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In a beam-plasma systems embedded in a magnetic field “paramagnetic” states of the beam can be realized with
increased to the axis of the system or varied along the system full magnetic field under the condition of conservation
of magnetic flux. Magnetic field concentrates near the axis, and this modification is latent as the field out of plasma
channel changes insignificantly in comparison with the given external field. Radial focusing of the beam is ensured
by electrostatic field of an ion pivot. If the external magnetic field changes in longitudinal direction then the value of
magnetic field from the region of beam injection can be transferred along pre-axis region of the system. Different
beam-plasma systems were considered by means of computer simulation. Computer simulation was performed using

electromagnetic PIC code KARAT.
PACS: 52.40.M;j

1. INTRODUCTION

High-current electron beams in an external longitu-
dinal magnetic field behave like a diamagnetic and force
the magnetic field out of its volume [1]. Under the con-
dition of conserved magnetic flux in a cross section it
leads to decreasing of the full magnetic field inside of
the beam and to increasing of the full field outside. The
direction of forced magnetic field (inside or outside in
radial direction in cylindrical geometry) can be changed
if instead of usual geometry (a beam inside a cylindrical
chamber) the coaxial geometry is used (inverse mag-
netic isolation diode, for example) [2, 3]. For the last
case the field is forced out large radii (large volume) to
smaller ones (small volume) and the full field inside the
area near the internal electrode (the anode) can essen-
tially exceed the external field. All velocity components
of particles and size of the beam will be changed if the
external field will be varied in axial direction. The dis-
tribution of the full magnetic field will not differ sig-
nificantly from the case of axially homogeneous exter-
nal field because of large influence of beam space
charge. An additional external focusing is necessary to
reach large change of the full magnetic field without
loosing the beam on electrodes of the system.

Such type of conditions (combined focusing fields)
can arise during the transportation of the beam in the
plasma of comparative density embedded in external
longitudinal magnetic field (plasma filled diode or
plasma channel, for example). This type of meta-stable
states of the beam-plasma system resembles above men-
tioned state of electron beam in vacuum inside the in-
verse magnetic isolation coaxial diode with “additional”
radial focusing by electrostatic field. Right analogy with
this vacuum state consists in the presence of a radial
focusing field created by an ion pivot: the role of inter-
nal electrode plays pre-axis ion pivot, arising when a
space charge of the beam pushes out plasma electrons
from its volume. As the result the full magnetic field
can be increased to the axis of the beam-plasma system
embedded in a constant longitudinal magnetic field and
can exceed the initial external field many times [4-6].

Several peculiarities arising due to the combination
of external, beam’s and plasma’s fields cannot be ob-
served in vacuum systems. Beam electrons are confined
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inside plasma column if the density of the plasma ex-
ceeds the density of the beam, but it is not enough for
current neutralisation. This situation practically does not
depend on the value of the external magnetic field and
allows using spatially inhomogeneous external magnetic
field and spatially inhomogeneous plasma density. This
combined focusing opens new possibilities of beam-
plasma manipulations.

The longitudinal magnetic field created by the beam
pierces the external one. This effect looks like a “mag-
netic needle”. Actually, it can be considered as a trans-
formation of the usual transverse diamagnetic effect in
the axially homogeneous system to the axially inhomo-
geneous one. The beam can “capture” the field from the
area of generation or injection and tries to “drag” it
through external magnetic field. All these possibilities
can be modified by spatially inhomogeneous plasma
density. It will be noted that this modifications are la-
tent. They are concentrated inside rather narrow area
near the axis of the system whereas the field upper of
plasma channel changes insignificantly.

To demonstrate the effects of “dynamical diamagne-
tism” different distributions of external magnetic field
and of plasma density were considered by means of
computer simulation performed by electromagnetic PIC
code KARAT [7].

2. THE MAIN RESULTS

2.1. LATENT CHARACTER OF “DYNAMICAL
DIAMAGNETISM”

The latent character of modified fields will be
shown for simple geometry in Fig.1. Plasma column of
diameter of 1.5 cm fills the chamber in longitudinal di-
rection. Fig.2 show initial distribution of plasma den-
sity. The density increases from 5x10"” cm™ up to
2x10" ¢cm™ at the distance of 4 cm and then decreases
to the end of the chamber to the same value of
5%x10" cm™. To simplify simulations at the first step,
plasma ions are considered as a background, i.e. having
infinite mass. Electron beam is injected to the chamber
from the left to the right. The current of the beam in-
creases to 100 kA for 1 ns, stays constant at this level
for 9 ns and then decreases to zero for 5 ns. Fig.3 shows
the form of injected beam current (b,2 E), and beam
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(b,1 A) and plasma electron (g,1 A) currents reaching
the end of the chamber in the bounds of initial plasma
channel radius.
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Fig.1. Configuration of considered system
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Fig.2. Initial distribution of plasma density

The energy spread of injected electrons is uniform
from 400 to 500 keV. The system is placed inside uni-
form external longitudinal magnetic field of 10 kGs.
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Fig.3. Dynamics of beam and plasma electron currents
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Due to the effect of “dynamical diamagnetism” and
picked out plasma distribution the full magnetic field
concentrates near the axis in the middle of the system.
The longitudinal and radial distributions of the full
magnetic field for three sections are shown in Fig.4,5 at
the moment t = 10 ns. It will be noted that: 1) the value
of amplified magnetic field equals approximately
200 kGs and exceeds the value of external field
20 times; 2) the value of the full field outside of plasma
channel was changed insignificantly; 3) the density of
electromagnetic energy inside small area near the peak
reaches approximately to 9x107 J/m’; 4) the given field
structure is maintained after the end of beam injection at
all events for 10 ns (see Fig.3 and Fig.6). Fig.6 show the
similar longitudinal distribution of the full field at the
moment t = 20 ns.
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Fig. 4. Longitudinal distribution of the full magnetic
field at 3 radial coordinates at t = 10 ns
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Fig.5. Radial distribution of the full magnetic field at
3 longitudinal coordinates at t = 10 ns
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Fig.6. Longitudinal distribution of the full magnetic
field at 3 radial coordinates at t = 20 ns

The motion of beam particles is rather complicated.
Fig.7 shows projections of two particles trajectories on
the transverse plane for the time interval of 1 ns.

Fig.7. Transverse plane projection of 2 particle
trajectories
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2.2. INFLUENCE OF LONGITUDINAL PLASMA
GRADIENT ON MAGNETIC FIELD
DISTRIBUTION

To confirm the main influence of plasma ions on the
effect discussed above the results for the same geome-
try, the same beam parameters and the same external
magnetic field but with different signs of plasma gradi-
ent are given below. In the first case initial density of
the plasma increases along the chamber from 5x10'* to
1x10' ¢cm?, in the second case it decreases from 1x10"
to 5x10'% cm™.
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Fig.9. Longitudinal distribution of the full magnetic
field at 3 radial coordinates for the case of positive
gradient of plasma density
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Fig.10. Dynamics of beam and plasma electron currents
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Fig.11. Longitudinal distribution of the full magnetic
field at 3 radial coordinates for the case of negative
gradient of plasma density
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Fig.8 and Fig.10 shows the forms of injected beam
current (b,2 E), and beam (b,1 A) and plasma electron
(g,1 A) currents reaching the end of the chamber in the
bounds of initial plasma channel radius for these two cases.

Final distributions of the full magnetic field at the
moment t = 6 ns are shown in Fig.9 and Fig.11. It is
obvious from Fig.9 and Fig.11 that the form of the full
magnetic field at the axis follows the profile of plasma
density. Essential modification of the initial magnetic
field concentrates near the axis as for previous case.

2.3. “DYNAMICAL DIAMAGNETISM”
IN PLASMA FILLED DIODES

Qualitative result of magnetic field modification
does not depend on the case of transportation or of gen-
eration of electron beam. Following results are pre-
sented for the plasma filled diode about the same ge-
ometry but for lower energy of electrons. Such diodes
are used to produce high-current low-energy electron
beams for surface material modifications [8-10]. An
electron beam is generated in the thin double-layer near
the cathode formed just after the beginning of an accel-
erating voltage pulse. The relatively low applied voltage
is localized in this layer making possible the beginning
of the explosive emission from the cathode surface.

Plasma column of 3x10" cm™ density and of 0.6 cm
radius fills 7 cm gap between the cathode and the anode.
Plasma is homogeneous in radial and axial directions.
The applied voltage rises to 100 kV for 1 ns and stays
constant at this level. It is supposed that an emission of
a beam begins immediately after the accelerating field
arises. A time delay between the beginning of the volt-
age pulse and emission of the beam does not influence
essentially on the final results. As above to simplify
simulations plasma ions are considered as the back-
ground.

In comparison with the transportation of the beams
considered above where the energy and the current of
the beam can be defined independently the difference
consists in the current of the beam is defined as limited
by space charge under the condition of zero accelerating
field at the cathode surface and depends as on the volt-
age as on the plasma density.

First of all it is reasonably to consider the diode
without an external magnetic field. Fig.12 shows the
dynamics of beam current emitted from the cathode
(b,1 E), beam (b,1 A), and plasma electron (g,1 A) cur-
rents to the cathode. Beam (b,2 A) and plasma electron
(g,2 A) currents reaching the anode in the bounds of
initial plasma channel radius are given in Fig.13. The
beam current on the anode is about 15 kA and exceeds
Alven current I, = 17By = 11 kA. The average density
of the beam electrons is about 5x10'2 cm™. Self longitu-
dinal magnetic field of the beam fluctuates at the level
of tens Gauss.

The external longitudinal magnetic field of 2 kGs in-
fluences weakly on the value and the behavior of beam
and plasma electrons currents reaching the anode. It is
similar to the previous case (Fig.13). But the final dis-
tribution of the full magnetic field is changed drastically
(see Fig.14).
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Fig.13. Dynamics of currents reaching the anode

Magnetic field is concentrated at the axis of the di-
ode approximately homogeneously in longitudinal di-
rection and equals approximately 7 kGs and several
times exceeds the external one (2 kGs). Here it is neces-
sary to note, that the modification of the magnetic field
concentrates near the axis also and this modification is
latent also as the field out of plasma channel changes
insignificantly in comparison with the given external
field.
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Fig.14. Final distribution of magnetic field

2.4. “DYNAMICAL DIAMAGNETISM”
IN PLASMA FILLED DIODES WITH MAGNETIC
FIELD GRADIENT

Let us consider the case when only the cathode of
the diode is placed inside the magnetic field and the
magnetic field is absent in the most part of the diode but
plasma density is homogeneous in radial and longitudi-
nal directions. Fig.15 shows the initial distribution of
external magnetic field. The final distribution of the full
magnetic field at the moment t=12 ns is shown in
Fig.16.
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Fig.15. Initial distribution of magnetic field

1 1

0.5¢ em

0.20,

u il

— =

Z, M
Fig.16. Longitudinal distribution of the full magnetic
field at 3 radial coordinates

It will be noted that the beam has concentrated the
field not only near the cathode but this concentrated
field was transported by the beam along pre-axis region
of the diode into the area of zero external magnetic
field. Note that the full field has kept about zero value
out of plasma column (Fig.17).
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Fig.17. Radial distribution of the full magnetic field
at 3 longitudinal coordinates

CONCLUSIONS

The new effect of “dynamical diamagnetism” in
beam-plasma systems embedded in an external mag-
netic field was demonstrated by means of computer
simulation. It was shown that “paramagnetic” states of
the beam can be realized with increased to the axis of
the system or varied along the system total magnetic
field under the condition of conservation of magnetic
flux. The modification of the magnetic field concen-
trates near the axis, and this modification is latent as the
field out of plasma channel changes insignificantly in
comparison with the given external field.

This work is supported by the RFBR under grant 09-
02-00715.
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CKPBITBIE ITOJISI B TYYKOBO-IVIASMEHHOM CUCTEME
A.B. Azaghonos

[Tpn MHXEKMH CHIBHOTOYHOT'O IyYKa B IUIa3My CPaBHHMOH IJIOTHOCTH, HAaXOJSIIYIOCS BO BHEIIHEM MarHHT-
HOM I10JIe, BO3MOXKHA peaIn3alysi METacTaOMIbHBIX COCTOSIHUH KaK C PeBEpPCOM MAarHUTHOTO IIOJISI, TaK U C yBEJH-
YEeHHWEeM MarHUTHOTO HOJIS K OCH cucTeMbl. PaguanbHast GpoKycHpoBKa Imydyka 00ecrednBaeTcsi Ipu 3TOM Kak co0CT-
BEHHBIM a3MMYTaJIbHBIM MArHUTHBIM TIOJIEM, TaK M 3JIEKTPOCTATHYECKUM I10JIEM HOHHOTO OCTOBA, 0OPa3yromerocs
TIOCJIE BBITAJIKMBAHUS IJIa3MEHHBIX 3JICKTPOHOB MPOCTPAHCTBECHHBIM 3apAIOM ITydKa. [13-3a TaAKOro KOMOMHHUPOBaH-
HOTO yZAEp>KaHUs BOSHUKAIOT OCOOCHHOCTH, KOTOPHIE HEBO3MOKHO HAOIIOAATh IIPY TPAHCIOPTHUPOBKE 3aPSHKEHHOTO
MydYKa B BaKyyMe. B 0JJHOpOJHOI B aKCHaJIbHOM HANPaBICHUH CUCTEME, HAXOAAIIEHCS B OHOPOIHOM MPOI0JIEHOM
MarHUTHOM II0JIE, BO3MOXKHO YBEIIMYEHNUE MarHUTHOTO MOJIS B IPUOCEBON 00JACTH B HECKOJIBKO Pa3 MO CPAaBHEHUIO
C BHEIIHEH, a eClli BHEIIHEe MarHUTHOE 110JIe MEHSAETCS B IIPOOJIBHOM HAIPaBIEHHHU, BO3HUKAET dP(EKT «IpoKo-
Jla» BHEUIHETO I10JIs1 COOCTBEHHBIM MarHUTHBIM 1oJieM mmyuka. OOpaiaer Ha ceOs BHUMaHUE JIATEHTHOCTh CyMMap-
HOTO MarHUTHOTO ToJisi. Ha rpanune mia3MeHHOro crojida mose MeHseTcs C1ado 1o CPaBHEHUIO C MCXOAHBIM, B TO
BpeMsi KaK BCE CYILECTBEHHbIE U3MEHEHNS IIPOUCXOT B IpHOceBOi obnactu. C MOMOIIbI0 YHCIEHHOTO MOJIEIIHPO-
BaHU 10 neKTpoMarautTHoMy kony KAPAT paccMOTpeHs! pa3nuuHble IyYKOBO-IJIa3MEHHbIE CUCTEMBI.

MPUXOBAHI IMOJIA B ITYUYKOBO-ILJIA3MOBII CUCTEMI
A.B. Azaghonos

[pu imXKeKIii CHIFPHOCTPYMOBOTO ITyYKa B IIa3My MOPIBHSHHOI HIITEHOCTI, [0 3HAXOTUTHCS B 30BHIITHHOMY
MAarHITHOMY IIOJIi, MOXKITMBA pealli3allis MeTacTabiIbHUX CTaHIB 5K 3 PEBEPCOM MAarHITHOTO MO, TaK i 31 301IbIIeH-
HSIM MAarHITHOTO IOJIA 10 oci cucTemu. PamiampHe (hOKyCyBaHHS ITydka 3a0e3MedyeThCs MPH IIBOMY SK BIIACHUM
a3MMYTHAM MAarHiTHUM II0JIEM, TaK 1 JIEKTPOCTATHYHMM II0JIEM 10HHOTO OCTOBY, IO YTBOPIOETHCS IICIS BHIITOB-
XYBaHHS IJIa3MOBUX €JIEKTPOHIB IIPOCTOPOBUM 3aps/IOM ITy4Ka. [3-3a TaKoro KOMOIHOBAaHOTO yTPUMaHHS BHHHKA-
I0Th OCOOJIMBOCTI, SIKI HEMOXJIMBO CIIOCTEPIraTH MPU TPAHCHIOPTYBaHHI 3apsKEHOro Iy4Ka y BakyyMi. Y oJHOpij-
Hilf B aKCiaJIbLHOMY HalpsIMKy CUCTEMI, III0 3HAXOJUTHCS B OJIHOPITHOMY HOAOBXKXHBOMY MarHiTHOMY IOJIi MOKJIMBE
301IBIICHHS MarHITHOTO MOJIs B IPHOCEBiit 00JacTi y JieKijbKa pa3iB B MOPIBHSIHHI i3 30BHILIHIN, a KO 30BHILIHE
MarHiTHe I10Jie MiHSIETHCS B IIOJIOBXKHBOMY HarpsiMi, BAHUKA€E €eKT "MPOoKoy" 30BHILIHBOTO OIS BIIACHUM MarHi-
THHUM II0JIEM ITy4Ka. 3BepTae Ha cebe yBary JaTeHTHICTh CyMapHOTO MartitHoro moiisi. Ha Mexi rra3moBoro crosmna
T0JIe MiHS€ThCA €1a00 B MOPIBHAHHI 3 TOYaTKOBHUM, TOJI K YCi iCTOTHI 3MiHM BiOyBalOThCs B IPHOCEBIH 00JIACTI.
3a [IOTIOMOTOI0 YHCENFHOTO MOJCTIOBAaHHA 3a eNeKTpoMarHiTHUM KomoM KAPAT posrmsHyTi pi3HI Iy4KOBO-
TUIA3MOBI CHCTEMH.
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