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We demonstrate that a wide variety of current-pulse shapes can be generated using a linear-transformer-

driver (LTD) module that drives an internal water-insulated transmission line. The shapes are produced by

varying the timing and initial charge voltage of each of the module’s cavities. The LTD-driven accelerator

architecture outlined in [Phys. Rev. ST Accel. Beams 10, 030401 (2007)] provides additional pulse-

shaping flexibility by allowing the modules that drive the accelerator to be triggered at different times. The

module output pulses would be combined and symmetrized by water-insulated radial-transmission-line

impedance transformers [Phys. Rev. ST Accel. Beams 11, 030401 (2008)].
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I. INTRODUCTION

A linear-transformer-driver (LTD) module consists of a
number of inductive LTD cavities connected in series to
achieve voltage addition [1–37]. Hence, an LTD module is
a type of induction voltage adder (IVA) [38]. Unlike a
conventional IVA, each cavity of an LTD module is driven
by capacitors and switches that are located within the
cavity itself; consequently, an LTD module is inherently
more compact than an IVA driven by external pulsed-
power machines.

IVAs were originally designed to drive a vacuum
magnetically insulated transmission line (MITL) [38].
For such an IVA, part of the MITL is located within, and
is concentric to, the IVA’s cavities. Following this prece-
dent, Kovalchuk et al. [1,5,12], Mazarakis et al.
[6,8,11,25,29,31,32,36], Kim et al. [15,18,33], Rose et al.
[17,27], Leckbee et al. [22,24,28], Olson [26], and Gomez
et al. [35] developed designs of LTD modules that drive an
internal MITL. Such modules have been considered for z-
pinch-physics [1,5,8,11,25,29,31–33,35,36], x-ray-
radiography [6,11,15,17,18,22,24,27,28], excimer-laser
[12], and inertial-confinement-fusion (ICF) [25,26,29,31]
applications.

Kim and colleagues consider instead an LTD module
that drives an internal oil-insulated transmission line [9];
Corcoran, Smith, and co-workers [10,14] consider the use
of an internal water-insulated line. Reference [37] is the
first to propose that water-insulated LTD modules be used
to drive next-generation pulsed-power accelerators. A
1000-TW LTD-driven accelerator [37], such as the one
illustrated by Fig. 1, could be used to drive z-pinch loads
for high-energy-density and ICF-physics experiments con-
ducted over presently inaccessible parameter regimes.

In this article, we demonstrate that the LTD-driven
accelerator outlined in Ref. [37], and illustrated by
Fig. 1, could also be used to generate a wide variety of

current-pulse shapes. Such a capability is of interest to
material-dynamics experiments, which usually require a
precisely shaped current pulse [39–43]. Pulse shaping is
also of interest to z-pinch experiments, which may dem-
onstrate an increase in the x-ray power and energy radiated
by a pinch when the time history of the pinch current is
optimized [44–47]. The accelerator outlined by Fig. 1
would allow material-dynamics and z-pinch experiments
to be driven by an electrical power as high as 1000 TW,
which is an order of magnitude greater than is presently
available. We also observe that a single water-insulated
LTD module could be used to drive a radiographic
electron-beam diode, and would be capable of providing
a shaped current pulse to optimize diode performance
[48,49].
The accelerator illustrated by Fig. 1 is driven by 210

LTD modules, each of which consists of 60 identical LTD
cavities connected in series [37]. A cross-sectional view of
a single module is presented by Fig. 2. To demonstrate that
the accelerator of Fig. 1 could produce a shaped current
pulse, we consider in this article a single module. We
assume that the module drives a water-insulated transmis-
sion line that is concentric to, and is located within, the
cavities. We assume that the line is terminated in a load that
has the same impedance as that of the transmission line at
the output of the module. We limit the discussion in this
article to this idealized case to prove the concept; we do not
consider the various types of loads that might be used in an
experiment, and how the loads might affect the pulse
shape.
In Sec. II, we present several pulse shapes that can be

produced by a single LTD module. The discussion of
Sec. II assumes that the switches of each of the module’s
cavities are triggered within �c seconds of the triggering of
the switches in an adjacent cavity, where �c is the time it
takes an electromagnetic pulse to propagate (down the
internal water-insulated transmission line) the length of a
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single cavity. This guarantees that the switches of each
cavity are transit-time isolated from the switches of the
other cavities in the module. The isolation prevents the
voltage across a given switch, before it is triggered, from
being altered by pulses produced by switches in the other
cavities. In Sec. III, we explore the results of a slight
deviation from the transit-time-isolation constraint. In
Sec. IV we present suggestions for future work.

The accelerator architecture represented by Fig. 1 as-
sumes the use of long water-insulated transmission lines to
connect the LTD-module drivers to the central region of the

accelerator. The use of such lines follows naturally from
the use of modules that drive an internal water-insulated
line. In Appendix A, we discuss briefly the use of long
MITLs instead of long water lines. In Appendices B and C,
we estimate the optimum output impedance and minimum
current rise time, respectively, of an n-cavity LTD module
under a certain set of conditions.

II. PULSE SHAPING WHEN jtjþ1 � tjj � �c

An idealized representation of the first three cavities of
an LTDmodule is given by Fig. 3(a). For this figure, and all

FIG. 2. (Color) Cross-sectional view of a single 60-cavity LTD module. A total of 210 such modules would drive the accelerator
illustrated by Fig. 1. The outer diameter of the module is 3 m.

FIG. 1. (Color) Conceptual design of a 1000-TW LTD-driven pulsed-power accelerator [37]. The illustration is approximately to
scale. The diameter of the outer-tank wall is 104 m. The illustration includes a person standing near the central MITL section.
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the modules considered in this article, we assume

Zj ¼ jZ1 ¼ jZn

n
; (1)

�c;j ¼ �c: (2)

The quantity Zj is the impedance of the transmission-line

segment driven by the module’s jth cavity; Zn is the
impedance of the transmission line of the final cavity, at
the output of the module; �c;j is the time it takes an

electromagnetic pulse to propagate (down the internal
water-insulated transmission line) the length of the jth
cavity; and �c is a constant.
For definitiveness, we consider the 60-cavity LTD mod-

ule described in Ref. [37] and illustrated by Fig. 2. Similar
results are obtained for modules with different parameters.
We assume each cavity of the 60-cavity module can be

modeled as suggested by Fig. 3(b). We also assume the
following [9,11,20,25,37]:

Rs ¼ 0:015 �; (3)

L ¼ 7:5 nH; (4)

C ¼ 800 nF; (5)

Rp ¼ 1:472 �; (6)

Zn ¼ 6:72 �; (7)

n ¼ 60; (8)

�c ¼ 6:6 ns: (9)

The quantity Rs is that part of the series resistance of a
single LTD cavity that is due primarily to the switches and
capacitors of the cavity. L and C are the inductance and
capacitance, respectively, of a single cavity. Rp is the

effective parallel resistance of a cavity; this circuit element
is used to account for energy loss to the cavity’s inductive
high-permeability magnetic cores [20,21]. Our circuit
model assumes that nonlinearities due to the cores can be
neglected. Hence, the model is applicable only when the
core in each cavity has a sufficient volt-second product to
support the cavity’s desired voltage time history over the
period of interest.
The value for Rp given by Eq. (6) assumes the results

presented by Kim and colleagues in Ref. [20], and that
50-�m-thick magnetic tape is used to fabricate the cores
[20]. The value for Zn given by Eq. (7) is estimated as
discussed in Appendix B.
Five possible current-pulse shapes that can be produced

by the LTD module described above are plotted by Fig. 4.
The shapes assume Eqs. (1)–(9), and are calculated by
performing SCREAMER [50–52] circuit simulations of the

FIG. 3. (Color) (a) Idealized representation of an LTD module
with three identical cavities connected in series. A cavity nor-
mally contains a number of capacitors and switches; these are
represented here by a single capacitor and a single switch. The
red rectangles represent inductive high-permeability magnetic
cores. The arrows represent the path of most of the current flow,
after all the switches in the cavities have closed. A small fraction
of the current flows around the cores. The LTD module assumed
in this article consists of 60 identical cavities. (b) Circuit model
of the three-cavity module. (c) Equivalent circuit model of the
module. The circuit of (c) is valid only when the switches of each
cavity close at a time �c later than the closure of the switches in
the cavity immediately upstream (i.e., immediately to the left),
where �c is the time it takes an electromagnetic pulse to
propagate (down the internal transmission line) the length of a
single cavity. �c is the one-way transit time of a single
transmission-line segment. We make the simplifying assumption
that all the cavities, and all the transmission-line segments, have
the same electrical length.
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operation of the module. The cavity-triggering sequences
used to generate the five shapes are plotted by Fig. 5.

As indicated by Fig. 5, current-pulse-shape A (of Fig. 4)
is achieved when the switches of each cavity are closed at a
time �c later than the closure of the switches in the cavity
immediately upstream (i.e., the cavity to the left). For this
cavity-triggering sequence

tjþ1 � tj ¼ �c (10)

for all values of j between 1 and n� 1, where tj is the time

at which the jth cavity is triggered. Current-shape A as-
sumes each cavity is charged to an initial voltage of
200 kV, which would be accomplished using the
þ100 kV, �100 kV charging system that was first pro-
posed by Savage [53].
When all the cavities are triggered simultaneously in-

stead of sequentially as described above, the current shape
produced is that labeled B. For this triggering sequence

tjþ1 � tj ¼ 0: (11)

Shape C is produced when the switches of each cavity
close at a time �c later than the closure of the switches in
the cavity immediately downstream (i.e., the cavity to the
right):

tjþ1 � tj ¼ ��c: (12)

As suggested by Fig. 5, current shapes D and E have
identical cavity-timing sequences. Shape D is achieved by
charging all the cavities to 200 kV, whereas E is achieved
by charging cavities 49–60 to 100 kV. (To optimize the
performance of an LTD cavity at a lower initial charge
voltage would require a lower gas pressure in the cavity’s
switches.) We note that for sequences D and E, the quantity
tjþ1 � tj is not the same for all the cavities of the module.

For all five timing sequences plotted by Fig. 5, the
switches of each cavity are triggered within �c seconds
of the triggering of the switches in an adjacent cavity.
Hence, all five sequences satisfy the following constraint:

jtjþ1 � tjj � �c (13)

for all the cavities. This constraint guarantees that the
voltage across each switch is not altered before it is trig-
gered. The constraint would be made less restrictive by
increasing �c, which could be accomplished by inserting a
spacer between every pair of adjacent cavities. As sug-
gested above, the quantity tjþ1 � tj need not be the same

for all values of j to satisfy the transit-time-isolation
requirement; in fact, the quantity tjþ1 � tj could be differ-

ent for each j, as long as Eq. (13) is satisfied.
The use of a water-insulated transmission line inside an

LTD module has several advantages over the use of a
vacuum MITL. Water insulation eliminates the constraint
that magnetic insulation be maintained everywhere in the
MITL, at all times. A water line of a given length also
allows a much wider range of pulse shapes, since for time
scales of interest the dielectric constant of water is 80.
Hence, for a given geometrical cavity length, the electrical
length �c is a factor of 6 to 9 times greater for a water line
than it is for a MITL, and the constraint given by Eq. (13) is
that much less restrictive. In addition, a water line does not
launch electron-flow current, which represents an energy
loss, and which can damage hardware when the flow
electrons are eventually lost downstream to an anode.
For pulse shape A, the peak voltage at the output of each

of the 60 cavities is 106 kV. Assuming the anode-cathode

FIG. 5. (Color) Cavity-triggering sequences used to generate the
five current-pulse shapes plotted by Fig. 4. For current shapes A,
B, C, and D, all the cavities are charged to 200 kV. For shape E,
cavities 49–60 are charged to 100 kV.

FIG. 4. (Color) Five possible current-pulse shapes that can be
produced by a single 60-cavity LTD module driving a matched
load. The five shapes are generated by the cavity-triggering
sequences plotted by Fig. 5. For current shapes A, B, C, and
D, all the cavities are charged to 200 kV. For shape E, cavities
49–60 are charged to 100 kV.
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(AK) gap at the cavity output is 2 cm, the peak electric field
Ep is 53 kV=cm. The effective width of the pulse �eff (the

full width at 63% of peak) is 143 ns. For shapes B–F, the
peak voltage is different at each cavity; Table I gives for
each shape the highest peak value and associated effective
pulse width. Table I also lists an estimate of the peak value
of the expression Ep�

0:33
eff [54,55]. Since the gap at the

cavity output would be water insulated, Table I and
Refs. [54,55] suggest that the AK gaps at the outputs would
not suffer dielectric failure, since each value of Ep�

0:33
eff is

less than 0.108.
Each of the five shapes plotted by Fig. 4 is a linear

combination of 60 time-shifted pulses, each of which is

produced by one of the module’s 60 cavities. The pulses
produced by six of the cavities are plotted by Fig. 6. The
timing shown for these pulses is that achieved for cavity-
triggering sequence A. Each of the six plots assumes the
cavity’s initial charge voltage is 200 kV. Of course, the
amplitude of the pulse produced by a cavity could be
reduced by reducing that cavity’s initial voltage.
The 10%–90% rise times of current shapes A, B, and C

(which are plotted by Fig. 4) are listed in Table II. When
Eq. (13) is satisfied, the minimum rise time—and maxi-
mum peak electrical power—that can be achieved by the
LTD module described above is that of current-shape A.
A general expression for the minimum rise time achiev-

able by an LTD module under a certain set of conditions is
developed in Appendix C. The maximum rise time, which
is a function of n, �c, and the time histories of the pulses
produced by each of the module’s cavities, can be deter-
mined by performing circuit simulations.

III. PULSE SHAPING WHEN jtjþ1 � tjj > �c

In this section we explore the effects of a deviation from
the constraint imposed by Eq. (13). Figures 4 and 6 make
clear that rise times shorter, and peak powers higher, than
those of timing sequence A of Fig. 5 could, in principle, be
achieved by bringing the peaks of the pulses of Fig. 6 into
better temporal alignment. This could be achieved by
triggering the switches of each cavity at a time later than
�c seconds after the closure of the switches in the cavity
immediately upstream. For such a timing sequence

tjþ1 � tj > �c (14)

for all the cavities of the module.
In Fig. 7 we plot a current pulse (labeled F) which is

produced by one such timing sequence, for which

tjþ1 � tj ¼ �c þ 1:4 ns (15)

for all the cavities. Figure 7 compares current shapes F and
A. The rise time of shape F is 27 ns, a factor of 2 less than it
is for A. The peak current of shape F is 9% higher; the peak
electrical power delivered to the load is 20% higher.

TABLE II. The rise time for three different current-pulse
shapes. For shape A, the switches of each cavity are closed at
a time �c later than the closure of the switches in the cavity
immediately upstream, where �c is the time it takes an electro-
magnetic pulse to propagate (down the internal transmission
line) the length of a single cavity. For shape B, the switches in
all the cavities are closed simultaneously. For shape C, the
switches of each cavity are closed at a time �c later the cavity
immediately downstream.

Current-pulse shape 10%–90% current-pulse rise time

A 53 ns

B 240 ns

C 297 ns

FIG. 6. (Color) The current pulses produced by six cavities of a
60-cavity LTD module. (The specific cavity timing indicated
here is that which is produced by timing-sequence A.) Each of
the five shapes plotted by Fig. 4 is a linear combination of 60
time-shifted pulses, each of which is produced by one of the
module’s 60 cavities.

TABLE I. The highest peak voltage at the output of a cavity,
highest peak electric field Ep, and associated effective pulse

width �eff for each of current-pulse shapes A–F. The last column
lists values of the expression Ep�

0:33
eff assuming Ep is given in

MV=cm and �eff in �s [54,55]. All the values of Ep�
0:33
eff are

significantly below the design criterion of 0.108 proposed in
Refs. [54,55].

Current-pulse

shape

Highest peak

voltage at a

cavity

output (MV)

Highest peak

electric

field Ep

(MV=cm)

Associated

effective

pulse width

�eff (�s) Ep�
0:33
eff

A 0.106 0.053 0.143 0.028

B 0.179 0.090 0.190 0.052

C 0.188 0.094 0.248 0.059

D 0.188 0.094 0.158 0.051

E 0.106 0.053 0.143 0.028

F 0.821 0.411 0.0083 0.084
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The peak power for shape A is a factor of n times the
peak power that can be produced by an individual cavity,
one that is not part of a module. It is interesting to note that
the peak power for shape F is greater than that achieved by
shape A: it is greater than the sum of the peak powers that
can be produced by n individual cavities. Equation (15)
assumes tjþ1 � tj is the same for all the cavities; even

higher peak powers could be achieved by a timing se-
quence for which tjþ1 � tj is different for each of the

cavities. Hence, it would appear that a substantial improve-
ment in the performance of an LTD module is possible by
using a timing sequence that satisfies Eq. (14).

However, as suggested by Fig. 8, the total energy in the
primary power pulse is 8% less for F than it is for A.

Furthermore, the cavity timing sequence needed to pro-
duce shape F allows the voltage across a cavity to be
altered by pulses produced by the other cavities of the
module. For example, as suggested by Table I, shape F of
Fig. 7 assumes that the 60th cavity could withstand an 821-
kV pulse across its output before the switches are triggered.
The switches presently envisioned for use in such cavities
are designed to be charged to 200-kV dc, and may not
withstand an 821-kV pulse before closing. The internal
dielectric insulation of such cavities also may not with-
stand such a pulse.
Hence, additional technical advances may be necessary

before one could realize the significant benefits of timing
sequences for which the quantity jtjþ1 � tjj exceeds �c.

Nevertheless, present technology may allow slight devia-
tions from Eq. (13) to achieve minor performance
improvements.

IV. DISCUSSION

An even wider variety of pulse shapes than that sug-
gested by Fig. 4 could be generated by the accelerator of
Fig. 1. The accelerator has 210 LTD modules, each of
which could be triggered at a different time. Viable timing
sequences might be constrained by a transit-time isolation
requirement similar to that given by Eq. (13); i.e., the
switches of a module may need to be triggered before the
voltage across a switch is affected by pulses produced by
the other modules of the accelerator. Here again the use of
water insulation (instead of vacuum) helps: The water-
insulated radial-transmission-line impedance transformers
of the accelerator [37,56] offer the advantage of longer
transit times for given geometric distances. The 210 output
pulses would be combined and symmetrized by the trans-
formers [37,56]. Such an accelerator would have, in effect,
60� 210 ¼ 12 600 switch points.
Moreover, each of the accelerator’s LTD cavities would

likely have many switches, on the order of 40, which need
not be triggered simultaneously. If, for example, the 40
switches of a cavity were to be triggered in four groups of
10 [20], then such an accelerator would have 50 400 switch
points. The timing sequence (of all the switches of the
accelerator) that would be required to produce a given
pulse shape could be determined using the genetic algo-
rithm developed by Glover and co-workers [57,58]. The
symmetrization of the 210 pulses by the impedance trans-
formers could be evaluated with fully electromagnetic 3D
simulations similar to the 2D calculations presented by
Welch and colleagues in Ref. [56].
Throughout this article we make the simplifying as-

sumptions that the impedance profile of a module’s trans-
mission line is that given by Eq. (1), and that each cavity
has the same electrical length [Eq. (2)]. It would be of
interest to explore the effects and possible advantages of
other impedance and cavity-length profiles. It would also

FIG. 8. (Color) The energy in the main power pulse for current
shapes A and F.

FIG. 7. (Color) Comparison of current-shape Awith one that can
be achieved when tjþ1 � tj ¼ �c þ 1:4 ns, for all values of j

between 1 and n� 1, where tj is the time at which the switches

of the jth cavity are triggered.
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be of interest to further evaluate cavity-timing sequences
for which j�jþ1 � �jj exceeds �c for one or more cavities.
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APPENDIX A: LONG MITLS

Several previously described accelerator architectures
assume the use of long MITLs (instead of long water-
insulated transmission lines) to connect the accelerator’s
pulsed-power drivers to the central region of the accelera-
tor. (In this context, a MITL is defined to be long when the
rise time of the power pulse is less than the two-way transit
time of the MITL.) The architecture illustrated by Fig. 1,
which incorporates long water lines, represents a signifi-
cant departure from such MITL-based designs. The use of
long water lines follows naturally from the use of LTD
modules that drive an internal water line, and eliminates
electron-flow losses that are inherent in a long-MITL
system.

A complete discussion of the advantages and disadvan-
tages of the two types of architectures is outside the scope
of the present article. However, we observe that a long-
MITL architecture served as the basis for the design of the
PBFA-I accelerator, which was built at Sandia National
Laboratories [59]. When PBFA I was subsequently up-
graded, its longMITLs were replaced with long water lines
[60]. This was motivated in part by calculations presented
in Ref. [59], which suggest that long water lines couple
more efficiently than long MITLs to various loads, includ-
ing z pinches. The PBFA-II, Z, and ZR accelerators, all
built at Sandia after PBFA I, incorporated long water lines
instead of long MITLs.

APPENDIX B: OPTIMUM OUTPUT IMPEDANCE
OF THE INTERNAL TRANSMISSION LINE OF AN

LTD MODULE

We estimate here the optimum output impedance Zn;opt

of the concentric transmission line that is located within,
and is driven by, an LTDmodule that consists of n identical
cavities connected in series. We define the optimum im-

pedance to be that which maximizes the peak forward-
going electrical power at the output of the module, under
the constraints given by Eqs. (1), (2), and (13). When the
module’s transmission line is terminated in an impedance-
matched load, the forward-going power is, of course, iden-
tical to the power delivered to the load.
Under the conditions given by Eqs. (1), (2), and (13), the

peak power is maximized by the triggering sequence that
satisfies Eq. (10). The discussion that follows extends that
given in Appendix D of Ref. [37] (although we caution that
the notation has been changed). We repeat here much of the
discussion of Ref. [37] for completeness, and since the
discussion is used for Appendix C.
We assume the LTD circuit model presented by

Fig. 3(b). The model generalizes that proposed by
Mazarakis and colleagues in Refs. [11,25] by including a
parallel resistance to account for energy loss to the induc-
tive magnetic cores of the LTD cavities. Considerably
more accurate LTD circuit models are proposed by Kim
and colleagues in Ref. [20] and Leckbee and co-workers in
Refs. [24,28].
When Eqs. (1), (2), and (10) are satisfied throughout an

LTD module, the circuit of Fig. 3(b) can be modeled as
Fig. 3(c). Figure 3(c) represents an LTD module that con-
sists of three identical LTD cavities connected in series.
For a module consisting of n identical cavities in series,

Rs;n ¼ nRs; (B1)

Ln ¼ nL; (B2)

Cn ¼ C=n; (B3)

Rp;n ¼ nRp; (B4)

Zn ¼ nZ1: (B5)

The quantity Rs;n is that part of the series resistance of an

n-cavity LTD module due primarily to the switches and
capacitors of the module. Ln and Cn are the series induc-
tance and capacitance, respectively, of the module. Rp;n is

the effective parallel resistance of the module; this element
is used to model the loss of energy to the module’s mag-
netic cores. (We assume that nonlinearities due to the cores
can be neglected.) The quantity Z1 is the impedance of the
transmission-line segment driven by the module’s first
cavity; Zn is the impedance of the segment driven by the
nth cavity, at the output of a module.
For an n-cavity version of Fig. 3(c), it is well known that

the charge on the capacitance Cn (which we label as Qn)
and the current flowing through the circuit (In) are given as
follows [37]:

QnðtÞ ¼ Ae��t cosð!tþ �Þ; (B6)
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InðtÞ ¼ �!Ae��t sinð!tþ �Þ � �Ae��t cosð!tþ �Þ
¼ �Vn

!Ln

e��t sin!t; (B7)

where

A � Qnðt ¼ 0Þ
cos�

¼ CnVn

cos�
; (B8)

Vn � Qnðt ¼ 0Þ
Cn

¼ nV; (B9)

� � Rn

2Ln

; (B10)

Rn � Rs;n þ
ZnRp;n

Zn þ Rp;n

; (B11)

!2 � 1

LnCn

� �2; (B12)

� � arctan

���

!

�
: (B13)

Equations (B6)–(B13) are valid whenever !2 > 0. The
quantity Rn is the total effective series resistance of the
RLC circuit that represents an n-cavity LTD module
[Fig. 3(c)]. The quantity V is the initial charge voltage
across capacitance C. Equation (B9) assumes that the
initial voltage is the same for each of the n cavities.

When its output transmission line is terminated in an
impedance equal to Zn (i.e., the impedance of the module’s
final transmission-line segment), the electrical power at the
output of a module is given by

Pn ¼
�

Rp;n

Zn þ Rp;n

�
2
I2nZn: (B14)

Equations (B1)–(B14) make clear that for the conditions
considered in this Appendix,

P ¼ Pn

n
¼

�
Rp

Z1 þ Rp

�
2
I2nZ1; (B15)

where P is the electrical power produced by a single cavity
when it is not part of a module.

Appendix D of Ref. [37] finds that when Rp, Rp;n ! 1;

i.e., in the absence of magnetic-core losses, the optimum
output impedance is given by the following expression:

Zn;ideal ¼ 1:10

ffiffiffiffiffiffi
Ln

Cn

s
þ 0:80Rs;n: (B16)

We estimate here the optimum output impedance when
core losses are taken into account, and label this impedance
as Zn;opt. To estimate Zn;opt we use Eqs. (B1)–(B14), (B16),

and dimensional analysis to observe that it may be possible

to express the ratio Zn;opt=Zn;ideal as a function only of the

ratio Zn;ideal=Rp;n:

Zn;opt

Zn;ideal
¼ f

�
Zn;ideal

Rp;n

�
: (B17)

Using Eqs. (B1)–(B14) we calculated Zn;opt=Zn;ideal nu-

merically at several values of Zn;ideal=Rp;n. The results are

plotted by Fig. 9. A least-squares analysis finds that to a
reasonable approximation,

Zn;opt ¼ Zn;ideal

�
1� 0:73

Zn;ideal

Rp;n

�
: (B18)

Equations (B16) and (B18) are correct to �1% whenever

Rs;nffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ln=Cn

p < 0:5; (B19)

Zn;ideal

Rp;n
� 0:2; (B20)

and the LTD module can be modeled as suggested by
Eqs. (B1)–(B14) and Fig. 3(c).

APPENDIX C: MINIMUM RISE TIME OFAN LTD
MODULE

In this Appendix we estimate the minimum 10%–90%
rise time �r;min of the forward-going current pulse at the

output of an LTD module that consists of n-identical
cavities connected in series. When the module is termi-

FIG. 9. (Color) The ratio Zn;opt=Zn;ideal as a function of
Zn;ideal=Rp;n. The quantity Zn;opt is the LTD-module output

impedance that maximizes the peak forward-going electrical
power produced by a module, when Eqs. (1), (2), and (10) are
satisfied; Zn;ideal is the optimum impedance in the absence of

magnetic-core losses. Rp;n is the effective parallel resistance of

an LTD cavity module, and is included in the circuit model to
account for energy loss to the module’s magnetic cores.
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nated in an impedance equal to Zn, i.e., the impedance of
the module’s final transmission-line segment, the forward-
going current is, of course, identical to the current deliv-
ered to the load.We define the minimum rise time to be that
which is achieved when the peak forward-going power is
maximized as discussed in Appendix B; hence, the mini-
mum rise time we estimate below is that obtained under the
constraints given by Eq. (1), (2), and (10).

We use Eqs. (B1)–(B13) and dimensional analysis to
observe that it may be possible to express the ratio
�r;min=

ffiffiffiffiffiffiffiffiffiffiffiffi
LnCn

p
as a function of only the ratioffiffiffiffiffiffiffiffiffiffiffiffi

LnCn

p
=ðLn=RnÞ, which can be expressed as Rn=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ln=Cn

p
:

�r;minffiffiffiffiffiffiffiffiffiffiffiffi
LnCn

p ¼ f

�
Rnffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ln=Cn

p
�
: (C1)

It is clear Eq. (C1) is independent of n; we can make this
explicit by defining

R � Rs þ
Z1Rp

Z1 þ Rp

¼ Rn

n
(C2)

and expressing Eq. (C1) as

�r;minffiffiffiffiffiffiffi
LC

p ¼ f

�
Rffiffiffiffiffiffiffiffiffiffi
L=C

p
�
: (C3)

The quantity R is the total effective series resistance of the
RLC circuit that represents a single LTD cavity when it is
not part of a module.

Using Eqs. (B1)–(B13) we calculated �r;min=
ffiffiffiffiffiffiffi
LC

p
nu-

merically at several values of R=
ffiffiffiffiffiffiffiffiffiffi
L=C

p
. The results are

plotted by Fig. 10. A least-squares analysis finds that to a

reasonable approximation,

�r;min ¼
ffiffiffiffiffiffiffi
LC

p �
1:01� 0:27

�
Rffiffiffiffiffiffiffiffiffiffi
L=C

p
�
3=4

�
: (C4)

Equation (C4) is correct to within 3% whenever

!2 > 0 (C5)

and the LTD module can be modeled as suggested by
Eqs. (B1)–(B13) and Fig. 3(c).
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