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Magnetic insulation of a space-charge dominated flow
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We report experimental results of magnetic insulation of a space-charge dominated electron flow in
a low energy vacuum diode with ferroelectric cathode. Although in the absence of the magnetic field
the high current densities are measured well above the estimated space-charge limiting current, the
diode is shown to be insulated by a relatively low magnetic field controlled primarily by the anode
voltage. A model which accounts for the two-dimensional nature of the electrons flow in the diode
has been developed and it reveals the microscopic picture of the flow. From the space-charge
dominated vicinity of the cathode, electrons leave the small emitting area towards the large radius
anode ring, along a trajectory that is parallel to the applied magnetic field. Only in the close vicinity
of the anode plane, their trajectory bends towards the ring. Good agreement between the
experimental data and theory was found. 2003 American Institute of Physics.
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I. INTRODUCTION that the ferroelectric cathode governs the electron dynamics

in the first few microseconds for diode gaps on the orders of
More than a decade ago Gundei all reported on 1 ¢m?91516

strong electron emission from ferroelectric ceramics. This  The external triggering of the electron emission by a
discovery was followed by extensive resedr¢treporting relatively low voltage is the main advantage of ferroelectric
various aspects of electron emission from ferroelectrics. I athode over field emission sources. Other advantages in-
most cases, the research was motivated by finding an altegy,ge the availability of high total current and relatively low
native emitter to be used in high-power microwave sourcesyacyum requirements. One of the main characteristics of
Atypical ferroelectric cathode consists of a ferroelectric “ca-foroelectric emission at low anode voltages is that the mea-
pacitor” ywth a umform back electrode .an'd a thin grldde'd sured current exceeds Child—Langmi@L) limiting current
one, facing the diode gap. Ellectr-on emission frqm the gr'.dby several orders of magnitud&’ It is important to em-
ded surface follows the application of a triggering electrlcphasize that the CL limiting current is given only as a refer-

field of ~1>10°V/m and duration of 100-500 ns to the ence to the high current densities involved with strong elec-

capacitor. ron emission from ferroelectric cathode, and by no means
Basically, two different approaches have been adopted iﬁ ) . . " y ho me
we consider the one-dimensional calculation of the limiting

order to explain the strong electron emission from ferroelec- lid in thi lati K
tric cathode. The first approach focuses on variation of th&Ur"ent to be valid in this case. We are contemplating to take

internal properties of ferroelectric induced by an externadvantage of this characteristic for construction of a low
field, while the second relies on electron emission from sur¥eltage (<1000V) miniature coherent source of radiation.

face plasma formed on the gridded electr88ethe only ~ While the high currents associated with a low voltage ferro-
quantitative model for strong electron emission from ferro-€lectric emission guarantees high available power for radia-
electric available to date was proposed by Btieret al”  tion, the space-charge forces associated with this current may
and it explains a wide variety of experimental data whichdeteriorate the bunching process entailing considerably
was presented in Refs. 8 and 9. Moreover it has been showawer the conversion efficiency.
theoretically that even when the ferroelectric is treated as a A possible solution for the bunching deterioration is us-
linear medium with a very high dielectric coefficient, stronging a cross field configuration. In a cross field devitéke
electron emission is expectédand high current densities the magnetron, a magnetic field is applied perpendicularly to
above the space-charge limited current is feasible in a diod#he diode electric field. Above a certain value of the magnetic
with a gridded dielectric cathod@. field (Bc) the electrons are magnetically insulated from the
Direct evidence of plasma formation on the surface ofanode. Drifting of the electrons towards the anode occurs
the ferroelectric cathode was given by observation of theonly when the initially uncorrelated electrons, become
plasma flashover with a fast charge-coupled devic€D)  bunched losing some of their energy to the radiation field. As
camerd®*® and by direct measurement of the ion and elec-energy is lost, electrons approach the anode where the radia-
tron currents:* However the conclusive role of plasma on tion field is stronger thus enhancing the energy conversion. It
the electron dynamics in the diode gap is still to be deterjs therefore possible that a low energy cross field oscillator
mined. In fact several authors have shown experimentallyzsed on a ferroelectric cathode will allow us to investigate
the important trade-offs between a space-charge dominated
dElectronic mail: lahav@tx.technion.ac.il beam and high conversion efficiency.
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Il. EXPERIMENTAL SETUP g Lo
In this study we focus our attention to the quasistatic
phenomenon in a cross-field diode with a ferroelectric cath-
ode. Specifically, we have examined experimentally the mag- -1.5 . . : !

netic insulation properties of the experimental setup which is
illustrated in Fig. 1. The ferroelectric cathode consists of a
ferroelectric “capacitor” made of commercially available
(American Piezo Ceramic-“856" PLZJ ferroelectric ce- 00
ramic disk; its diameter is 20 mm and its thickness is 1 mm.
The capacitor’s back-electrode is uniform whereas the front
electrode, i.e., the one facing the diode, has a single circular
hole in the center; its diameter is 2 mm and the electrode’s
thickness near the hole is less than /.

The front electrode is grounded and electron emission is
triggered by applying to the back electrode a 200 ns negative
pulse. The pulse is generated by aQulse forming net-
work (Blumlein); its peak voltage is~1.3kV. All signals
were monitored for the first 2.as. An annular brass ring of -15 . . L L
30 mm internal radius and 35 mm external radius located at 00 05 10 L3 20 25
a distanceg(=4.5 mm) forms the anode. Its center coincides Time [usec]
with that of the front-electrode hole and it is connected to &IG. 2. The diode current for three different triggering events. The vertical
10 nF(low inductance< 10 nH) capacitor. dashed lined denotes the start and end of the triggering back electrode pulse.

The pulsed axial magnetic field is generated by a pair offhe anode capacitor is charged to 370 V in all three events. Top frBme:
Helmholtz 12 cm diameter coils placed 6 cm apart along the™ 0 [Gaus$. Middle frame:B=24[Gaus§ Bottom frame 8 =136[Gaus$
setup axis—not shown in Fig. 1. Each coil consists of 40
turns of 1 mm wire wound around a Teflon core. The degree Vacuum levels are kept underdl0~® Torr. The back

OT uniformity of thedmagne'éilc ﬁEIdd?n the di%dfe vaé:uurg ri‘;' electrode voltage \(gg) and anode voltageM,) are mea-
glon was measured under dc conditions and found to be bef;, o yith standard Tektronix Probe. All dadn(Vee,l Al )

ter than .96%' T_he coils are_energized thron_JgIR@ dis'_ are collected using a 500 MHz Tektronix oscilloscope
charge circuit with a decay time of 1 ms. Since the d'OdZ(TD8640@

metal parts may prevent full penetration of the magnetic fiel

into the anode—cathod(_a gap, the diode is triggered with A RESULTS AND DISCUSSION

delay of at least 2 ms with respect to the discharge current in

the coils. The magnetic field is determined based on mea- Three different triggering events are illustrated in Fig. 2;

surement ofl | using a calibration curve prepared with a 1 in all three events the initial voltage on the anode capacitor is
kHz current-source. Both_ and the diode currentl{) are  kept constant. In the case illustrated in the upper frame no
measured with Pearson current-monitors. axial magnetic field was applied whereas in the other two

B=136 [Gauss]

Diode Current [A]
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frames the applied magnetic field was 24 and 136 G. The 2.0
arrow indicates the start and end of the pulse that triggers the
ferroelectric cathode. It clearly reveals that in the absence of
axial magnetic field, current starts flowing in the diode im-
mediately after the back-electrode is pulsed. A peak diode
current of 1.2 A occurs about 250 ns after the back electrode
voltage peaks. Similar delay of the current peak with respect

to the back electrode triggering pulse has been observed in é‘
the past in both high and low energy experiments and has %
been explained in terms of the nonlinear response of the
ferroelectric’~"The diode current maintains levels around

1 A for at least 1000 ns after the peak value has been

three trajectories flow
(p=0.5,p=1.4,p=2)

one trajectory flow
(p=14)

reached. 0.4

As in other experiments with low energy diodes operat- o 8
ing with ferroelectric cathode!’ the measured currents in Experiment S g g 8 o
the absence of axial magnetic field are at least two orders of 44 . . ) : )
magnitude higher than the CL space-charge limited current 0 20 40 60 80 100 120

which is estimated by using the well known one-dimensional Magnetic field [Gauss]
law for a parallel plane diode. An estimate for the latter may
be made by Considering a pencil beam of radius 1 mmF!G. 3. The tota_l charge flowing ir_1 the diode Wit_hin measurement time-
spreading in 4.5 mm gap, between two electrodes charged &?me asa function of the magnetic flel_d. E_ach circle (_:o_r_responds to one
. ) ] " tHiggering event where the anode capacitor is charged initially to 370. The
370V, the one-dimensional CL law gives current of approXi-gashed line is calculated from the model using trajectory withl.4. The
mately 3 mA. A better estimate taking into account the two-solid line is calculated from the model using superposition between trajec-
dimensional nature of an annular electron flow in the diodéories withp=0.5,p=1.4, andp=2.0.
but ignoring the unique features of the ferroelectric emission
has also been made entailing a current of 0.5 mA. Although i )
the mathematical details are obviously different, both calcu¥0ltage. Figure 4 clearly shows a linear dependence between
lations predict current values that are at least two orders df1€ Square of the cutoff field and the initial anode voltage.
magnitude smaller than the measured currents. Th|s dependence of the cutoff. field and the anode voltage
Applying an axial magnetic field by energizing the raiSes the .n.eed for a comparison tq 'the weII_ knqwn Hull
Helmholtz coils tends to reduce the anode current due t§Utoff condition. In the case of an infinite coaxial diode the
suppression of the radial motion. The middle frame of Fig. 2Hull cutoff field is given by
shows that by applying magnetic field of 24 G, the diode 8m R
current which follows the current peak has been reduced to B2= (—)%VAN (2
levels around 0.5 A. In order to suppress the current peak, a € J(Ran—RQ)
larger magnetic field has to be applied as can be seen in the
bottom frame where the diode current has vanished after ap-
plying more than five times the magnetic figltB6 Q. The
oscillations which are observed in the diode current during
the time which the back electrode pulse is active is probably ~ 15000
due to quasielectrostatic coupling in the setup.
Further investigation of the axial magnetic field effect on
the diode current can be made by looking to the total charge L7 p=1
flowing in the diode within the measurement time frame “2 10000 | ’

Anode

(ay

|
|
|
gi P ) ,
'R, ©) s p=l4
Front Electrode ] 7’

B Cm_oﬂ)z [Gauss’]
\

2.5usec
QD:fO ldiogd t")dt". (1)
Figure 3 summarizes 59 experiments with identical initial =~ 549 .
anode voltagé370 V). Clearly, the dependence of the total
charge flowing in the diode decreases with magnetic field Z
and it reaches a minimum at approximately 80 G. However, P p=05
the charge flowing in the diode does not vanish completely

due to the coupling in the experimental setup combined with 0100 200 300 200 3500 600 700 800
the nonlinearity of the diode. Nevertheless, after the first 200 V,(t=0) [V]

ns the anode current is virtually zero—see bottom frame Fig.

2. Consequently, we consider the diode magnetically insuE!G- 4. The square of the cut-off field as a function of the anode voltage.
lated above a cutoff of 80 G. Experlmental pqmts:are denoted_by squares. The coax_lal dizcihed ling
. . is calculated usingRo=1 mm, Ray=15 mm. The model lines are calculated
Based on the previous procedure, we determined the CUfisingr,=1 mm, Ry,= 15 mm, andy=4.5 mm. Inset frame: Three typical

off magnetic field B¢) for different values of initial anode electron trajectories.

’ Experimental data
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wherem and e are electron’s mass and charge respectivelying only some small kinetic energy and only in the vicinity
Ran @ndR¢ are the anode and cathode radii, ang, is the  of the anode plane their motion becomes transverse exactly
anode voltage. The dashed line in Fig. 4 represents the e®s in a coaxial configuration.

pression in Eq(2) usingRay=15mm andRy=1 mm. This In spite of good agreement between the model and the
crude estimate of the cutoff field gives a reasonable match texperiment with regard to the cutoff field, when assuming
the measured values in spite of the different geometries. p=1.4 and applying a low intensity magnetic fidlday be-

In what follows, it will be demonstrated that this result low cutoff) the model overestimates the total charge that
indicates that near the anode, electrons follow almost pur&raverses the diode—see Fig. 3. For this reason we concluded
radial motion and their energy is given only by the voltagethat for low intensity magnetic field, electrons may follow
imposed by the anode ring. In the absence of a magnetic fielseveral trajectories. And indeed, the model was extended to
the excess of current beyond the space-charge limiting cuinclude three trajectoriep& 0.5,p=1.4, andb=2) assum-
rent may be explained by local coupling of the energy froming that along each trajectory flows one third of the total
the ferroelectric capacitor into the diode gapn that case current. The solid curve in Fig. 3 illustrates very good agree-
the electric field which is coupled from the cathode into thement between the prediction of the extended model and the
diode gap, is localized near the triple boundary betweemxperimental data.
metal-ferroelectric and vacuutf.Hence, electrons will fol- Two important comments are in place now. First, the role
low paths extending from the annular triple boundary at theof the ferroelectric cathode is to generate an intense electron
cathode to the metallic edge of the anode ring—at this pointloud in the close vicinity of the cathode, enabling currents
the field is completely determined by the anode geometrypy far larger than would be “allowed” by the corresponding
and the anode voltage. CL limiting current for the given geometry and anode volt-

We developed a model which accounts for the two-age. Since inherently the CL limit includes energy conserva-
dimensional nature of electron flow in the diode. Within thetion, the immediate concern would be the energy source that
framework of this model we examined quasianalytically theenables this high current. This topic has been discussed in
effect of different electrons trajectories on the potential disthe past®’and it was shown that the excess of current is
tribution in the diode gap. With the potential distribution directly related to electrostatic energy coupled by the ferro-
established, it is possible to determine the diode impedancelectric capacitor within the diode gap—typically in the
in the space-charge limiting regime as a function of the ap<¢lose vicinity of thecathode The current study indicates that
plied magnetic field. Increasing the latter, it is possible tothis coupled energy has no direct impact on the insulation of
reduce the current to zero—this is the cutoff field. In thethis diode. This may be readily understood since our model
framework of the model, the electrons trajectory may be deshows that the main insulating process occurs in the close
scribed in a radial coordinate system by vicinity of the anode Second, it is well knowt"?°within the

framework of a one-dimension@lD) theory, that close to
cutoff the slope of the curreiibr chargé as a function of the
R—r \P z\P . L . .
( ) +(_) =1, (3y  magnetic field, becomes infinite. Our model confirms this
result forp=2. In fact, even fop= 1.4, Fig. 3 shows a very
high slope. In practice, because of the 2D character of the

wherep defines the curvature of the trajectory. Three typica|electron flow, the theoretical slope close to cutoff is signifi-

trajectories are shown in the inset of Fig. 4. Electrons inC@ntly more moderate. _ _
In conclusions, we have examined experimentally the

trajectory(a) start by moving vertically from the cathode and P A = : _
magnetic insulation characteristics of a vacuum diode with

end with a pure radial motionp&>1); in trajectory(b) the ' : ! , ) )
derroelectric cathode. This cathode is unique since it may

electrons follow a straight line from the cathode to the anod : . )
(p=1): in trajectory(c) electrons start by moving parallel to provide currents by two orders of magnitude higher than CL

the anode and end moving vertically towards the anqule limit for the same geometry and anqde volta.ge. 'Electros.tatic
<0.5). The full lines in Fig. 4 represent the square of the€M€rgy coupleq from the ferroelectric capacitor in the dloqle
cutoff magnetic field calculated by the model for different 92P IS responsible to the excess of current. In spite the high
anode voltages. The best fit with the experimental results i§U'TeNts the insulation, is still controlled only by the anode
found to be withp=1.4, and fop>2 all lines fit the results VOltage and it is virtually unaffected by the energy coupled
that have been calculated for the infinite coaxial diode. Thdrom the ferroelectric. A simple model that was briefly intro-
fact that the trajectory witp=1.4 gives the best fit to the duced here, helped clarify the physical picture of the flow in
measured data, demonstrates that in a sufficidrigh mag- this diode. It demonstrated the_lt vv_h|le the ferroelectnc_and
netic field but still below cutoff, electrons traverse the diode SPace-charge effects are dominating the phenomena in the
parallel to the applied magnetic field and only in the closeC0Se vicinity of the cathode, the insulation is determined by
vicinity of the anode their motion becomes perpendicular tghe magnetic field and the characteristics in the close vicinity
this field. Most importantly, this result indicates that plasma® the anode.

plays no role in the process since an applied magnetic field

of few tens or 100 G has no significant effect on a pIasmrf‘CKNOWLEDGMENT

flow. This result also explains the good agreement of the One of the authorgA.L.) wishes to thank Ya. E. Krasik
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ode plane, electrons move parallel to the magnetic field gainef this study.
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