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MAGNETIC SWITCHING 
H. C. Kirbie 

Lawrence Livermore National Laboratory 

ABSTRACT 
Magnetic switching is a pulse compression technique that uses a 

saturable inductor (reactor) to pass pulses of energy between two 
capacitors. A high degree of pulse compression can be achieved in a 
network when several of these simple, magnetically switched circuits are 
connected in series. Individual inductors are designed to saturate in 
cascade as a pulse moves along the network. The technique is particularly 
useful when a single-pulse network must be very reliable or when a 
multi-pulse network must operate at a high pulse repetition frequency 
(PRF). Today, magnetic switches trigger spark gaps, sharpen the risetimes 
of high energy pulses, power large lasers, and drive high PRF linear 
induction accelerators. This paper will describe the technique of magnetic 
pulse compression using simple networks and design equations. A brief 
review of modern magnetic materials and of their role in magnetic switch 
design will be presented. 

INTRODUCTION 
The use of magnetic switches to generate pulses Vas first summarized 

by Melville in 1951. In his paper, he describes several techniques for 
forming very narrow-duration pulses with capadtiv'ely stored energy. The 
basic pulse compression network consists of equal-valued capacitors bridged 
by saturable reactors. When each reactor saturates, its inductance becomes 

'Work performed under the auspices of the U.S. Department of Energy by 
Lawrence Livermore National Laboratory under Contract W-7405-ENG-48. 
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very small and effectively connects pairs of capacitors together as would a 
low-Inductance switch. This simple network is known as a Melville or 
series line. 

Magnetically switched networks have a number of advantages over 
conventional methods of pulse generation: 

• The networks are long-lived, since the magnetic switches do not 
erode like gas-discharge switches. 

• The switches do not have a discharge recovery time that limits 
the PRF of the network. 

• Since the network is composed of capacitors connected to 
inductors, it is mechanically rugged and very reliable. 

Magnetically switched networks have Inherent disadvantages, too: 
• The magnetic switches must be remagnetized between pulses, which 

requires an auxiliary circuit and some length of time for the 
circuit to work. 

• The magnetic material inside the switches absorbs a fraction of 
the pulse, which reduces the network's efficiency and can lead to 
excessive core temperature. 

• The nonlinear behavior of the network is very difficult to model, 
thus making design performance hard to predict. As a result, 
expensive prototypes are typically built and developed before 
production models are fabricated. 

• The output pulse from a magnetic compressor is delayed by a time 
interval that is voltage dependent. A higher charge voltage will 
produce an output pulse sooner than will a lower charge vol tags. 
Consequently, a poorly regulated charge voltage would cause the 
output pulse to jitter in time, which could be unacceptable in 
some applications. 
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Despite the disadvantages, the use of magnetically switched networks 
has increased over the past few years. The increase is due, in part, to 
the development of low-loss amorphous magnetic alloys (Metglas) that have a 
high saturation flux density and a low hysteretic loss. These new alloys 
make it easier to build compact, low impedance compressors and to operate 
them at a high PRF. Compressors with modern magnetic materials have 
enabled designers to increase the average power capabilities of pulsed 
lasers and accelerators. 

The most important factors to consider when designing a magnetic 
switching network are the energy transfer time between capacitors, the 
saturation time of each switch, and the amount of pulse energy each switch 
absorbs. These factors will be examined in the following sections 
beginning with the voltage and current equations for energy transfer 
between two capacitors. Additional details will be presented about the 
switch saturation process and the loss behavior of amorphous alloys. 

BASIC PRINCIPLES OF MAGNETIC SWITCHING 
The basic magnetic pulse compression network is the Melville line 

shown in Fig. 1. Once C Q is charged, a closing switch, S,, connects 
Cg to C, through L Q. The voltage on C Q falls in step with the 
rising voltage on C,. The magnetic switch L, also experiences the 
rising voltage on C, and is designed to saturate at the moment the 
voltage peaks. When L, saturates, the voltage on C Q is zero and the 
inductance of L, becomes much smaller than that of L„. Therefore, the 
energy stored in C, charges C, faster than C, was charged from C Q. 
The process is repeated when L, saturates as the voltage peaks on C-. 
The compression is carried to the nth stage, where a final magnetic switch 
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Voltage on C 0 Voltage on C 2 

Fig. 1. (a) An n stage Melville line with equal value capacitors, (b) The 
capacit-- voltages on Co, C], and C2. 

(I ) connects the last capacitor (C ) to a load. The load pulse can 
also be shaped by replacing C with a pulse forming network, of equal 
capacitance. 

The magnetic flux density In l\ rises from a remanent value of -B r, 
shown in Fig. 2(a), and increases proportionally with the integral of V r . 

Ll 
If the switch 1s properly designed, the flux density of L,reaches saturation 
(+B .) just as the voltage on C, peaks. Meanwhile, the core dynamics of L, 
in B-H space is shown 1n Fig. 2(b). The flux density increases from -B 
to saturation as C, is charged. After the pulse has passed, the current 
in L, (proportional to H) has returned to zero, which leaves the core 
magnetized in the +B r orientation. This condition does not favor the 
next pulse because the core material would immediately saturate, so a 
method must be employed to return the flux density to -B . An auxiliary 
circuit is commonly used to supply either a pulse or a steady dc current to 
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Saturation 

* - t 

Fig. 2 (a) Magnetic flux density in Li reaching saturation in time T. 
(b) B-H trajectory of Li showing the path followed by the pulse, 
the path followed by a dc reset, and the total flux swing cf ABi. 

reset the core. The shaded area of the B-H loop shown in Fig. 2(b) 
represents energy density deposited into the core volume as heat. This 
lost energy taken from the pulse reduces the peak voltage delivered to the 
next capacitor. The heat that remains in the core of L. can become a 
severe problem if the PRF of the network is faster than the cooling rate of 
the core. 

Each voltage waveform sketched in Fig. 1 is a raised cosine that 
occurs when one capacitor charges another through a fixed inductance. 
Every capacitor in the Melville line is charged with a raised cosine wave 
shape because the line consists of coupled C-L-C circuits. The voltage and 
current in each section of the line can be described by a set of simple 
equations if circuit resistance and neighboring networks are ignored. 
Figure 3(a) models a single section of a Melville line as a simple, 
lossless C,-L-C, circuit with C. initially charged to V Q. 
Figure 3(b) is a sketch of the voltage and current waveforms once the 
switch is closed, and applies in the special case of C, = C_. The 
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following equations describe the general behavior of the circuit in 
Fig. 3(a) and can be reduced to the special case of equal capacitances: 

C, 
V,(t) - V 0 "i + 4 (1 - cos ut) 

V 2 ( t ) • V 0 c T T c (1 - cos ut) 

I(t) sin ut 

w^F • 

( i ) 

(2) 

<3) 

(4) 

The equations below which are obtained when Eqs. (1), (2), and (3) are 
evaluated at t . W « - T describe the circuit state after energy has 
been transferred from C. to C,: 

V 

T , " V o ( 1 - ^ ) 
T )- V°(^) ' 

I(T) 
(a) 

t = 0 
Ci I 

Initial conditions: 

V,(0) = V 0 ,V 2(0) = 0 

_ C,C 2 , ! 

(b) 
V,l 

1 V, 
Vo 

/ 
/ 
/ 

/ 
/ . 

• " " % 
\ \ \ \ 
v \ 
\ \ 

v2 

T 

- T - " 
(1> * 

(5) 

(6) 

(7) 

T = TT/LC 

c, +c. LC 

Special case: 

C. = C, = 2C 

Fig. 3 (a) A lossless C-L-C circuit and its initial conditions, (b) A 
sketch of the voltage and current (dashed) waveforms for the 
circuit in (a) when C] - C2-
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These equations also simplify when the case of equal capacitance is 
applied. Equations (1) through (7) will approximate the behavior of each 
section in a Melville line so long as the sections function independently. 
The independence is achieved by designing the unsaturated inductance of the 
next magnetic switch to be much larger than the saturated inductance of the 
previous magnetic switch. 

FLUX SWING AND CHARGE TIME 
If the Melville line can be modeled as independent C-L-C sections, 

then the equations that apply to the nth section will also describe any 
other section. Yet the independence of the nth section is only valid until 
it must give its energy to the n+1 section. Consequently, each section 
that shares a common capacitor also shares a relationship for ideal energy 
transfer. The generalized network of Fig. 4 features the nth stage of a 
pulse compression line and will be used to show that all adjacent sections 
must satisfy a single condition; the charge time of C must equal the 
saturation time of L . Since the same magnetic switch can have both 

L„-i 

\ • ^ w p — — i - i " i y i j > > — 1 yofl •>— 

Assume the special case of 

Fig. 4 A generalized section of a lossless Melville line with equal 
capacitances. 
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saturated and unsaturated values, we use a superscript (s) to denote the 
saturated state and a superscript (u) to denote the unsaturated state. The 
saturation time of L must be selected to coincide with the charge time of 
C , which is dictated by the saturated value of L ,. The charge time (T ) n J n-1 a n 
of C is given by Eq. (8) so long as L " >> V_. and the capacitor values 
are equal: 

Tn " ' V L-i *"' (8) 

The saturation time of I is the time it takes an applied 
voltage to move the flux density from -B to +B,, t in the core of 
L . The flux density of the nth core is n 

f V n d v " - s V / v-dt • < 9 ) 

n n 
where N is the number of conducting turns around the core and A is 
the magnetic cross section of the core. The V of Eq. (9) is the voltage 
on the nth capacitor as it is charged from C ,. The shape of V is 
the raised cosine described in Eq. (2) when the capacitors are equal. 
Substituting for V_ in Eq. (9) yields Eq. (10), which describes the L_ ' n J ^ n 
flux density for a raised cosine voltage when the integral is evaluated 
over the charge time of C : 

vo /"Tn 

B n ( t ) " 2NA J ° ' c o s u t > d t • ( 1 0 ) 

The Ideal design condition is shown in Eq. (11) and occurs when the full 
flux swing of the material (AB) equals the change in flux due to the 
applied voltage: 

Bn<V " *Bn " & ( , , ) 

n n 



The charge time of C can be restated in terms of an ideally constructed 
magnetic switch by rearranging Eq. (11): 

2 A B n A A 
T - — A - * - 0 • (12) 
n V 0 

Equations (12) and (8) state two definitions for the charging time (T n) 
of capacitor C . Equation (8) is the natural, independent charging of 
C from C„ ,. Equation (12) is the desired charge time of C„ which n n-l n 
would saturate L at the voltage peak of C . The two time statements 
are equivalent when each stage is properly designed. Since the capacitors 
are equal, it is only the values of L , and L n that can be adjusted to 
equate the two conditions for T . 

SWITCH SCALING AND STAGE GAIN 
(s) 

The relationship between L^_, and the physical properties of L n is found 

by equating the charge time of C , Eq. (8), to the saturation time of L JJ , 

Eq. (12) : 
2ABA N „ / , , , C„ 

V Q U y n - l 2 

L ( s ) 
L n-1 

2 A B „ M „ 1 i 
n_Q_Q 2_ . . . . . 

o I n 

The result expressed by Eq. (14) only defines the flux swing, core area, 
and number of turns L requires. The volume of L is still undefined n n 
but can be derived if a switch geometry is assumed. In most cases, the 
switch cores are toroidal, and the dimensions and properties of a 
toroidal switch are illustrated in Fig 5. If the saturated value of 
L is express.~i in terms of the core volume. 
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N turns 

Cross-sectional 
area 

Core 
definitions: 

N = number of 
conductors 

« = 2 n R 
average magnetic 
path length 

tA =core volume 

V-o = permeability 
of free space 

u., = relative 
permeability 

Fig. 5 Sketch of a simple magnetic core covered with N turns of wire. 
The core has a cross section area of A and an average magnetic 
path length of I. 

,(s) Mr n n 
n Vol. (15) 

then the ratio of the saturated stage inductances, 
2 (s) 

n-1 
s 
n r o r r "n"n 

V o 1 n 
Wr N- A-

2 * B n A n N n 
*V_ (16) 

n 
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can be written as a function of the pulse energy, nth core volume, and a 
few constants: 

L(s) 
Ln-1 
,(s) 

4 AB' 
C n V 0 y 

(Vol n) n 2 <s) (17) 

Equation (17) has value as a design tool because it is equal to the square 
of the stage gain. The gain is simply the ratio of adjacent capacitor 
charging times, illustrated in Fig. 6, and depends on the saturated 
inductance of each stage. Therefore, the desired stage gain. 

Gai (18) 

can be used to estimate the volume of the nth core by combining Eqs. (17) 

and (18): 

Gain 
V o 1 n 

energy 
4AB_ 

Z (s) (19) 

(20) 

Ratio of capacitor charging 
times Is the gain 

n +1 
T"*1 * ^ 

Gain 

2 

Fig. 6 The voltage waveforms shown above illustrate the charging time of 
C n and C n + ] . The ratio of the charging times is the 
compression gain. 

II 



Equation 14 relates a value for L nl] to the construction details of L n 

with switch volume as the missing element. A larger or smaller volume 
affects the saturated value of l_n [Eq. (15)] and dictates the amount of 
pulse compression achieved by both stages CEqs. (19),(20)]. The gain could 
also apply to the entire pulse compressor, which would result in a huge 
magnetic material volume that can be equally shared between n stages. 

MAGNETIC MATERIALS 
The nonlinear behavior of magnetic materials enables magnetic pulse 

compressors to work but also complicates their design. The design requires 
specific material properties, listed in Table 1, that must be extracted 
from a very nonlinear data set. 

Tai1e 1. Magnetic material properties required for network design. 
Saturation flux density 
Remanent flux density 
Flux density swing 
Saturated permeability 
Unsaturated permeability 
(averaged over the pulse) 
Energy lost to the core 
(per unit of volume) 

The table lists the key parameters for the equations of the previous 
section. The parameters are general and apply to the three popular choices 
of core material: nickel steel, ferrite, and amorphous alloy. Values for 
B t, B r, and AB for specific materials are easily obtained from the 
manufacturers. The saturated permeability (n ) is a>so easy to 
identify, as shown in Fig. 7. All three materials w i U have a v 

"sa t 

Br 

AB = | B s a t - B r 

y(s ) = Uouf s ) 

p(u) - P O I 4 U ) 

Loss 
vol 

AB 2 

" 2u ( u > 
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F ig . 7 The r e l a t i v e permeabi l i ty of three magnetic mater ia ls vs an 
appl ied magnetic f i e l d i n t e n s i t y (data from Ref. 2 ) . 

tha t approaches un i t y when the appl ied magnetic f i e l d i n t e n s i t y i s high 
2 

enough. 

The remaining values for ji and energy lost to the core volume 
are very important design parameters, and they vary widely with applied 
dB/dt. The quantities are obtained experimentally by applying ? step 
voltage to a test reactor and then measuring the voltage and current 
responses until saturation. The experiment is repeated for several dB/dt 

3 4 rates by selecting an appropriate step voltage level. C.H. Smith ' of 
Allied Corporation has published much data for amorphous alloys. Selected 
data from Ref. 3 is shown in Fig. 8 for a test reactor core constructed 
from a continuous ribbon of Hetglas 2605C0 wrapped into a toroid. One 
should note that the energy lost to the core material per unit of core 
volume (J/m ) varies dramatically with applied dB/dt and material 
thickness. The material 1s also preconditioned by annealing, which removes 
mechanical stresses in the ribbon, and by a coat of insulation that 
minimizes eddy currents within the core. In addition, the dB'dt axis of 

-
i i i i i i i i i i 

-
\ y - Nl-Fc (1 mil) T M t = 3.0 ms 

V. y- TDK-DIC ferrlte i a l = 1 ms 
\ V v / /- Metglas2605 i M , = 1.5ms 

: 

\ y - Nl-Fc (1 mil) T M t = 3.0 ms 

V. y- TDK-DIC ferrlte i a l = 1 ms 
\ V v / /- Metglas2605 i M , = 1.5ms 

i , i , i , i , i . i . i . i . i , i . 
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Fig. 8 Losses as a function of dB/dt for several thickness ribbon: of 
METGLAS Alloy Z605CO (data from Ref. 3). 

Fig. 8 can also represent the saturation time of ths test reactor by 
dividing the material's flux swing (AB) by the applied dB/dt. 

A designer, faced with the selection of a magnetic material, would 
benefit from Smith's data for a few amorphous alloys but must turn to other 
resources for information about ferrite or nickel steel. Since the 
information is obtained experimentally for any material, the designer must 
evaluate and compare the differences between published test conditions and 
analysis methods. Even after a material and data set has been obtained, 
the application of the information is indirect. The problem is complicated 
further because step-voltage excitation of a core does not yield exactly 
the same results as a raised-cosine voltage. These difficulties have 
encouraged those Interested in building a pulse compressor to first 
construct a prototype for development. The same difficulties have also 
encouraged others to search for an accurate computational modei for core 
materials. 
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DESIGN NOTES 
This brief section will offer a few suggestions to those interested in 

designing a magnetic pulse compressor. First, careful definition of the 
behavior of the selected magnetic coie material is important for two 
reasons: 
1. The energy loss to the L R magnetic switch wili reduce the peak 

voltage on the C_ , capacitor. The L , switch must therefore be 
* n+1 n+1 

designed to expect the loss in charge voltage. 
2. The unsaturated permeability (y' u*) must be identified so that 

adjacent magnetic switches will satisfy a guideline of 20 L ^ j - L Jj . 
This guideline assures the independence of each compression stage. 

Second, it is generally wise to apply the special case of equal 
capacitances in a design. This is especially true if the network must 
operate at a high PRF since reflections caused by mismatched capacitors 
make the core reset problem more difficult if the time between pulses is 
very short. It is best to begin the design at the output section and work 
backwards toward the power supply. The output switch is usually among the 
most critical determinants of network performance because it absorbs the 
greatest amount of pulse energy and must be mechanically compact for low 
inductance operation. 

SUMMARY 
The general design of magnetic pulse compressors is also described, 

albeit with a different emphasis, in other references. The 
literature also provides examples of how pulse compression devices are used 
without reviewing basic principles of operation at length. These examples 
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include networks that drive lasers and accelerators, and a few 
devices that produce single pulses or operate at a high PRF. ' 

Generally, magnetic pulse compressors reliably generate short, high 
power pulses and can operate at a high PRF. Networks can be designed with 
very simple equations, but required magnetic material data are often 
difficult to quantify accurately. In addition, magnetic core materials 
absorb a fraction of the pulse energy, which reduces network efficiency and 
heats cores at high PRFs. 
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