, of similar construction,
is a 32-turn spiral consisting of a copper foil insulated by two strips of Mylar
film separated by a single layer of Kraft paper. The primary winding pack-
age has an average electric field strength of 131.2 kV/cm at 40 kV, while the
secondary winding package has an average field strength of 109.4 kV/cm at
200 kV. The fields of both the primary and secondary coil structures are
graded by split corona rings, similar to those described by Rohwein.5
Additional voltage grading structures are provided by surfaces of electrically
conductive plastic.

The first magnetic switch core is wound in three sections using
50.8-mm-wide, 2605CO Metglas alloy insulated with Mylar film. The core
is encircled with four coils, each having nine turns and wound with the cen-
ter conductor of RG-213/U coaxial cable. Each coil group terminates into
two 41.9-cm-0.d. stainless steel electrodes mounted above and below the
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core. The second magnetic switch core also consists of three sections of
50.8-mm-wide, 2605CO Metglas alloy insulated with a Mylar film. In this
case, the core is encircled with twelve coils, each having three tums of RG-
213/U wire and terminated into two stainless-steel electrode plates. The third
magnetic switch has two cores: one containing three 50.8-mm-high sections
and the other containing two sections. Each core is wound around a section
of aluminum pipe, which also carries the single-turn switch current. The
taller, three-section core is fitted with a ring that receives the output trigger
cables.

mmar

The previous trigger system for FXR has been replaced with two mag-
netic pulse compressors, each capable of generating a 100-kV pulse onto a
bundle of thirteen 67.6-Q cables. Both compressors have been in operation
for two years at the FXR facility. In that time, the trigger system has been
very reliable with a consistently high performance and a very low mainte-
nance record.
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