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Abstract

A cold electron beam penetrating a cold plasma
is electrostatically unstable. The instebility
produces a growing electric field that saturates when
the beam electrons are suddenly trapped by a single
wave, During trapping a significant amount of =2nergy
is transferred from the beam to the field and
ultimately to the plasma. At Los Alamos experiments
are being performed that demonstrate this anomalous
beam-driven plasma heating.

The heating efficiency is a function of the
phase velocity of the trapping wave. According to
our generalization of a previous calculation, the
instability is atsolute and its wave form evolves in
both space and time. Modifying trapping theory to
account for the space and time evoclutior of the
two-stream instability, we find that the heating
efficiency should change in time. This prediction is
in agreement with results from oue-dimensioral PIC

si1mulations.

Introduction

For years there has bren an interest in using
relativistic electron beams (REB's) to heat plasmas
to thermonvclear temperatures via an anomsalous beam-
plasma interaction At Los Alamos, for instance, the
Anomalous Intense Driver (AID) experiment [1,2) is
presently being upgraded to include the capability of
firing a 5-MeV, 10-kJ REB into not only a neutral gas
but also into a preformes np L] 10]7 c--3 density
plasma. Recently we have performed numericsl simula-
tions in which the efficiency of be.m-to-plasma
energy transfer changes in time during the beam pulse
increasing to am wuch as 30-50%, twice its initia!
value, before reaching a maximum and decreasing.
Th:s efficiency enhancement occurs when beam elec-
trons are trapped by two-atream instability produced
waves whose phane aspeeds are less than the phase
speed of the most rapidly growing wave,

In this repott we define a beam-to-plasms energy
transfer efficiency ¢ an the ratio of beam energy
density Joat AE to the initial total beasm energy
dennity nh-t)yh so that ¢ » AE/(nb-czyb). Poaaibly .
more meaningful definition of efficiency in the ratio

of beawm energy density lost to initial kinetic energy

syb{(l - yb). Here we use the parameter & because it
has been suggested [3,4] that € is a funciion not of
the relativistic beam factor yb and beam-to-plasma
density ratio nb/nP independently but only of a
single strength parameter S, where S is a simple
function of Y and nb/np. We find that, although ¢
can be parameterized with S for specially prepared
periodic simulations and that S can be generalized to
include space-time dependence, the strength parameter
is not an adequate parameter for the aperiodic simula-

tions most relevant to laboratory exp. viments.

Strength Parameter Scaling

Consider a cold beam penetrating a homogeneous
plasma. It is two-stream unstable and produce. a
spectrum of growing waves. When one of these waves
of phase speed v. = ﬁ.c becomes strong enough to
trap, say, a fraction iT nf the beam electrons bhe-
tween wave crests, these electrons reflect elas:
tically and coherently from the downstream wave
crest. In this "rigid rotation" medel, the trapped
eleccrons suffer momentum reversal hut no energy loss
in the wave frame. Taking intu account relativistic
effects, the model leads to the general expression

for energy loss in the lab frame
t= IT S/(1 + 8) , (1)

where § = ZBbygAﬂ and Ap = ‘5 - ﬂ. assuming the wave
phase speed is relatively close to the besm speed so
that AR << Bb.

"f the trapping wave is the wave ¢! maximum
grosth rate calculated from linesr f{luid equations
Ap = (ﬂbllyb)(nh/an)l/J and & = ﬂ:yb(nb/an)l/j. 1.
thin context, Thode argued that the fraction of
nrlectrons trapped fT = 1/(1 052;3/2‘ This results in
an efficiency £ = 5/(1 ¢+ 8) 13).  Subsequently,
the shifted S scaling ¢ » 1.5 §/(1 4 1.% S)\/) AN
shown to agree somevhat better with results from full
and partial particle-in-cell (PIC) simulations ).
The latter fully simulate the beam but treat the
ylasma as » linear medium.

Here we use fully nonlinear aelativistic PIC
simulations to test these S-sculing laws. In later

sections, we consider cases when the trapping wave



has s phase speed less than the wave of maximum
growth rate. In all cases the simulations were
perf-rmed with the code BIGONE (6] modified to be
pucely electrostatic. Enpergy conservation is always
better than 5% and usually better than 2%.

Figure 1 presents & verrus § = B%yb(ub/an:')l/3
for some 30 periodic simulations with waveleogth
equal to that of the most anstable linear mode. The
simulations cover a wider range of parameters than
previously published: 1074 g my/n, 10! and 25
Y $ 16 with 0 <S8 <2, The simulation transfer
efficiency ¢ was defined in terms of the mimimum beam
energy during the first trapped particle oscillation.
Note that while the simulation dats roughly follows
the scaling € = 1.5 8/(a + 1.5 §)°/2

density simulations follow the S/(1 + S) curve and

the liowest

achieve higher efficiencies than the higher density
nnes. For example, € & 27% for nb/np = 10-“, y = 12,
and 5 = 0.4. as opposed to & ¥ 18% predicted by the

£€=1.08/(1+1.5 8)5/2 curve.

T T
*
0.0 - 1 d A
0 0.5 1 1.5 2
S

Fig. 1. Efficiency ¢ = bE/(nbnczyb) versus gtrength
2 1/3
papameter 8 » ﬂhyb(nhIan) where AOF s
the beam energy lost to the plasma and field
in ocne-dimennioral, periodic, PIC simule-
tions with simulation lengths equal to the
wavelengtha of the acat unstable mode.
Partmetsrs for the various simulaticns are
in order of {(ncrea.ing 8: @ nh/np - 0001,
Y, " T, 04,4,6,7,8,12,14; % "h/"p = 001,
Y, " 2,1.,4,%,6,7,82,10,12, @nb/np = 01,
, * 2,3,4,5,6,7; .nh/np "l 2,046,
h

Phase Velocity Dependence

For regions of phase space in which the transfer
efficiency € is an increasing function of the
strength parameter, it should be possible to increase
€ for a beam of definite Y, and nb/np by decreasing
the phase speed B’ of the trapping wave s£o that
AB (ﬂb - ﬂo) and consequently S increases. Later we
argue that this can happen naturally in time in
speriodic apd lsboratory systems. Here we demon-
strate the principle in periodic systems by calculat-
ing & for a particular beam interacting with waves of
various wavelengths, various phase speeds, and less
than maximum growth rates.

In Fig. 2 these transfer efficiencies ure plot-
ted versus S where AR is determined with linear
theory for each wavelength simulated. Three dif-
ferent sets of data corresponding to various wave-
lengths for each of three different pairs of beam

0.4

0.3

€ 0.2
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Fig. 2. Efficiency ¢ = AE/(nhnrzyh) versus strength
papameter § = 2Bby§Aﬂ where AFE ix the beam
energy lost to the plasmer and field in
one-dimensional, periodic, PIC similationn,
simulation lengths are equal to aeveral
wavelengths for each set of beam parametrrs,
and AB {» the phase velo-ity shift (”h - ﬂo)
for each wavelength, Parametern for the

various simulationa are in order of fnirean-

ing §: @ “h/"p = 001, LN 6.0, l.(‘/wp .

6.6220, 6.2364, 6.1940%, 6.1449, 6.0972;

yb . 2.0, l.C/'wv « 6,282,

5. R178, S.IRGON, 4,94704, 4.7242;dbnb/nv -

01, y, = 6.0, l.C/wp * 6.477%, 6,7832,

6.1879%, 6.0069. Wivelengthe marked with an

+ nb/np = 01,

asterick are the wavelengthas of wmaxtinum

growth rate.



parameters Y and nb/np are shown. In each set the
point corresponding to maximun growth rate when
S = piyb(nb/2np)1/3 is identical to the corresponding
peiat plotted in Fig. 1. Note that, surprisingly,
not only does decr:asing the phase welocity and
consequently increasing AB and S increase & in the
region of parameter space where 1.5 S/(1 + 1.5 S)S/2
is increasing but £ increases with S in all cases.
While this result is encouraging for hesting experi-
ments, it also indicates that there is no S-scaling
of £ good for all the different ways of changing S, a
result that is also supported by results reported in

the last section.

Space-Time Dependence

In aperiodic simulations and laboratory experi-
ments the complete spectrum of instability produced
waves is aliowed to grow and interact with the bean.
Because the beam-stationary plasma type of two-stream
instability is absolute, there ure unstable waves
with phase speeds and growth rat«s less than those of
the most unstable wave that can trap the beaw up-
stream of the point of initial trapping after the
time of initial trapping [7].

Specifically, consider a spectrum of waves
forming a wave packet generated by the beam-plisma
instability from a Jlocsalized noise source at the
space-time point z =0, t = 0. The envelope of the

wave packet E(z,t) has a space-time dependence of

E(z,t) « exp{zz/J(Vht - 1)1/3] (2)

13 (o 1(8,9] There

is a phase speed B’ aspociated with every space-time

k)
for 0 < 2 < Vht and ‘"r/("pyh'l

point in thia packet such that the phase velocity lag
bp = ”h - ﬂ‘ ie given »,

1/3 1/2
Bh ", Vht -
ap = (“h)('{p ‘_“_z__..) £

through leading order in AB/Dh [10]. Since the wave
amplitude neceanary to trap a heam of particular
energy and dennity, Yy, aud "h/"p’ remains constant in
time, the position of trapping 2 decceases in time t

P 2
P (Vhl -y) = zo(Vhto - 10) ' (4)

where 2, and Y with L ZVhlo/1 describe the posi-

tion and time of inittal trapping. Combiniag

Eqs. (3) and (4) and the definition of strength
parameter § £ ZBby:AB we arive at & strength param-
eter

Y b R AN IR R
S = abyb(iﬁp) (E; -2 (5)

that increases in time.

Since the increase of S with t as defined in
Eq. (5) is caused by che decrease in the phase speed
of the wave trapping the beam, the £ versus S curves
88 determined from aperiodic simulations of parti-
cular beam~plasma interactions in Fig. 3 should be
similor to the &£ versus S curvee of Fig. 2 determined
from a series of periodic simulations with the same
pacameters y, and nb/np but varying wave phaise speed.
The points iu Fig. 3 are from the simulation produced
numbers, to--the time of initial trapping, t--the
subsequent times at which € is measured, £ an average

efficiency over a 100-209 w;l interval centered on t,

0.4 7 T T

Fig. 3. BEfticiency ¢ = AL/(nb-rzyb) veraus strength
parameter 8 vhere AF in the beam energy lost
to the plasms and field in one-dimenajonal,
aperiodic PIC simulations and § i deter-
ained from Eq. (5). Parameters for the

varfous simulations are in order of increan-

ing 8: @ "b/"p » 001, YW " 6.0, lowv * 1300,

tu} = 1300,1500,1700,1900,2100,2300, 2500,

2700 + "b/"p = 01, Yh " 2.0, '0wp w 280,

350,«50.550,650.750.850,950;dDr“an = 001,

yb . 2.0, lowp = 350, pr w 350,450,%50,650,

750,550,950,



and the definition of S(t) ic Eq. (5). The points in
Figs. 2 and 3 with Y = 6, nb/np = ,001 do indeed
roughly iie along similar curves indicating the
ncy enhancement is ceused by trapping

Late in time, how-

observed efi

with low-phas: selocity waves.
ever, some of t. efficiencies reach a peak and begin
to decline. The cause of this decline is uot yet

understood.

Acknowledgments
The authors wish to acknowledge the efforts of
C. Snell for maintaining and upgrading BIGONE.
This work is supported by the U'.S. Department of
Energy.

References

1. L. E. Thode, los Alamos National Laboratory
report LA-7715-MS (1977).

2. M. D. Montgomery, J. V. Parker, K. B. Riepe, and
R. L. Sheffield, Appl. Phys. lett. 39, 217
(1981).

10.

. R. J.

. L. E. Thode and R. N. Sudan, Phys. Rev. Lett. 30,

732 (1973).

. Hartin Lampe and T. Sprangle, Pys. Fluids 18, 475

(1975).

. L. E. Thode, Phys. Fluids 19, 305 (1976).

. T. J. T. Kwan, C. M. Snell, M. A. Mostcom, and

L. E. Thode in Proceedings of the 10th Couference
on Numerical Simulation of Plasmas {San Diego,
California, 1983).

. M. E. Jones, D. S. Lemons, and M. A. Mostrom, to

sppear in Phys. Fluids, (Oct. 1983).

3riggs in Advances in Plasma Physics
Vol. 4, edited by A. Simon and W. B. Thompson
(Wiley, New York, 1971) pp. 76-77.

. K. Evans, Jr. and E. A. Jackson, Phys. Fluids 1%,

1885 (1970).

D. S. Lemons and M. E. Jones, submitted to Phys.
Fluids.



