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Abstract
wherea = 3. If a increases from 3 to ~9, the top of the
The usual LTD architecture [1, 2] provides sinapd ~ Pulse flattens, as this is shown in Fig. 2.
output pulses that may not be suitable in flash
radiography, high power microwave production, zepin 1
drivers, and certain other applications. A moretadle
driver output pulse would have a flat or inclinempt
(slightly rising or falling). In this paper, we [@ent the
design and first test results of an LTD cavity that
generates this type of output pulse by includirittiw its
circular array some number of third harmonic brigks
addition to the main bricks.
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|.INTRODUCTION 0.00 X 3.14
Figure 1. The functionf(x) given by Eq. (2 =1+4
The idea of the Square Pulse LTD is based on ﬂ&%%pared td(x) =714 09 Y Ea. (2) ap
Fourier theorem, which states that any waveform lman '
duplicated by the superposition of a series of sind

cosine waves. In particular, the constant functfor) 1
defined as
f0)=2 @ g —a=3
4 —a=6
at 0< x< 77, can be duplicated by 0 —a=9
()= i sin( 2p— 1)x - 0.00 X 3.14
- 2p-1 Figure 2. The functionf,(x) depending om.

p=1
If the functionf,(x) is the current in the load, then to

square the pulse at2, the driving circuit has to deliver

to the load two sine pulses with different frequesgcw

and ax~3a, and the amplitude of the current pulse with
in3x the frequencyw, has to be ~9 times less than that the one

f2(x):sinx+&, (3)  with the frequencyu, depending on the requirements to
a the shape of the pulse. The LTD architecture is

Figure 1 shows how the equation (2) transforms (i)
depending orp. For the case = 2 the equation (2) gets
the form
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convenient for such kind of pulse shaping becatse ithese currents are zero tat 0. At arbitrary set of the
discharge circuit is composed of multiple sepataieks parameters, the system (4) does not have analytical
connected in parallel. The output LTD pulse can bsolution. Fortunately, for our current purposes the
squared as in Fig. 2 if the bricks in the cavity af two approximate solution of this system in quite certai
different kinds: part of them are standarddJ'bricks that conditions is enough. These conditions are:

deliver the main energy into the load, and the o=t i) since the standard bricks store the main endiwy
are modified “3J bricks that flatten the top of the outputhave to be matched with the cavity load, i.e. tilowing
pulse. condition has to be satisfied:
[I.ESTIMATION OF THE SQUARE L/s_1]4 _1 “R 5)
PULSE LTD PARAMETERS <, s\c “sh '

The simplified scheme of the square pulse LTD is ii) to square the output pulse, the circuit fremme of

shown in Fig. 3. Her€,, L, andR, are total capacitance, (e modified bricks has to be ~3 times higher et of
inductance and resistance of the standard brick, ﬂfhe standard bricks. i.e.

number of these bricks in the cavitysisSimilarly C,, L,

and R, denote the parameters of the modified brick, the

number of the modified bricks isn. All bricks are JLG ~3JLLCo
connected in parallel and triggered simultaneoasly=

0. The resistancB: simulates the energy loss in the core, iii) in standard fast LTDs, the bricks are designed
L. and R_ are the inductance and the resistance of tigich a way that for the given capacitors and $wicthe
cavity load. We assume also that both standard aififluctancel, is already reduced to its minimal possible
modified bricks are charged to same charge volthgas Value. This means that the inductarigeis limited, at
this is preferable in the real cavity. least from the bottom, by the value

(6)

Li/s Ry/s L L~L. O

1
sCl_Er;rj ic i1, When Eq. (7) is satisfied, Eq. (6) results in
¢ Rc ‘ Ry,

¥ T standard

L
Lafm  Raim C, ~9Cy, and p, = ,c_i ~3p,. 8)
mCy 7™
. Simulations of the circuit presented in Fig. 3igade
Up |  modified that, if the Egs. (5)-(7) are satisfied, the staddand

modified bricks discharge into the lod®] as if they
Figure 3. Simplified electrical scheme of the SquardVerealmost independent on each other. This provides
Pulse LTD. simple understanding of how to design the squatsepu
LTD depending on the desired shape of the outplsepu
The circuit equations describing the scheme in Bigt !N particular, the shape of the top part of thespudhould
t> 0 are the following: depend on relative number of the standard brickthén
B ' cavity, s/m, because (see Eq. (3) and Fig. 2)

t .
L; d R
UOZLJildt“‘—liJ“—lil“‘Pcic’ azlL_SP2ps 9)
Gy sd s l, mp, m
t .
1 ;. L, di, R,. .

Uo =Kflzdt+ﬁzd—f‘+ﬁ|2+ Reic, (4) Wwhere |, and I, are the amplitudes of the currents

20 delivered by the standarti) and the modified brickd 4

into the loadR .

. d,
ic=L —+R i,
Reic Lt RiL

i1+i2 :iC +i|_,

I11. DESIGN AND DIAGNOSTICS OF THE
SQUARE PULSELTD
wherei,(t) is the current flowing in the standard bricks,

io(t) the current in the modified brickig(t) the current in
the resistanc&:, andi,(t) the current in the loaB,_. All

The Square Pulse LTD was designed consistirgyod
standard bricks each of two series GA 35460 (100&V
nF) capacitors, anth = 2 modified bricks each of four



series TDK ceramic capacitors type UHV-12A (50 kVproper concentration. The position of this cavityshown
1.7 nF). Since the capacitance of the GA capaci®rs in Fig. 4 in green. The current flowing in the loags
~8.4 nF = £, atL; ~ 300 nH ands = 6, the cavity measured by using 3 differential-output B-dot marst
matched load was expected to Re ~ 1.4 Ohm. Such similar to those described in [7]. Red crosses etir&s
cavity load means that each of the two modifiedksiis N, W, and S indicate the location of these monitors
loaded into the resistané®, ~ 2R, ~ 2.14 Ohms. If the relative to the position of the standard and medifi
Eq. (7) is satisfied, theR,, ~ 2.14 Ohm is well below the bricks in the cavity.

matched load for the modified bricks:

[L, _ [300nH
~ | =%~ |-———— ~27 Ohms >R, (10
P C, \V17nF/ 4 R (10)

and the current in these bricks would oscillate, &
required.

The layout of the Square Pulse LTD with 6 standar
and 2 modified bricks is presented in Fig. 4, simgnthe
bottom raw of the capacitors in the bricks. In gest
described below the number of the standard bricas w
varied in order to compare test results with siroihe.

MODIFIED

STANDARD

MODIFIED

Figure 5. Modified brick with TDK ceramic capacitors
and standard brick with GA 35460 oil-filled capaci.

The load voltage was measured by using the exdterna
oil-filled resistive voltage divider. The input dhis
divider locates in the center of the cavity loddis it was
measuring the load voltage which is averaged atbeg
load circumference.

IV.PSPICE SSMULATION

The Pspice schematics used to simulate the Square
Pulse LTD is presented in Fig. 6. It consists ssb
standard andh=2 modified bricks. In each standard brick
the capacitance of two series GA capacitors is 423
STANDARD their resistance is 1.2 Ohms. The capacitance of fo
series TDK capacitors in the modified brick is G4,
Figure 4. Square Pulse LTD with 6 standard and Neir resistance is also 1.2 Ohms.
modified bricks. The switches in the bricks are simulated by ugimegy
blocks swxBR_1-8, whoseschematics is shown in Fig.

Figure 5 shows the design of the modified and dsteth It simulates the current-dependent resistance @f th
bricks in this cavity. In both bricks same multigapSWitches [5] to take into account the influence tioé
switches with corona discharge [3-4] are used atigw rathg( dlffgrent currents flowing in the standardda
firing these bricks simultaneously when their capms modified bricks. o
are charged to the same total voltage. The inductance of the standard brick id4L12)=193

The cavity core is made of ET3425 iron tape wite thnH- Itis divided in 2 partd.1=180 nH is the inductance
thicknessd= 80 um, the length of its center linefis-1.2 .OfdtW(i GA cafp{ahmto[s_ a?d the SW'tCth Iocthr;]j,2—13 n:\m]e
m. It consists of 6 rings; total cross sectionrohiin these ![2 ugémce 0 ¢ the S rlp_tlneTﬁor!ngc '?g € Cfatﬁasl'h Id
rings isS ~53 cri. At passive premagnetization, which e gap ot the cavity. the inductance ot theé me

was used in the tests described below, the volmiecobriCk is (2+.22)=207 nH,L2=190 nH is the inductance
integral of this core i¥Seome~17 MVs ' of four series TDK capacitors and the switch lobp2

=17 nH the inductance of the strip line connectihg

The cavity load is made as a 10-mm-wide, 124-mm- ; ; )
long circular cavity filled with KBr water solutiomof mI'DK capacitors with the AK gap of the cavity.



The inductance of the load cavitylit = 2.6 nH, and

RL is the load resistance.
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Figure 7. Schematics of the blocks swxBR_1-8 in Fig. 6.

energy loss in this resistance is given by

c-gL> 4B
6% AB(1)

(11)

where p = 5x107 Ohm.m is the specific resistivity of
ET3425 iron,4B = 3.2 T is the induction swing of
ET3425 iron at passive premagnetization, and

T
AB(r):éIU(t)dt (12)

0

is the induction swing produced in the core bythdong

voltage pulsdJ(t). It is the same as the energy loss due to
generation of the Eddy current in the actual cbreéerms
of the voltsecond integrals, Eq. (11) gets the form

g S Vioore 4675
16° VSpuLse VSpuLse [MVs]

Ohms, (13)

whereVSy & is the voltsecond integral applied to the
core. This integral depends on the number of thedstrd
brickssin the cavity and the load resistarile, for each
givens andRL. The value oVSy = and the resistance
RC were defined in simulations by using the iteration
process.

The resistors Rp1-7=f00hms are introduced into the
schematics in Fig. 6 instead of the wires, theyreeded
to break the inductor loops, as this is requireBspice.

Simulated load voltage &.=1 Ohm (which is the peak
power load for the schematics in Fig. 6) at 200tktal
charge voltage on the capacitors is shown in FigTBe
self-consistent values of the voltsecond inte8, <
and the resistandeC for this load are 5.25 mV s and 8.9
Ohm, respectively. The peak load voltage is ~73 ik¥/,
width at 90% of maximum is ~42 ns compared to ~89 n
at 10% of maximum.

80
% 40 / \
©
g \
\/
2% 50 100 150 200
Time (ns)

The core is simulated as a resistaRtzconnected in Figure 8. Simulated load voltage &L =1 Ohm at 200
parallel to the output strip lines. According tq|,[6he

kV charge voltage on the capacitors.



The energy delivered tBL =1 Ohm during the main
pulse (in ~110 ns) is 317 J or ~62% of 512 J stardte
capacitors. The energy loss in the switches oftaedard
bricks is ~12%, in the resistance of the GA capasit

Fig. 10 presents the load currdntcompared with the
currents measured by separate B-dot probes in shote
as the one presented in Fig. 9. The shape of\tlaadlg
currents in front of the modified bricks is simildroth

~15%, and in the core ~7%. The energy loss in theith two peaks, whereas the curréptmeasured in front

switches of the modified bricks is 6.55 J or ~1.8f4he
total stored energy but ~39% of the energy stonethé
TDK capacitors of the modified bricks.

of the standard brick peaks only once. This indisdahat
the currents from the standard and modified brickihe
given design of the stage do not distribute evembund

the whole circumference of the load cavity.

V.TEST RESULTS

36

To the moment the Square Pulse LTD was tested with 3 —1,
m~=2 modified ands=2 or 4 standard bricks. In these tests, I~ —_
the modified bricks were located opposite to eattten < 24 /’\‘A |s
on the diameter going through the positions of Bagot £ 18 - |W
probes marked by “N” and “S” in Fig. 4. In teststiwR 2 12 I \ L
standard bricks, these bricks were located symoadilyi 3 I \
between the modified bricks on the diameter going @ 6
through the position of the B-dot probe marked I8y’ =t 0 j \ Z
In tests with 4 standard bricks, these bricks wecated \ /
in pairs on opposite sides on the cavity evenlyben 6 &,/
the modified bricks. Thus in tests with 4 standaridks, -12
the B-dot probe marked by “W” in Fig. 4 was located 0 50 100 150 200
between the two left standard bricks. Time, ns

The resistance of the load was definedRasU, /I,
where U, is the load voltage recorded by the externdfigure 10. Load current measured by separate B-dot
voltage divider, andl_is the load current calculated as  probes, and the total load currdptcalculated by using

Eq. 14. Same shot as that in Fig. 9.
[, =0.5l +0.29 + 0 25, (14)

Figure 11 shows the recorded and simulatésh
=5.2 mV s,RC=8.99 Ohms) load voltage at4, m=2,
R =1.55 Ohms, anfllcy =+100 kV. In this case, the two
peaks merge into quasi flat top of the pulse. Tded |
current measured by separate B-dot probes andothk t
load current are shown in Fig. 12. Again, the curreh{s
andls are close to each other, and less than the cugent

where |y, |y, andlg are integrated signals from the B-

dot probes marked by “W”, “N” and “S”, respectively
Figure 9 shows the recorded and simulatéBm =

=3.34 mVs, RC=14 Ohms) load voltage at&=m=2,

R =1.65 Ohms, at a charge voltagkey = 96 kV. It

indicates that the presence of the modified brigksrs

the shape of the LTD pulse in proper direction, #msl

simulation is correct within few percents. 80 \ \
Van
50 > 60— i\
A\ P
40— wat® g / \
: \ g
< 30 S
g \ 20
£ 20 8" \
IS \ - A,
210 0 Ny -
(8]
50 -20 \W/
10 0 50 100 150 200
o Time, ns
20
0 50 Tirr%(e)ons 150 200 Figure 11. Recorded (in green) and simulated (in red)

. ) ) ) load voltage at=4, m=2, R =1.55 Ohm, atUcy =+100
Figure 9. Recorded (in green) and simulated (in red) loagh,

voltage ats=m=2, R =1.65 Ohms, at)c; =96 kV.



the cavity is assembled with some number of medifi

60 : bricks with ~10 times less capacitive storage cipac
‘ —_ than in the standard bricks. Relative number & th
45 IN L modified bricks determines the shape of the oyppige.
g IS The top of the output pulse can be made flatatng it
=l 30 wio can be made rising or falling down depending on the
g I parameters of the discharge circuit, in particutar,the
3 / \ ratio between the total inductance of the standard
5 15 modified bricks. This opens the way to generate the
9 \ output pulses that are most preferable for differen
0 \\ applications.
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V1. CONCLUSON

The results presented in this report definitelgiicate
that the shape of the output LTD pulse can be squiir



