Laser and Particle Beam@003, 21, 273-277. Printed in the USA.
Copyright © 2003 Cambridge University Press 0263-028$16.00
DOI: 10.1017S0263034603212167

Condition for magnetic insulation of the electron beam
in a rod-pinch diode

AV. KIRIKOV, ! S.YA. BELOMYTTSEV! VV. RYZHOV,! I.YU. TURCHANOVSKY;,!
AND V.P. TARAKANOV 2

nstitute of High Current Electronics, Tomsk, Russia

2High Energy Density Research Investigation Center, Moscow, Russia

(RecerveD 1 April 2003; AccepTED 16 May 2003

Abstract

A condition for the transition of the electron beam produced in a coaxial rod-pinch diode to the mode of magnetic
insulation has been established from the law of conservation of particle and field momentum fluxes. The magnetic field
of the external current has been shown to contribute twice as much to magnetic insulation of the beam as the magnetic
field of the electron beam self-current. Based on the relations derived, a model has been constructed for magnetic
insulation of the electron flow in high-current rod-pinch diodes, which are used for radiography of high speed phenom-
ena. The obtained theoretical results agree well with the results of numerical calculations and with experimental data
gained at the Naval Research LaboratdgsA).
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1. INTRODUCTION acted upon by the magnetic field were shown to be forced
out of the cathode section to the tip of the anode rod that
The rod-pinch diode incorporates a thin annular cathode oimproves the beam focusing.
internal radiusRc, and thicknesd and a rode anode of  Systematic experimental and theoretical studies of the
radius R, that extends through a distantebeyond the characteristic of rod-pinch diodéR®PDs got underway at
cathode planéFig. 1). This extensioi. can be much longer the Naval Research LaboratoffdRL) in 1978 (Mahaffey
than the anode-cathod@-C) spacingD = R — Rx. The et al, 1978. Based on the results of these experimental
anode rod, as a rule, is connected to the positive highinvestigations, the first phenomenological model which de-
voltage center conductor of a pulsed power generator anscribed the RPD operation was constructed. According to
the rod-pinch diode normally has a large aspect ratio so thahis model, the charged-particle flow in a rod-pinch diode
Rc/Ra > 1. This results in a high density of the absorbedmay occur in three regimes: the space-charge-limited re-
electron energy for a small-radius anode, which producegime (the SPL regimg the transition regime, and the mag-
the anode plasma, and allows for the ion current flow in thenetically limited regimethe ML regimg.
diode. In the presence of ions, the e-beam rapidly propa- Numerical simulation thereafter supported the existence
gates along the rod from the A-K gap region to the rod tip,of three regimes and allowed introduction of criteria of the
where it pinches ensuring a high-power X-ray source with anode-to-mode transition of the diod8wanekampet al,

small(~1 mm) focal spot. 2000. According to this model, the diode first operates in
Pioneering experimental studies of coaxial rod-pinch di-the SCL regime and the diode current is therewith primarily
odes were conducted in Russia in 19@&lenskyet al, radial. For a cylindrical geometry, the electron currént

1968. The objective of these studies was to design efficienproportional to the Langmuir—-Blodgett current is
X-ray sources. In this article investigations were performed
on a diode with an “inverse” cathode where the electrons Is = (2e/m)¥Y2(2U %2 4 /ORAK?), )

. — . wherek? is a function ofRc /R , eandmare the charge and
Address correspondence and reprint requests to: AV. Kirikov, High Cur-

rent Electronics Institute SD RAS,4AkademicheskyAve.,634055Tomsk,the rest mass of an electr'otj, is the V_Oltage across the
Russia. E-mail: kir@to.hcei.tsc.ru diode, and; = | + 2D and is the effective cathode length,
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2. CONDITION OF MAGNETIC INSULATION

g\ OF THE ELECTRON BEAM
g '| IN A COAXIAL DIODE
;“;"C“L“:,:::‘: f Let there be a coaxial diode with an annular region of elec-
L =) tron emission at the cathod€&ig. 2). The ion emission is
* ignored. In the stationary state, theomponent of the field
H.-L____ and particle momentum in the volume marked by the dotted
Y line is constant. Consequently, the flow of theomponent
= of the momentum through the boundary equals zero:
2|
.=?: 1 (Re[ 21y + ley) 12
= | — f [M} 27rdr
B 87 Jgr, cr
£
/ 1 (Ref 20y ]2
y - — | 2@7rdr—P,=0 (5)
8 Ra cr

Fig. 1. Current scheme in RPD.

whereR,, Rc are the anode and cathode radii, respectively,
P, is thez-component of the momentum transferred by elec-
trons to the anodes is the velocity of light in vacuum,
2(l, + ley)/cris the magnetic field strength at the left bound-
, @) ary of the volume, B.,,/cris that'at the right boundariy, is
Rak? the electron beam current, ahgis the external current. We
ignore the contribution of the magnetic field of the ion cur-
where the enhancement facigis in the range from 1.5t0 3. rent, assuming the ion current to be much lower than the
An important point of the RPD theory is substantiation of electron current, and take no account of the contribution of
the criteria of the RPD transition to the ML regime. In the jons to thez-component of the momentum, considering the
NRL model based on the results of calculations and on gons to be weakly deflected in the magnetic field.
model of magnetic insulation in the one-electron approxi- Let us find the maximum values of the currehtandl o,
mation, it is supposed that this transition occurs when thebove which the steady-state flow of the currigiig impos-
total diode currenty approaches the critical curref@oo-  sible without passage of the electron be@mpart thereof
persteinet al, 2001 through the face boundary of the marked volume. Obvi-
ously, this corresponds to the case where all electrons at the
Io = lerit- (€) anode have only thecomponent of velocity, that is,

which takes into account the two-dimensional eff€ég. 1).
For a bipolar SCL flow,

3/2
u /leff

IscL= nlg=14.6n

The critical current of self-insulation of the electron beam in ly

a rod-pinch diode is therewith determined by the critical P, = mcVy?—1. (6)
current of magnetic insulation in the one-electron approxi-

mation,l ¢, and by the “scaling facto& (an empirical factor By substituting(6) in (5), we obtain

— ol _lo Vy2-1 Vy? -1
lerie = alc; lc= 2 In(Re/Ry)’ (4) Iy + 2lee = lo m. (7)

— 2 :
wherey =1+ eU/mcc”is the ratio of the electron energy o |fthe beam curreni, < |, the external curren, starts

the electron rest energy, whetg = mc’e is the Alfven  magnetizing the beam current when the latter approaches
current, andv is a function ofR: /Ra. For the geometry and

voltages used in NRL experiments~ 1.5-3.
Criterion (4) is based on analysis of experimental data, ;

and preliminary calculations of the factar for a given <2 Cathode

diode geometry are thus required. The physical meaningof [~ V{4V {7 ~ 7777 0

this factor has yet to be ascertained. Therefore, the problem

i
R
of the development of the theory describing the process of i RAl ©
magnetic self-insulation in RPDs still remains urgent. Such ~ —————— ~Anode 1> g
a theory can be based on the law of conservation of the I - —T z
z-component of the field or particle momentum in the diode biiet ext
(Belomytsewet al., 2001). Fig. 2. Current scheme in coaxial diode.
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the known value of the critical current of magnetic insula-By substituting(4) in (11) and allowing for(12), we derive

tion I in the one-electron approximation:

o 373

let = lc == ———.
e 2 IN(Rc/Ra)

In the case of magnetic self-insulatign,; = 0), from (7)

it follows that

71

|b:|om:|s.

a= 2=+ 12/1c). 13

It follows from this formula thate depends on the diode
geometry not only through the factonlR: /R,) involved in
the expression fotc, but also on what part of the diode
current falls on the self-currents and external currents at
each stage of the RPD operation.

To clarify the effect of the self-currents and external cur-
rents on the behavior of the electron beam in the ML regime,
simulation has been performed for the modes of the RPD

Consequently, the current required for self-insulation of theoPeration studied experimentally on the Gamble Il setup.

beam,ls, is two times higher than the critical curreht

(Ryzhovet al., 2001):

|5= 2|C

3. CONDITION FOR MAGNETIC INSULATION
OF THE ELECTRON BEAM IN RPDS

Figures 3 and 4 show examples of the waveforms calculated
for the RPD curren{Fig. 3) and the electron pulse plot
(Fig. 4) obtained in numerical simulation of the RPD oper-
ation on the Gamble Il setugBhot #7402R, = 0.32 cm,
Rc = 0.8 cm, L,oqg = 11 cm, Uyax = 1.2 MV) by the
KARAT/MC code.

Analysis of the resultéRyzhovet al., 2002 of simulation
has shown that within the accuracy of calculations, condi-

To study the range of applicability of the condition of mag- tion (11) is fulfilled for the diode when operating in the
netic insulation(7), numerical simulation has been per- mode of magnetic insulatiofFig. 3b, Fig. 4b. In so doing,
formed for the processes of magnetic insulation of thethe process of magnetic insulation can be divided into two
electron beam in cylindrical diodes of various geometriesstages: the initial stage of magnetic insulation and @réins-

with the use of the KARAITMC code. Numerical calcula-

tions for the RPDs shows that in such diodes the electron

and ion currents,,; = 12U+ 1,°"* to the right of the cathode
face should be considered as the external currents responsi- @

ble for the insulation of the electron beam in the interelec- 60 Itxa;-r

trode gap. Note that the electron current from the right face

/
50 \.
|

of the cathode is also exterr@ig. 1). The self-insulation of <

the electron beam is effected by the magnetic field of the ~— = * A °
currents of electrons and ionls, = I" + I;", whose emis- 30 e
sionregion is to the left of the right face boundary of cathode 20 B li ¢

edge.
In this case, relatiof7) takes the form

lin + 2l = 180+ 10 4 2(1941+ 104

b
0 IN(Rc/Ra) ¢ s
whereR, is the rod radius anBc is the internal radius of a <
thin annular cathode. Relatidf1) takes into account that X 30- ,.wmt’a‘*”wr-, -
magnetic insulation of the electron beam in a rod-pinch 204 S —
diode is realized both by the magnetic field of self-currents 10, /f l, w“ i ‘/ Y
and by that of external currents which ensure a double effi- 0 f;/._,},‘g"""""l —
ciency of insulation. 0 20 | 40 60 80 00 t (ns)
ML phase

The condition of magnetic insulation allows one to find a

relation between the diode currents and the empirical “scalgig. 3. currents in rod-pinch diode. Example of the computing modeling
ing factor” @ used in the RPD model proposed at NRL. It is (Gamble Il Shot #740Ra = 0.32 cm,Rc = 0.8 cM,Log = 11 ¢M,Umax=
obvious that the total diode current is determined by thel.2 MV). a: Ip: diode current];: ion current,l: electron current|eyper.

expression

Ip = lin + loue = 18"+ 1"+ 184+ 124,

https://doi.org/10.1017/50263034603212167 Published online by Cambridge University Press

diode current measured experimentally. b: Comparison between calcula-
tion results and magnetic insulation condititi?); Is: theoretical self-
insulation current)i", [i", 194, 1,°“t RPD currents are calculated by PIC
code KARAT/MC.
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Fig. 4. Electron pulse plot obtained from KARAT simulation for Gambel
I rod-pinch diode short #7402. &= tgiarn, b:t =tss andt = tgpg. C:t > teng.

portatior) of the electron beaitthe WP stageand the steady-

state stage of magnetic insulatithe ML stage.

The stage of a weak pin¢the WP regimgor the stage of

A.V. Kirikov et al.

The condition of magnetic insulation for the gap begins to
be fulfilled at point A. Essentially the whole of the ion
current is still under the “cathode” and is self-current, while
part of the electron current mainly from the lateral surface
of the emitting part of the cathode is external to the gap. In
this regime, the curremf“*can be ignored and therefore the
approximate condition of self-insulation will have the form

L+ 1+ 2100 = 21 = . (14)

To estimate the values of the empirical scaling factaat
this stage, it is possible to use the expression

a~2—1"g, a=2. (15

From this point on, the electron beam starts moving right-
ward along the anode rod, thus broadening the region of ion
emission and, consequently, increasing the culi@ftThe
transformation of the electron beam into the pinched state
and the formation of the space charge to the right of the
cathode leads to the electric field redistribution in the gap
such that part of the electron current from the lateral surface
of the cathode appreciably decreases and nearly the whole
of the electron current becomes self-current for the gap.
Once the electron beam has reached the rodtgip the
guasi-steady-state stage of the RPD operation beges
ML regime). In Figure 3 this regime corresponds to the time
interval fromtg to t: (see also Fig. 4b The time it takes for
this stage to occur determines the pulse duration of the
Xrays generated on retardation of the focused electron beam
at the anode tip. At this stage, a large part of the ion current
is found to the right of the cathode, and taking into account
the fact that the electron emission from the cathode face is
suppressed, the condition of magnetic insulation in the first
approximation can be written in the form

I 210U~ 2] . (16)
In this approximation, the expression feitakes the form
a~2—12., a=2. 17

At the moment in timetc, the condition of magnetic
insulation is no longer fulfilled,

10+ 210U < 21, (18

and the pinch starts decayifgig. 49. The electrons which

are out of the gap find themselves at the anode, which results
in a slight increase in the electron current of the diode. The
electrons emitted by the cathodetat tc are not magne-
tized, and the beam again finds itself in the gap under the

transportation(from t, to tg, Fig. 3a; electron pulse plot, cathode. The beam current is determined by the liaw
Fig. 4a. At this stage, the beam acted upon by the magneti¢c, ~ U ¥2.
self-field starts being forced out of the under-cathode region Up to the point B, there is a good agreement between the

and then pinches and drifts along the anode rod.

https://doi.org/10.1017/50263034603212167 Published online by Cambridge University Press

experimental and theoretical data for the currents. The fur-


https://doi.org/10.1017/S0263034603212167

Condition for magnetic insulation 277

ther difference in the currents in our model is explained bythe scaling factos in the NRL model cannot be higher than
the effect of expansion of the near-electrode plagsbmh  two and cannot take into account the effect of the currents
the anode and cathode plasmashich is found in actual flowing from the lateral surface of the cathode edge, since it
setups. This results in an increase in self-insulation currens constant in this model.
(because of decreasing interelectrode gap widttd, con- Accounting for the influence of the near-electrode plasma
sequently, the current and the space charge of the trans+ll make it possible to allow for variations in the conditions
ported electrons increase, which should increase the ioof magnetic insulation within a pulse and to estimate accu-
currentl;, too. rately the pinch lifetime.
The assumptions postulated in the NRL model of mag-
netic insulation(4) are in contradiction with the results
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