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ANALYSIS OF AM INDUCTIVE ENERGY HIGH PERVEANC E ELECTRON BEAM GENERATOR

Maurice Weiner
• Electronics Technology and uevices Laboratory

USA Electronics R&D Coenand
Fort Monmouth , New Jersey O/70J

Su~~ary

Recently Slivkov and Dolgachev1 proposed an node of operation , and to higher voltage operation ,
interesting type of electron bean generator , consist— are discussed.
ing of a high voltage triode in series with a stor-
age inductor. During the storage tine the triode Basic Circuit D escript ion
operates with a depressed collector voltage. A high
energy current pulse is obtained when the triode is The basic circuit with no al lowances for oscil-

• switched f rom a high perveance state to a low lations is shown in Figure 1. initiall y a large
• perveance one, voltage is placed on the grid. When the contact at

B is closed , current will start to build up, result—
In this paper, the circuit model for the bean ing in energy storage in the inductors L1 and Lgenerator was expanded to take into account grid During the storage interval the grid voltage wi?l

capacitance and beam loss. Computer results based exceed the anode voltage. When the current has built
on the new circuit model predict a train ot sinus— up to a point close to its maximum value, aignirying
oidal like pulses in the triode output when the grid the end ot the storage interval , the spark gap at P
is suddenly connected to a portion of the storage • is fired. The grid potential is then suddenly
inductor. An electron bean generator, capable of reduced to the potential at the point of the tapped
producing a train of megavolt pulses at high cur— inductance. As a result of the reduced grid voltage ,
rents, appears to be feasible. a large rate of change in the current will occur ,

accompanied by a build—up of voltage acrQsa the induc-
Introduction tore , L1 and This voltage will appear across the

triode, producing the high voltage electron beam .
In recent years much attention has been given

to beam generators which utilize inductive energy In the circuit of Slivkov and Dolgachev the volt-
storage. Compared to capacitive energy storage, age reduction i~ instantaneous since no allowancesinductive storage has an inherently large ratio of are made for grid capacitance. Ihe circuit model
stored energy to weight. For applications which also does not include the effect of beam losses. In
have a low weight requirement, therefore, inductive this paper both grid capacitance and beam loss are
energy storage is an approach worth exploring, incorporated into the circuit model.

In most beam generator designs considered pre— Modified Circuit Model
viously, the operation was limited to either single
shot or involved coercive pulsing. i.e., an external The more detailed circuit model is shown in
switching voltage was supplied for each output Figure 2, where the grid cathode capacitance C • and
puiss. Less consideration has been given to the a resistance, R • shunt the inductor. R~ repr~sentsburst mode of operation, i.e., to the generation of grid losses a.Jciated with beam interception and
a train of pulses. Unlike coercive pulsing, a beam loading. Initially the grid cathode capacitance
switching voltage is required only to start and ter— is charged to the volta ge V5 . When the spark gap is
sinate the pulse train. The burst mode therefore fired current from Vc begins to flow in L1. A fter a
places less stringent requirements on the switch, time roughly equal to Ll/kc, where ~c 

is the charging
particularly when rapid pulsing at high power resistance, the voltage across L1. Rg. and C5 w i l l
levels is sought. significantly decrease and the grid cathode capaci-

1 tsnce will start to discharge. This will be followed
Recently Slivkov and Dolgachev proposed an by oscillsttonl in the grid voltsge. associated with

interesting type of electron beam generator, consist— the C circuit. The oscillations in V will intro-
• ing of a high voltage triode in series with a ster— duce corfesponding variations in the triJe impedance ,

age inductor. The triode operates with a depressed which in turn will give rise to large variations in
collector voltage. A foil window is provided at the the inductive voltage. The inductive voltage oscil-
anode end to extract the electron beam. lstions then will appear across the triode. The

oscillations will be affected by the losses given by
An attractive feature of this design has to do Rg. Ic, as well as by the variation in voltage across

with the fact that the switch snd bean accelerator L1 induced by the change s in, the primary current
functions are performed in the same structure. In flowing in L1.

• previous designs utilizing inductive energy storage ,
the switch and accelerator functions were performed Simple conditions under which oscillations will
in separate components. Thus th. new design is occur may be obtained as follows . In order for oscil—

- • simpler and the system is made more compact. lation s to occur , the fall time of the voltage across
L should be ’ less than the period of oscillation .

The analytic treatment previously considered dius LI /RC C< 2w (L1C,)¼, orR~))(l/2W)(L l/Cg)4.• was geared toward single shot and coercive pulsing. Similüly the grid resistance should satisy the
In this paper the circuit model for the generator condition It5))11121T)(Lj/Cs)% . in addition the o.cil—• his been modified so as to allow for the existence lation peri~d should be iCss than the fall t im. ot
of oscillations , i.e., the burst mode of operation. the primary current . The fall ti.e will be discussed
Computer results based on the new model clearly in— later.

- 
dicate that strong oscillations are present under a

k variety of conditiona. Modifica tions in the gener-
ator design which ars more suitable to the burst
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An alternative grid circuit for exciting oscil— Circuit R~sponse After Firing of Spark Gap at P
• lations is shown in Figure 3. Instead of using a

bias voltage , the grid—cathode is pulsed during the Computer results have been obtained for both
storage interval. The pulse voltage is then the biased and pulsed grid cases. In particular.
removed at the same time that the spark gap is the variation in V and I as a function of tine,
fired. If the fall time of the pulse is small subsequent to the hring of the spark gap, have been
compared to the period of oscillation, afl(L1Cg)½, oblained. In obtaining the results for the acceler—
the grid—cathode capacitance will be “shock” ation interval the triode nature of the device is
excited and grid oscillations will occur, which in fully taken into account. Equations which govern
turn will give rise to high voltage oscillations the circuit, as well as the computer programs used
across the accelerator~ The requirements that for their solution, are discussed briefly in the

and that the oscillation period Appendix.
be less than the fall tise of the primary current,
also prevail. Typical megavolt (MV) oscillations in Va, for

the biased grid case, are shown in the upper curve of
In general, grid pulsing with a steep fall time Figure 4. The corresponding decline in the induction

will result in somewhat larger amplitude oscilla— current, from which the energy for the oscillations
tions, compared to the bias mode where one has a is derived , is shown in the lower curve of Figure 4.

finite Sc in the circuit. The two modes are equivs— Damping of the oscillations occurs when 1c’ the
lent when 1 -‘ ~~. Choosing a very large value charging resistance, is decreased. A similar damping
is prohibitive since this implies extremely large Occurs when the shunt resistance, R~, is decreased.
values of V~ at the ssae grid current levels. Eventually the current decays to a value determined
Another potential advantage of grid pulsing is that, by Equat ion (1) with V1 — 0 s,nd V5 Vb.
after a pulse train has died out, little or no
current flows through the spark gap and it is Computer results were obtained for various values
relatively easy to open up the grid circuit in prep— of the tapped inductance, L1. As expected , the pulse—
aration for generating another pulse train. The width is narrowed by decreasing L1. The narrower
potential advantages of grid pulsing, however, must pulses usually are accompanied by an increase in
be balanced agains t the added circuit complexity amplitude, indicative of the wider awing in grid volt-
needed to supply the grid pulse with a steep fall age permitted when 4 is decreased.time .

Figure 5 shows that similar oscillations are
Voltage Current Relationship in Triode present when the grid ii pulsed. Th. parameters of

Figure ~ are identical to those ot Figure 4 , except
In order to obtain numerical results , the for the omission of V~ and R~. An infinitely steep

relationship among the grid voltage V , the anode- fall time is assumed. As mentioned previously, some-
cathode potential, V5. and the current, I, must be
aa~umed. For this purpose the following is adopted:2 what higher amplitude oscillations are expected for

the pulsed gr id case , because of the presence of 11c
and the assumption of an infi nite ly steep fall time

I — K ~ + ~~ 

in the grid pulse.

$ 
~ J (I) Since the output voltage amplitude is ~ u P • the

required grid voltage may be decreased by incrJsing
where K is the triode pervesuce and li is the m p h — the amplification factor , U . Figure 6 shows the MV
fication factor. During the storage interval V is oscillations which sre present when V — 100 kV and
normally larger than V~• If Vg >>V a. then Equation U —  10, compared to the values V5 — ~9O kV and
(1) reduces to the diode equation — 2.5 in Figures 4 and 5.

— i~v~~ (2) Fall Time
1

The fall time of the primary current may be
approximated if we assu me the currant flowing through

When the switch is closed, however, it will no longer 4 is equal to I, i.e., we ignore the currents in the
be trus that V5

>> V~ since V~ nay decline rapidly , secon dary loop s (Figure 2). Under these circus—

In order to demonstrate how the large volt age current is
stsnces the differenti al equation governing the

oscillations develop, it is instructi ve to solve
Equation (1) for 7a’

(4)
• ~ f(Ir  v~J 

(3) ‘1b (L j  + L2)  ~~ + u [ (i i  - V
gJ

Ihei t ly before the spark gap is fired U (I/1t11 -The form of Equation ~4) is identical to that of the
diode if we regard the power supp ly voltage asand UP represents two large quantities whose differ-

ence ii equal to the paver supply voltage. When the

the ~~~~~ store in the inductive elements.

spark gap is fire4~~V5 will Mdergo rapid oectUa-

_ _ _ _ _  

__  

i-

-

-

Lions while ii (I/k will change slowly because of

Me

~~~

ng V~ drop. to about V~ 0, the magnitude of V~ - V~ + iV1
the voltage svimg in Va will be approximately U
where as Los initial voltage on the grid.
If we allay V~ te become negative, vo ltage peaks of
~ 2W ~~~ mey I .  attained.

I- 

-

‘ 
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and the diode perveance as Ce — l60xL0~~ perveance. From Figure I, at I — I000A .
• ‘4 the storage time is 233ps, at which point 38 per—

cent of the maximum storage current and S2 percent of
K’ — 

(8) 
the maximum anode—cathode voltage is achieved. The
storage efficiency is approximately 58 percent at
this point in time.

The fall time constant, tf, for the diode case is
1

A general expression for tne storage tine con-
stant t~~,ana1ogoue to LI1, is given by (4 + L2)KeVb~L.
The time constant for the aforementioned example is

tf — (I.1 + L2)K’ p~½ (I) 408 Us , indicating we have chosen to fire the spark
gap before t r. Choosing to fire the spark gap at a
time much larger than the time constant is wasteful

Making use of Equations (5) and (b). the fall time of energy , since the efficiency is low and little
for the triode is gain in energy storage is achieved. On the other

hand, choosing a firing tine much less than the time
constant, although highly efficient, may not provide
sufficient storage energy.

t — 
(L~ + L2)K (Vb + V

1 
) ( 8 )

Periodic Focusing

The use of a single control electrode is prob—

For the parameters listed in Figure 4,for example, ably not the optimum type of structure to achieve

tf 6.4Us. Note that the fall time calculated from ~~ pulses at high beam currents. In order to avoid

bquation (8) is in approximate accord with the exact breakdown a fairly large anode—cathode space is

computer results shown in the curves of Figure 4. As needed. Given such a large space the transmission of
mentioned previously the oscillation period must be the beam current with only a single grid is difficult

less than t~ in order to achieve large amplitude to achieve without heavy beam losses , caused by space

oscillations , charge effects. One possible means for overcoming
this problem is to use a quasi—periodic electrostatic

inductive Storage Interval focusing~, as shown in Figure 8. The grids alternate
in potential during the storage interval. One set is

During the storage interval it is important to connected to a high grid potential. The other set is
• know how quantities su~h as the current I, and anode— 

connected to various points on the inductor, When
cathode potential, ~a, and the efficiency , fls, vary the spark gaps are activated, the grid potentials are
with time, t. These quantities have been calculated suddenly reduced, giving rise to a large rate of cur—
previously 1 for the case of the vncuum diode, and rent change, which in turn produces a high voltage
are shown in Figure 7. burst of bean current . If all the acceleration grid

voltages are switched simultaneously then the total
A similar calculation for the triode is cozsplt— change in grid voltage willbe nV where V8 is the

cated by the fact that , during the storage interval~ 
voltage applied to each grid, wit~ respect to its

Equation (3) does not apply. During the bulk of the adjacent electrode. n is the total number of grids.
storage interval , Equation (3) States that V5 < 0, The amplitude of the output voltage will then be

• which is contrary to fact if we assume the grid does ‘)U’18. 
The circuit equivalent nay be considered that

not supply any appreciable energy to the beam. The shown in Figure 9.

reason for the discrepancy lies in the fact that
Equation (3) does not account for the beam deacceler. Trajectory calculations for a planar bean in the 

-

ation in the grid—anode region. In order to accu— presence of such a periodic potential indicates fair
rately relate Va to I and V1, during the storage transmiseion, approximately 80 percent.3 No trajec—
interval, a beam analysis should be undertaken. tory results have been obtained for the case of a

cylindrical bean, however. In addition , no trajec—
A rough approximation of the storage behavior tory results were obtained which apply to the acceler—

may be obtained , however, from the diode results. ation interval. This is a particularly important area
We adopt the view that V has the effe ct of incress— of investigation since there exists the possibility
tug the effective p.rvea*ce of the generat or . For that the beam will blow up during the acceleration
the s current , I, and anode—cathode voltage drop , time , thereby reducing the beam transmission.

one has
Heating of the Anode Foil

I • K~ V? — K [v5 + 
Nestin g of the foil will present severe problems.

Suppose a design corresponds to the parameters of
Figure 4 , and that a 1 nil thick gold foil with a
20 cm2 area is chosen for th. anode. At one u,ii thick—

•,~ ness the I MV electron s will pass through the toiL
largely unsctenuated while the storage state electrons
will be absorbed. A beam srea of 10 cm2 is chosen

e ~ [V 
since , for a current of 1000 saps, the cathodes now

K — + ...LJ (10) available yield current density of IOA/cm2.
a U I

ly the end of one storage interval the beam will
hay, delive red energy to the foil in the amount

where is the equivalent perveance of the diode and
• 

• 

• ~a 
ii evaluated at the end of the storage interval. ¼ (l.i+4)

• 
- 

• - An an ex~~~le , Z~ may be evaluated for the par ters
listed in Figure 4. Making use of Equation (10) , POT the previous example fl5 — 0.58 , L1 + — 10.25,

.- :
~ t-
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and 1 — lu~ amps, so that the energy dissipation )) Consideration must be given to the technique
in the foil is 3600 joules, assuming all the bean, which will be used to open up the grid circuit atter

• energy is absorbed. Assuming that no heat is con- each burst of oscillations . As mentioned previously
ducted or radiated away during the storage interval, the problem is lessened in the grid pulsing case.
2:s3ps, the foil will attain a flash temperature of One possible approach i~s the piacement of a repeti—
abou t 28,000 C. Although the actual temperature tive series interrupter ~RSi) in the grid circuit.
will be much lower because of heat losses, the
example is indicative of the severe heating problem 6) In order to obtain reasonably small diameter
one may expect. One possible approach is a trade— beams, fairly large current densities are required.
of f which reduces the storage energy . For example , A cathode study must be undertaken to determine
using 10 3H instead of l0~~H, will reduce the cal— whether such cathodes are feasible. Large conver—
culated temperature by an order of magnitude , gence ra tio cathodes may be one approach for obtain—
although the droop in the oscillation will be ing the high current density levels.
increased.

Appendix
A more desirable technique for reducing foil -

dissipation involves defocusing of the beam during The ioop equations for the circuit of Figure 2 are:
the storage state , so that the bean does not strike
the foil but is instead collected by adjacent elec-
trodes able to with,tand the dissipation (Figure lU).
Ouring the acceleration state the bean is focused 

v v + d (I—I —I —I
into the foil. The focusing may be accomp lished , b a 

L1 2 3 j~_ + L2 ~~~~~~ (Al)
possibly, by proper design of the electrostatic dt dt
control grids, so that during acceleration the high
voltage automatically refocuses the beam onto the
foil. The focusing may be aided perhaps by a pulsed
longitudinal magnetic field which is introduced
shortly before the start of the acceleration cycle. L1 d (l—1 2—1 3—114) 

— 12R8 (1.2)

Conclusions And keconsnendations

A circuit analysis was performed on a beam
generator design utilizing inductive energy storage.
The design resembles that ot a triode with a depress— ~2~g 

— V8
ed collector anode. The results of the analysis
indicated that MV pulse trains at high current
levels will occur, The analysis also strongly

• suggests that such oscillations will occur in a
multi—gridded structure having a periodic potential.
The nulti—gridded structure will allow the extension
to higher acceleration voltages.

121g — V + 14 1c (1.4)
Suggested areas for further design study

include the following:

1) A beam trajectory study for the periodic
potent tal should be undertaken to determine the 2
quality of transmission. High levels of beam 1.1 d (I—I2~I3_I4) — 

d12 IL.
transmission are required in order for the dt2oscillations not to damp out. Such a study also
will dictate the choice of circuit parameters and
the dimensions of the structure.

2) the concept of defocusing the beam at the dl dl
• anode during the storage Interval should be in— ....i p, — 

-._.~. R~ 
(*6)

corporated into the beam trajectory analysis. As dt • dt
mentioned previously, defocusing th. beam will
ease the thermal dissipation problems assoc iated
with the window .

3) Design consideration .hould be given to
mi.i.izing the voltage drop across the accelerator d12 ~ 

13 (Al)
during the storage interval , while maintaining high di ~ 

— ccurrent leve ls. Thi. means resorting to a st ruc-
L ure with a large effective perve ance. A lower volt-
age drop will make the concept compatible with volt-
age generating machines , which are capable of •

supplying high currents st a few kV. V
~ 

is given by

4) The use of supercooled Inductors should be — u + V 1 (A8
considered in the d.etgn. At low impedance level. K
the resistive losses in the storage inductors
should be cc low as possible in order to take
advantage of the concept of inductive—energy
storage .

It 
- 
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where V is replaced by —V8 because of the sign
convent!on of the circuit . The initial conditions
are :

I — 10 U9~
— 0 (AlU) 13 

E c y sos
14 — 12 — Vc/O(c + R8) (Ail) e..

1
p R9 ~2 BEAM GENERATOR

~~/SL_ .~~~L,.~~~
_ 

~~~~~1—~Equations (Al) — (A8) were solved by an itera— I 1.2 L1 I ~~~~~~~~~~~tive procedure using a Burroughs 5500 computer.
The computer program employed a Runge—Kutta—Nystron, —
starting procedure followed by the Haaming method. j. V1,
Details of the programs are found elsewhere.4
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