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The Pulse Modulator for the Mod-anode 
of the Cluster Klystron 
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Upton, New York 11973, U. S. A. 

Abstract. A high voltage pulse generator using a %rem type modulator was devel- 
oped. The Zarem type circuit doesn't require a matched load, making it suitable to 
drive the mod-anode of the cluster klystron, which has a capacitive load. The princi- 
ple and the experiments, as well as the analyses and the simulations of the observed 
phenomena, (ringing, pulse 'skirt" and 'deficiency") are presented. 

INTRODUCTION 
The pulse generator under development is dedicated to drive the mod-anode 

of the cluster klystron, of which the function is to switch the beam from the mag- 
netron injection gun. Normally, the mod-anode does not interrupt any beam cur- 
rent, so that the load of the pulser is an open circuit except for a capacitance. A 
conventional modulator or a Blumlein type modulator requires a matched load. 
This does not meet our need. Therefore a Zarem type* modulator is desirable. 

Fig. 1 shows the principle circuits. The PFNs (Pulse Forming Network) are 
(a) Conventional 

Modulator 

=o.=o ZOt20 (b) Blumlein Type - 
Modulator ZL 

C B  
R F  zo (c) Zarem type 

Modulator 

Fig. 1 The principle circuits 

represented by transmission lines, which can also be constructed by coaxial line 

1. To our knowledge, the earliest circuitry of this type fit for a mismatched load was 
designed by A. M. Zarem and colaboratorsl'] in 1958. Vvedenskiil2] also published a 
similar circuitry in 1959. 



or LC network. The switch closes only at one end of the transmission line for both 
conventional and Blumlein type. However, for Zarem type the switch will close at 
both ends simuteneously. This can be realized in different ways. 

To review the advantages and disadvantages of different types, Table 1 lists 

Output pulse voltage 

Pulse lengthb 

Matched load required 

Load resistance 

Table 1: The comparison of different modulators 

Conventional Blumlein Zarem 

v0/2 VO VOa 

ZTO 220 TO 

Yes Yes no 

20 220 Flexible 

a. The voltage depends on the load. shown here is in the case that 

b. PFN delay time = T ~ .  for Blumlein there are two pieces of lines 
load is open. 

with T~ each 

the major concerns. The main advantage for a Zarem circuit i s  that a matched 
load is not required. The disadvantage is that the energy is dissipated by the ter- 
mination resistor rather than the load itself. 

DESIGN CONSIDERATIONS 

The main requirements are as follows: 

Parameters 
Pulse voltage 
Pulse length 
Pulse polarity 
Repetition rate 
Load 

Size and weight 

30kV - 40kV 
250 ns min, 600 ns max 
Positive 

Capacitive (30 - 100 pF, fed by a 90 cm long 
coaxial cable) 
Light and compact is required, since all equip- 
ment has to be mounted inside the high voltage 
dome. 

1-30H~ 

Transformer To be avoided 
The major concerns for the design are the circuit type, the PFN and the 

switch. 
Circuit type --- As mentioned above, the load is capacitive. The output 

voltage required is modest. Therefore a Zarem type circuit is desirable. 
The PFN --- The pulse length required is 300 to 600 nanosecond. A trans- 

mission line to serve as a PFN will be too long, while a LC network is rather com- 



plex. For the voltage range in question, a solenoid is the simplest structure. Its  
schematic structure is shown in Fig. 2. 

Fig. 2. The schematic structure of the solenoid 
The solenoid is wound on a copper pipe. The copper functions as the 

ground. Note that it is not a common solenoid because there is no electromag- 
netic field at the axis, which has been shielded by the copper pipe. Instead, one 
can regard this as a long line above ground which has been wound to compress 
the physical size. The length of the wire wound on it determines approximately 
the delay time. 

The Switch --- A thyratron is usually operated at positive anode voltage 
and it produces a negative pulse on the load. On the mod-anode a positive volt- 
age is required. Thus one has to employ either a pulse transformer, which com- 
plicates the setup, or a spark gap, which can be operated in either polarity. But, 
a spark gap has disadvantages. They are: it requires rather higher trigger voltage, 
the life time is relatively shorter, and especially, it has considerable delay time 
and jitter. Nevertheless, for the time being since the modulator is only being used 
for klystron R & D, these disadvantages seem tolerable. 

The schematic circuit of the setup is shown in Fig. 3. Two solenoids are 

Fig. 3 The schematic circuit of the modulator and test probes 

employed to shorten the length and thus make the setup more compact. The 
major designed and/or tested parameters are a s  follows: 

Pulse Voltage 
Pulse length 
Rise time 
Fall time 

40 KV 
350 nS 
18 nS 
85 nS 



Flat top 330 nS 
Repetition rate 
PFN lmpedance 180 Ohm 

Single shot (max 2 Hz, limited by PSI 

THE ANALYSES OF RINGING AND SIMULATION 

The experiment began with low voltage. At this stage the spark gap was 
replaced by a mechanical switch. A large number of experiments have been 
done13]. The basic principles were verified in these early experiments. However, 
there erdsted a couple of problems. Most troublesome was that on the front edge 
of the pulse there always existed an oscillation, or ringing. 

Ringing is a very common occurrence in pulse measurements. However, the 
causes are quite different from case to case. Many possibilities were investigated. 
Too fast a rise time of the pulse may easily cause an overshoot at the front edge, 
accompanied by a decaying ringing. But this is not the case here because the 
ringing appeared even durlng the rise time and the overshoot is not obvious. The 
irregularity of the PFN is unlikely to be the cause either, because lots of compen- 
sation methods were tried but couldn't cure it, though sometimes we got more or 
less improvement. The impedance mismatch between the PFN and the test cable 
or multiple reflections inside the cable were excluded by the experiments. The 
mechanical switch showed a certain poor repeatability in microsecond time 
structure. but the ringing phenomenon is by no means random. We tried differ- 
ent switches, including an electronic switch, but that didn't help. 

Eventually, we found that the problem source was the parasitic parameters. 
Fig. 4 shows the equivalent circuit, where $ is the inductance of the wire con- 

RT Copper pipes 

k3.44-33" 4 3 . 4  

0.4 
Fig. 4 (a) The equivalent circuit with the parasitic parameters 

being taken into account 
(b) The model for calculating capacitance 

necting the switch, C, is the parasitic capacitance between the copper pipes and 
the ground. Note that the helical wire can't shield the rf electric field between 
copper pipe and the box (ground). Obviously, when the switch is closed, the cop- 
per pipe is not really grounded but has an oscillation voltage on it. This oscilla- 
tion must overlap on to the output pulse. 

The capacitance was calculated according to Fig. 4(b) to be 74 pF. In order 
to verify the above argument, an experiment was arranged where we adjusted the 



Fig. 5 The ringing with different wire length 
(a) 5 cm, (b) 10 cm, (c) 15 cm, (d) 42 cm 

inductance by means of changing the length of the wire to check if the ringing 
frequency will change correspondingly. The results are shown in Fig. 5, The 
experiments revealed clearly that the longer the wire, the longer the period. Table 
2 lists the oscillation periods related to the wire length. The inductances were 
deduced from the data and are entered in this table. These values are consistent 
with that estimated from the real wire size. 

Table 2: Tested ringing periods 

Wire Ringing Induc- 
length period tance 

cm nS nH 
5 12 4.9 
10 17 7.3 
15 20.9 11 

all 2o.V 
cH2 a.v 

A loons -6.2-V M I  

I " ' ' t ' .  'I 

Fig. 6 The ringing at the pipe and the output 
Fig.6 shows evidence that the ringing at the pipe (lower wave) is coupled to 

the output (upper wave) 
A simulation via the code Micro-Cap IV also demonstrate the Same phe- 

nomena shown in Fig. 7 .  The PFN is simulated by a LC network with 24 sections, 
where the parasitic capacitance is also distributed in each section with the total 
value of 74 pF. The parasitic inductance L, was adjusted Over a similar range. 



Fig. 7 The ringing phenomena simulated by Micro-Cap IV 
Upper: The circuit: Bottom: The results with different parasitic 
inductance L1: (a) O n H ;  (b) 5nH; (c) 10nH; (d) 15nH;(e) 30nH 

THE ANALYSES OF THE "SKIRT" AND "DEFICIENCY141 
For high voltage experiments when the spark gap was applied, an interest- 

ing phenomenon was found in the Zarem type modulator, namely the "skirt" and 
the "deficiency". 

The spark gap needs a limited time for breakdown. Consequently, the out- 
put pulse is always behind the trigger pulse with a random delay time. Before the 
front edge of the output pulse there appears a 'skirt", Fig. 8 shows some typical 
experimental results. It can be seen that the "skirt- shape is random. Sometimes 
it lasts 200 nS. Besides the 'ringing" and the noise on the top of the pulse, the 
"skirt" is always accompanied by a 'deficiency" on the rear part of the top. Inter- 
esting enough, no matter what the 'skirt" shape is, if one cuts the "skirt" and 
amends it to the 'deficiency", it will just fit, as  the shaded areas shown on the 
Figure. 

The random "skirt" feature is considered to be due to the performance of 
the spark-gap. Since the breakdown in the main gap occurs gradually, the spark 
gap requires a finite amount of time to close the circuit. The cause of the 'defi- 
ciency" is recognized as  a feature of the Zarem circuit. 

. 

1 



I f  

Fig.8 Experimental pulses showing the "skirt" and the "deficiency" 
CH1 -- trigger pulse, CH2 -- main output pulse 

The essential feature of a Zarem type pulse generator is that a charged 
transmission line discharges simultaneously at both ends, to which an open (or 
capacitive) load and a matched load are connected respectively. The latter will 
absorb any reflected wave from the other end, but also produce a discharge wave 
toward the other end. Fig. 9 illustrates the process in detail. We assume the 
coaxial line is matched with the PFN, i.e. 2, = 2, and replace the matched termi- 
nation RT by an infinfte transmission line for making the illustration clearer. It 
shows the "snap shots" of the distributions (location dependent waveform) at var- 
ious times. Fig. 10, deduced from Fig. 9, shows the waveform (time dependent) at 
different locations. At the load point, L, the waveform has full voltage VO with the 
same magnitude as that of the DC supply and the duration is exactly the delay 
time of the PFN, T ~ ,  but has a time delay zl. However, at the other end of the PFN, 
point B, there are two pulses in sequence with magnitude of only a half voltage 
V0/2 and duration time of zo for each. At the middle of the PFN, point C, there 
are also two pulses in sequence, but the first one has full voltage with a half 
duration time, x0/2. the second is half voltage with full duration zo. This has also 
been demonstrated by the experiment as shown in Fig. 11. 

The above analysis is for an ideal switch. The function of the switch is 
equivalent to a voltage source VJt) with a step function: 

0 t < O  { 1 t 2 O  Vs( t)= VoS(  t )  where S(t) = 

For an imperfect switch, the equivalent voltage source S(t) is not a step 



z1.:1 _A C r! - - -z_=L%=pr- L 
6' %.% - - - - - - - - - -  

2 Closed at t = 0 

Z/C 
L A  C B 

t < O  v=o 

t = o+ v=vl 0 

t = '1 

Fig. 10 The pulse waveform at 
different points 

Fig. 9 The voltage & current profiles along 
the PFN at different times. Solid line--voltage, 
Dash line -- current (positive to the right) 

Fig. 11  The experimental waveforms 
function, but a random function. Fig. 12 illustrates the equivalent circuit. Fig. 13 
shows the equivalent discharging loop at the end of PFN. At point A, it produces 
two waves in different directions with amplitudes of: 

Note that they are of different signs. At point B. a similar discharge process 
occurs where 

R, Z ,  



Fig. 12 The equivalent discharge circuit 0.5 

0 

-0.5 

Fig. 13 The equivalent discharge 
loop at the end of the PFN 

Fig. 14 The output pulse 
summed by the two waves 

The output pulse is the sum of the two waves with different time delays. 
Assuming 2, = 2,. RT = &, then: 

V,(t) = v S ( t - z l ) -Vs ( t -ZO-Z1)  

Fig. 14 illustrates the summation and shows that the shape of the 'defi- 
ciency- is exactly the shape of the 'skirt" except reverse. Thus the phenomenon 
described above is explained. Simulations via the code Micro-Cap N also show 
the same results. 

THE FEATURES OF THE SPARK GAP AND IMPROVEMENTS 
It  is recognized that the key point is the imperfection of the spark gap. Its 

breakdown is dependent on the voltage. It is faster when the applied voltage is 
close to its upper limit. We connected an extra capacitance in parallel with the 
spark gap which is charged with high voltage and will sustain a higher current 
providing more energy early in the breakdown so as to speed up the process. The 
'skirt" is improved but still exists. 

Another phenomenon is recognized that there exists "cross interaction" 
between the trigger electrode and the opposite electrode, allowing the trigger 
pulse to leak into the main pulse and form a 'sklrt". 

The process is like this. The spark gap is operated at mode A (see Fig. 15) 
recommended by the manufacturer. At first, the gap T-A (between trigger elec- 
trode and the adjacent electrode, see Fig. 151, breaks down after the trigger pulse 
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.7 Fig. 1 5  The dlfferent operation 
modes of the spark gap Fig. 16  The improved output pulse 

is applied. Secondly, the gap T-0 (between trigger and the opposite electrode) 
breaks down. At this stage, because the area of the trigger electrode is small, the 
discharging current is limited and only forms a partial discharge to the opposite 
electrode. This is ycross interaction". In other words, the main gap is not fully 
closed but has a resistance, or a "partial close-up". This causes a "skirt". After 
the discharge expands to the whole area, the third stage, the gap 0-A breaks 
down, i.e. the main breakdown occurs. Only at this moment, can the spark gap 
be regarded as really closed. 

Based on this understanding, we tested an alternative mode, mode D. (see 
Fig. 15). where the trigger is applied with a negative pulse, the same polarity as 
the opposite electrode, so that the voltage between 0-T is less than the voltage 
between 0-A. Therefore, the above mentioned second breakdown between gap 0- 
T will not happen. Namely, one can get rid of the "cross interaction". The experi- 
ment verifies the above argument and a much better result was obtained. As 
expected, the deficiency disappears also. Fig. 16  shows the improved result. 

CONCLUSIONS 
A pulse modulator of 350 nS and 40 kV was designed and tested. Analyses 

and simulations have been done to explain the observed phenomena. The ringing 
is due to the parasitic parameters. The 'skirt-deficiency" is an intrinsic character 
of Zarem type circuit if the switch is imperfect. The operation mode has to be 
carefully chosen if a spark gap is employed. 
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