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Ab: tract
The feasibility of external trausport into a
modified

relativistic electron beam into a z-pinch channel is

betatron by \he propagation of a
discussed. Results from particle-in-cell simulations
do mot indicate any deleterious instabilities.
Though the plasma collision frequency jis shuwn to be
just large enoughk to suppress the beam-plasma insta-
bility, a wuischarge current tapering scheme for
decreasing the beam perpendicular velocity wi'l also
be a principal stabilizing wechaniss. A pew high-
frequency microwave source based on this study is
also detailed.

Introduction

In this paper we discuss the feasibility of
using applied currents in waveguide structures both
as a means of transporting high-current relativistic
electron beams scross magnetic field lines and slso
as a possible source for the production of high-
frequency and bighly tunable microwave radiation.

The basic concept is as follows: a relativistic
electron beam is injected into a conducting drift
‘ube of redius R and length L. An axial current, I,
is produced eftler by a gas discharge or by inserting
a gniding wire along the cylindricel axis. The
resulting magnetic field Bo variep either as the
radius r or as 1/r, depending on which current scheme
is used, An axial magnetic field B. in spplied by
external coils.

Cross-field transport of relativistic electron
beamn by this method has been diccussed with relation
to injection into the NRL moditied betatron by Mako
rt al [1]). Analytica)l and nuserical results based on
simple sicgle-particle theory seem to asuggest that
thie. approach is fessible provided ths discharge
current 4is tapered along the cylindricel axis to
reduce the fincrease in beam perpeandicular wvelocity
v.

In this report we present preliminary results of
particle~in-cell simulations of the full self-consie-

tent and electrodynamic preblem of beam dynamice {p

buoth the cross-field transport and microwave prob-
lems. Our calculations include effects of beam
injection through a foil, waveguide modes, and
resistive walls. The simulations are done with the
fully relativistic and electromagnetic 24-dimensional
particle~in-cell code CCUBE.

Cross-Field Transport into a Betatron

The feasibility of transporting a high-cusrent
relativistic electrou beam across magnetic field
lines via 8 2z-pinch channel was first proposed by
Mako et al [1). In this injection approach, a rela-
tivistic electron beam is introduced into a m- dified
betatron through a small diameter tube that is termi-
nated i1n a thin foil.

The basic scheme is pictured in Fig. 1. A
current channel created by the electrical breakdown
of a gas (e.g., hyd og+n) is used tn forus a 10 A
electron beam across a transveise betatron field
l’l ¥ 0.7 kG. The beam is cuided by a 2 LI longitud-
inul magnetic field along tue tube axis.

Externa]l injection has aseversl attractjve
sdvantages over direct beam injection into a modified
betatron via a protruding high-voltage cathode [1].
First, the high vacuus of the torus can be isolated
from the rougher vacuum of the injector. Also,
because a smaller porihold 1s required, electric and

magnetic field perturbations are correspondingly

it

Fig. ). Current -channel acheme for croms-iield trann-
port into a betetron. The plasma channel
han a radius r « s, and the wall {n at
r = R.



smaller. In addition, there can be nc spplied volt-
age perturbation that results from the cathode volt-
age fall time. Finally, because the anode-cathnde
plasma is removed from the vacuum chamber, one source
for the ion resonance instatility is removed.

To analyze the effect of the magnetic field BG
due to the current cnannel oo a beam particle, we

consider the single-particle equation of motion
4 = -lel
at (my) = —— (yxB) . 1)

In this equation, Bz is the longitudinal guide field
and Be = 2}:/-2 is the field due to the current
channel, where I is the magnitude of the current and
a is the channel radius. From Eq. (1), an equation
for the axial coordinates z(t) car be derived imn the

form

g% = vt A linz(wl + ¢) . (2)

vhere A aud ¢ are numerical constants, and we have

assumed v_(0) =v , v. =z v, =0, The quantity w is
z o r q/Z

defined to be w = (onO/') where Qe = Ielbe/ync.

Solving Lkq. (2) for the betatron wavelength Ab ]

2nv°/w, we find

2 Mi/2
¥ 2n O . (3)
4 2Tell

As  this wavelength ar, oaches the cylinder
redius, waveguide effects become increusingly
important. The values for the betatron waveleogth
given ‘p (3) have been verified Ly us io the numer-
ical runs.

The simnlations were conducted in the followirg
manner: A plasma consisting of both .ons and
electrons asnd having a density np ~Jx 10'6 :--3
supports a current of 20 kA. At a time t = to, A
relativistic electron beam (y & 7, oy x3x 10‘0) is
injectul into this channel. Desides analyzing for
transport effects on the perpeadicular beam velocity
(Fig., 2), simulations were run to investigate the
possibility of two-stream instabilities and resistive
wvall effects,

The cold beam growth rate 6r for the beam=-plasma
instability isa given by

ny, 1°2
8 /upe ﬁ (5;'1) (4)
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Fig. 2. Particle simulation plot of a relstivistic
electron beam traveling through a rurrent
channel. In the absence of tapering, beam
focusing is accompanied by a large ivcrease
in beam perpendicuiar eaergy.

From the psrameters given above, we find that
6c/wpe = 10-3 or § = 1010 sec’!. An e-folding time
for this growth rate is 9.1 ns, so that two-stream
effects in this 1njection scheme uay pose a problem.

For releativistic electron beams scaitered
elastically by s thin anode foil, we calculate the
parameter a = 2/52. where & is the mean angle scatter
Jdefined by tt" ratio of the beam thermal ve ocity to
the speed of light. 1f 88 /w_ <1, or 8>

1/2 c' “pe
(26c/wpe) ¥ 0.04 we are in the kinetic regime [2].
In the NRL experiment L - 0.05, so that the
inequality is just satisified. Because we are on the
threrhold of the <old beam regime, we can approximate
the relevar. kinetic growth rate & [Ref 3] by the
cold beam growth rate given in Eq. (4).

Preliminory simulation results indicate, how-
ever, that the beam-plasma instability may not
develop as expected, We have considered three pos-
pibi. scenarios tor this phenomenon: 1) high plasma
temperatures; 2) finite beam temperatures and (,]-
lisions; and 3) axisl plasma density gradienta.

In the first cuse, an estimate for the plaswma
temperaiure required cen be obtained by equating the
growth rate (4) to that of Landau demping. However,
for the beam epergies typical of rclativistic
electron beamr, plusma temperatures in excess of
hundreds of kilovolts are needed, so that this doea
not describe the simulation results (T < 10 eV) or

actua) experimental conditions.

The beam-plasma instability can aluo be stabi-
Jized by finite beam temperature and collisions., The
stebilization criterion im actually the relstivistic
generalisation of the Singhaus criterion (2]. A
rough estimste of the collinjonality required for
stabilivation is found by setting the - vv‘h rate &
Vogec!,

equal to the collision frequency, or v 10 ™



Using a typical channel resistivicy of n =
1.15 x 10.16, oe finds v = 8.7 x 10lo uec-l, so that
collisional effacts may be sirong enough to suppress
the instability.

nally, it is now known that axial density
grad. ts tend to atabilize the besm-plasma insta-
bility [(4-6). The physical resson for this is
essentiaily that the scale length over which the
instabilit /' can develop (i.e., over which the plasma
wave wb i1 in resonance with the beam wave w - kv)
can become infinitesimally small. This effect may be
quite promounced sven for small inhomogeneities [6],
and may be the principal stabiliziag mechanism for
this injection sches:. However, because the theoret-
ical scaling of this process with density gradient is
a complicated and not well understooa functiom of the
beam wund plasma parameters, further sisulations will
be needed to substantiate this coat. tion. Thus, the
use of a curreat tapering scheme to decrease the
perpendicular velocity [1] may also have the advan-
tage of sastabilizing the injector against the two-
stream instability.

Finally, a resistive wall physics package has
been developed at los Alamcs to complement the
particle-in-cell code CCUBE (7). Preliminary results
of resiative wall effects in this injection scheme
have only recently been obtained and will be

reported or at a later date.

Wiggler-Free Free Electron Laser

A variant ot the transport scheme described in
the last section is to consider the beam with the
guide and toroidal wmagnetic fields included but
without the ioharent complications of au ambient
plasma., This can be realized by asubstituting for the
curreat channel a wire placed on the cylindricel axis
carrying a current I (Fig. 3).

As i{n the free-electron laser (FEL) scheme, the

interaction of the drifting beam with the atatic

Fig. 3. Microwave generation scheme by current
carrying wire.

magnetic fields provides am incoherent svurce of
"tickler" radiation to interact back on the beam. It
may be zosaible to use this "tickler" scurce as a way
of creatiny beam bunching and extremely phase-
coherent microwave radiation at submillimeter wave-
lengths. In addition, the rsdiation at these high
fraqueacies csan be tuned to even higher frequencies
by simply adjusting the curreant in the wire.

This device 1is more similar to th> FEL than
other wiggler-free schemes (8,9} in that the magnetic
field structure is more or less the same. Other
concepts [8,9] envision electron motion in a simple
uniform magnetic field giving rise to radiation with
an up-shifted Doppler cyclotron frequency. Interest-
ingly enough, this gyrotron-type mode may also hauve
been observed im our simulations.

As in the previous sectiom, the equation of
motion for a single particle in the crossed Bz and Be
magnetic fields is

5; (vay) = - lfl vxB (s)

~ ~

where unow, however, Be = 2I/cr. If we assume that
(ro - r),/r° << 1 where £, = r(t = 0), we obtain the

following approximate solutions:

r(t) = L te (1 = com at)
z(t) = v tl1 - (ZIIIA)(p/ro)l
- (21/1A)(vop/aro) sin at

where [, = (nc3/c)ﬂy is the Alfven current, o =
(e20?/ o YVY2, and px (v¥/e a®)21/1,)  The
LPALAN ‘A v 8 P o' "o A

sxial wavelength of a particle orbit is then

A= @y /o)l - 2U/)(/x )

A typical simulation plot im shown in Fig. 4. Thia
simple calculation accurately predicta the exial
, rticle wavelength for A < R and (ro - r)/ro <}
Microwave radiation wavelengths in the simula-
tions are determined by Fourier snalywis of the
electric {ield probes placed {u the computational box
at r W 0.2 cm and 2 ¥ 100 cm. It has been found that
unless the magnetic field no is tapered to allow the
besm to be adiabatically injected into ths device,
the l' and lo electric field probes whow excensive
noise, making resolution of diatinct frequency peaks

difficult. Even with such background noiae effects,
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Fig. 4. Particle beam orbits in s helical magnetic
field.

there do exist distinct mwicrowave peaks in the
spectrun of Ez for almost every simulation run
[Fig. 5). These peaks are also correlsted with
numerical Poynting vector informstion to substantiate
the correctness of our obuervations.

The "wiggler-less" wavelength in the helical
fields is given by Aw = ro(Bz/Be). If we assume FEL
ucaliong A = Aw/2y2 we can vwrite

!l(l)
L < A
1.0 0.5 0.28
A (em)

Fig. 5. Fourier spectrum of electric field E_ probe
near wi'e at z = 100 cm. Radiation 52.& at
A 22 co in displayed.

To "tune” the device to millimeter wavelengths with
the Anomalous Intense Driver (AID) facility at Los
Alamos (Bz = 100 kG, Y= 7) a current I = 50 kA is
required for r, £ 1 cm. The tunability of this
device (especially for high frequencies) may have
distinct advantages over the usual FEL since one need
only adinst the wire curremt to tune the radiation

frequency.
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