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The electron beam propagation from a gas-filled diode i®ld created by beam electrons.

investigated. The_ beginning portion of_ thg electron beam > SPACE-CHARGE LIMITING CURRENT

pulse create_s an ion channel not only inside t_he diode b_ut IN AN ION CHANNEL

also the region beyond the anode. A theoretical model is

developed for a space-charge limited current of a relativistic The relativistic mass ratipassociated with axial
electron beam propagating through an ion channel. motion of electrons at the axis is expressed as

simple analytical expression of the space-charge limited

current is obtained within the context of a thin beam | R

approximation, where the conducting tube radius is muchy = y; - —[1 + 2In(==)] /4 , (2)
larger than the beam radius. Beam current propagating I Roo \Jy?-1

through an ion channel is measured experimentally for a

mildly relativistic electron beam. Whenever the ion densi
inside a diode is the same as the beam electron density,
diode is short-circuited. The ion channel density at the

short-circuiting time is numerically calculated and is used to TREnce
estimate the space-charge limited current. It is shown that Y=yt Oy=y,t ———
experimental data agree well with analytical results

predicted by the theoretical model.

R)t(ﬁleere the total mass ratj is defined by

Re
1+2In(=8)], 3
[1+ rl(Rb)] @)

A

and use has been made of the definifien(y? - 1)%y.
1. INTRODUCTION Equation (1) is equivalently expressed as

There is a strong renewed intet@sh theoretical
?nd expe_nmgntal studies of the space—charge limited current | (ry - 7) ’72 11y
or relativistic electron beams propagating through a —= , (4)
grounded cylindrical conducting tube. As the charged beam a1+ 2In(Rc/Ry)
current in a drift tube increases to a limiting value,
electrostatic potential builds up due to the beam's self-spathich has its maximum value at the relativistic mass ratio
charge field and as a result, the beam cannot propagate,
creating a virtual cathode in the drift tube. This limiting
current is the ultimate restriction on power increase ir y = ;/T1/3 . (5)
various electron beam applications. Therefore, a correct
estimation of the limiting current is one of the importan
tasks in these applications. The limiting currgnofl a
unneutral solid beam has been derived empirically for
uniform density and is expressed as

Eubstituting Eq. (5) into Eq. (4), the space-charge limited
current | of a relativistic electron beam propagating through
&ion channel is given by

2/3 3/2
la (77 -1) ’ (6)
1+ 2In(R:/Ryp)

Laly P - 1)% 1) L=
1+ 2In (R¢/ Ryp)

L=

where j = mcé/e = 17 kA is the Alfven current, -e and m aravhere h = 17 kA is the Alfven current. Equation (6) with
charge and rest-mass of electrons, respectively, ¢ is th@. (3) is one of the main results of this article and can be
speed of light in vacuuny, is the relativistic mass ratio due Used to investigate the space-charge limited current of an
to the axial motion of beam electrons, andaRd R are €lectron beam propagating through an ion channel. We
radii of drift tube and beam, respectively. The Iimitingemi“d the reader that the space-charge limited current in
current in Eq. (1) represents an approximation that the be&fi- (6) recovers the previous result in Eq. (1) when the
is thin in comparison with the drift tube. We develop ghannel ion density approaches zero. The total relativistic
theoretical model of the space-charge limited current forraass ratig in Eq. (3) is linearly increasing function of the
relativistic electron beam propagation, including an ioin density p- On the other hand, the limiting currenirn
channel, which will partially neutralize the space-charggd. (6) is nonlinearly increasing function of the mass ratio
vr- Therefore, the limiting current is nonlinearly increasing
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function of the ion density when beam's axial motion is nanside the diode by the electron impact ionization is dgilen
ultra-relativistic. The limiting current in the ion channel
increases drastically, whenever intensity of the ion channei

increases. 9 0= JaOng o) , @)
3 ELECTRON BEAM PROPAGATION THROUGH A dt ©
GAS CELL

where {(t) is the beam current density at the diaslg) is

An experiment has been carried out for ane ionization cross section ang ia the neutral number
relativistic electron beam propagating through a gas-fillegensity. Secondary electrons, generated by the ionization,
chamber with radius of 5 cm. The electron beam igre assumed to instantaneously leave region of the diode
obtained from an accelerator which is a high-voltage Mawectrons, being radially expelled by the large space-charge
generator consisting of 12 capacitors. Each capacitor fagid of electrons accelerated by the diode voltage.
0.2 pF. The total stored energy of the accelerator withtegrating Eq. (15) over time t, the ion density is expressed
maximum charging voltage of + 50kV can be raised to 3 kds
A relativistic electron beam with 600 kV, 88 kA and 60
nsec pulse length can be generated if the water-filled pulse n
forming line with characteristic impedance of @Bis n;i(t) = —gjg dt'J40t")o(t"), (8)
impedance-matched to a field emission diode. However, in €
this experiment, we used the electron beams with 300 kV ) _ _ _ )
33 kA in a gas-filled diode. The tungsten tip cathode in iHghere the current density(9) in the gas-filled diode is
diode has a 4-mm diameter and the stainless steel anode 48" PY
a 20-mm aperture. The cathode and anode gap is kept to 3
mm throughout whole experiment. An aluminum foil with 1a(t)
15-pm thickness is installed at 20-cm downstream from the Ja(®)= TR
anode plane to separate the gas-filled region from 0

ropagation zone. More than 100 shots were made before . . .. .
Fepl%c?ng the aluminum foil. The diode pressure has beand k(t) is the diode current. The empirical cross section

€ : T
varied from 10 mTorr to 100 mTorr. The gas used in thg?t) of neutral gasésby the electron impact ionization is

experiment is air. To measure electron beam signals,g h by

Faraday cup is located just behind the aluminum foil, where

the pressure is kept to be f0Torr. The electron beam o(tF1.87410 (M?x + Cx) (nf) ., (10)
current is measured by a Faraday cup. The B-dot probe at

the diode chamber is used to measure diode current. Thew%-ere M = 3.83, C= 35.6 for air,pe 2B(t)2 In[yz(t) 51,

dot probe installed in the isolator section of the pulse 02 andv(t) andB(t the relativisti i
forming line is used to measure diode voltage signal. Thele™ B(D ", andy(t) andp(t)c are the relativistic mass ratio

probes are connected to a four-channel digital oscilloscoBQd velocity, respectively of beam electrons.
with 2 GHz sampling rate. Diagnostic coaxial cables are
adjusted so that all the signals are triggered synchronous
on the oscillograph.

Although the electron beam current inside the
diode is more than 30 kA, the beam current beyond th
anode is about 6 kA or less due to a finite size of the anoc
aperture. Current measured at the Faraday cup is the be:
current that propagates through the gas cell and penetrat
through the aluminum foil. Stopping power of this foil is S
about 30 keV. The peak beam current has been measurec R
terms of the chamber pressure and is shown in Fig. 1. Tt 0 1 . A A
closed dots represent experimental data and dotted curve 20 40 60 80 100
an approximate trace of the data. We believe that th Pressure (mTorr)
majority of beam electrons may have much less than 300
keV, which is the peak diode energy. The space-charfé. 1. Plot of the peak beam current propagated through gas
limited current associated with zero chamber pressure masil versus the chamber pressure. Closed dots represents
be far less than the propagation currents shown in Fig.experimental data and dotted curve is an approximate trace
Therefore, we believe that the beginning part of the beavh data.
pulse creates an ion channel through which the later portion
of the beam pulse can propagate. A typical voltage pulse in the diode consists of

lons are created from neutral particles by théhree parts. They are the leading portion, main pulse and the
electron impact ionization. The ion production raté¢din tail. The leading portion, which is the first part of the diode
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pulse, is a low voltage portion accompanied by a smdilighest beam electron density corresponding to the peak
diode current. The main pulse, which is the 300 kV and 3@lue of diode current. The ion density in a very high
kA current, is followed by a low-voltage, low-current tail.pressure diode builds up too quickly and reaches the same
Typical experimental data indicates that the current levels wdlue of the beam electron density at the beginning portion
the leading portion and tail are one order in magnitude lessthe diode pulse. The highest ion density attainable in this
than that of the main pulse. Therefore, the diode beamgh pressure diode is therefore low. We summarize that the
current ji(t) typically starts from a small beam currentmaximum ion density inside the diode increases from a
increases to a peak value, and then decreases to a smalbtagll value to a peak and then decreases to a small value
current, as time goes by. Detailed features of the diodegain, as the diode pressure increases from 10 mTorr to 100
current must be experimentally obtained for individual pulseTorr.

device, which has its unique machine and diode impedances. Figure 2 shows the ion densityimside the diode

The ion density (t) inside the diode can be numericallyat the diode shorting time, when the ion density is the same
calculated by substituting Egs. (9) and (10) into Eq. (8) aftes the beam electron density. In obtaining the numerical
digitizing experimental data of the diode beam currgtjt | results in Fig. 5, we have used the digitizing experimental
and voltage \{t). Here the beam radiug R assumed to be data of the diode beam curregt). As expected, the ion

1 cm. The ion density;) is numerically calculated as a density in Fig. 2 increases to a peak value and decreases, as
function of time for various gas pressures. the diode pressure increases from 20 mTorr to 60 mTorr.

It is required to consider the electron beam curremtowever, this numerical calculation indicates more
inside a high-power diode with the presence of ionsdiversified detailed structures than the general description
Particularly when the ion density is the same as the beanentioned above. These minor structures may be caused
electron density inside a diode, the diode may be sholly the ion density calculation including the highly-
circuited. Since the cathode plasma can be considered dietuating experimental data of the beam current. We
metal surface whose work function is effectively zero, thiound that the profile of the ion density at the diode
cathode electron current supply is essentially unlimited. Bhorting time in Fig. 2 is very similar to that of peak
this case the current that flows in the diode is determined pyopagation current in Fig. 1 measured by the Faraday cup.
the modification of the equipotential contours in the diodeHowever, we remind the reader that the peak propagation
due to the space charge of the electron current. Thus, therent in Fig. 1 is enhanced considerably more than the
electron current in the diode must be the space-chargeak ion density in Fig. 2.
limited current which originates from a zero electric field
at the cathode even for a large voltage difference betwee %
the anode and cathode. The zero electric field at the catho &
is the outcome of the potential modification due to the g, 12 _
space-charge field of the negatively-charged electror = [ .
current. The zero electric field regulates injection of £

14

T
[ ]

T

8l & e

electrons abundantly available at the cathode surface 5 ; ‘
. . . . . bt Y k e
essentially controlling the diode current. If the ion density S st : -

inside the diode is the same as the beam electron densi - e

there will be no space-charge field and no potentia 2 4t , . . .
modification. The electric field at the cathode in this case 0 20 a0 60 80 100
will be a non-zero value, which forces all electrons at the Pressure (mtorr)

cathode to flow to the anode instantaneously, short-

circuiting the diode. Thus, the ion density increases frofrig. 2. Plot of ion density at the time of peak current
zero to the value of the beam electron density as time gd¥9pagation versus the chamber pressure obtained

by. When the ion density is the same as the bediimerically from Eq. (8).
electron density, the voltage and current pulses drop to zero
and remain to be zero after this time. Therefore, the highest REFERENCES
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