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Se.at~on 7
PLASMA THEORY

There is no report for this Section this quarter. The remain-

der of Nev ins ’ work , reported last quarter , was completed.

Sec-tLon 11

SIM IJI5A TIt )N

A. OUA~ IL IN 1AK sIMuLA r ION OF A MIRROR MACHINE

Dr. V. Matsuda with Dr. H. L. Berk (LLL)

While work continue s in this area , there is no special report

to make this quarter.

• B. SELF-HEATING OF Id THERMAL PLASMA

A. Pe iravi (Prof. C. K. Birdsa ll )

We have already presented simulation results for the se l f-

heating times of a one-dimensional electrostatic therma l plasma and a

con~ arison of cost of simulation v~ heating time . We now present com-

plete results of self—heating times V4 
~pe~

t and A
0/~

x for nearest yrid

point we i ghting, NGP , linear weighting , d C , and quadratic sp line wei ght-

ing , QS, along with gain conside rations.

The heating time was found to be proportiona l to N
C
+N

D 
for

a f i x e d ra t io of A
D
/1
~
x . Fi gures 1 ,2, and 3 show the self-heating time s

divided by N +11 v4 A lAx for different va l ues of w A t . The
C 0 0 pe

dashed l ine draw n thro ugh the f i gu res is  v
~
(At/Ax) %3/2 for NGP and

v
~
(L
~
t/t

~
x) l/2for CIC and QS. These lines indicate the optimal cho i ces

of parameters . Figures 4, 5.and 6 show ratios of se l f-heating times of

the different we i ghts v~ AD
/Ax for w eA t = O~

l
~ 

0.2, 0.3 , respective l y.

These figures Indicate that CIC is as much as 70 time s better than NGP ,

and QS is as much as 650 times better than NGP. Actua l measurements of

cos t of simulation per particle per time step on the CDC-7600 MFE compu-

ter at LLL show that

- -5. - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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T
NGP 

= 
~ usec /par t ic le/ t ime step

TCIC = 11 .6  ‘‘ ‘‘

TQS = 24 I I  I I

Defining gain of usin g a hig her order wei ghting scheme as

am = 
increase in se l f-heating timeg 
increase in computer time

and going through the optima l path , we have gains as in Table I.

w At
pe

0.1 0.2 0.3ga n

CIC /NGP 11. 9 ~~—~~~~~_ 20.8 ~7P~- = 30.1.

350 .. 650 440 6QS/NGP — 72.9 ~~
—

~~~~~
— 135 . ~~

—
~~~~~

— 91.

QS/C I C  = 6 1 6(Qs/NGP)/(CIC/NGP) . .5 3.0

TABLE 1 Gain in going to a higher order al gor i thm. The rat ios
ins ide the table are increase in self -heat ing times ( i . e . ,

reduct ion in error in energy) over increase in cost (determined on
the CDC 7600 MFE compute r at LLL).

The self-heating time can be increased considerab l y by trunca-

tion in k-space . Figure 7 shows the self-heating time WpeTh 
V~

k
~~~

/k
u~~~ 

for the different schemes used (keeping everything fixed but

varying k1 a t  for each scheme). The gain in se l f-heating time due to

k-space truncation is almos t p roportional to k /k for NGP and is
max l ast

close to but not quite proportional to (k /k )2 for CIC and
max Iaxt

(k /k
1~~~

)3 for QS. Thus , k-space truncation further increases the g.lin

of CIC/NGP and QS/NGP and QS/CIC. Table 2 shows approximate gains with

k-space truncation . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • •. ~~~~~~~~~~
__ __ _ ___ • _ •±•_ ___-•-~~~~~~
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~ At
\~~pe

gain”\ 
0.1 0.2 0.3

C I C / N G P  
I Gain with1.9 20.8 

TABLE 2. k-space
_______ 

truncation .

x (k /k )2 72.9 135.4 91.6
max last

QS/C I C
x (k /k ) 

6.1 6.5
max last

C. VELOCITY-SPACE RING-PLASMA INSTABILITY , M A G N E T I Z E D

J. K. Lee (Prof. C. K. Birdsa ll )

We have summarized for journa l publication our theory and stinu-

lations (two papers) on the linear and nonlinear effects of this short-

time scale flute—like instability . This instability is unrelated to colli-

sions , resulting from the interactions of energetic ion components (ring-

like in velocity-space , but not necessarily monoenergetic) with cooler

Maxwe llian target ions and electrons . We have included a wide range of

electromagnetic effects. A third report on the l- ~ dimensional hy brid

code (two versions : electrostatic and electromagnetic ) will  be written

separately for submission to the Journa l of Computational Physics. The

table of contents of the first two papers , including some new results

obtained during this quarter , is as fo l lows

• - ‘~~~~~~ -~~~~~~~~~~~~~ -~~~~ - --
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0. ONE-DIMENSIONAL ES1 CODE FOR SHEATHS

Yu—J iuan Chen (Prof. C. K. B irds a ll )

There is no new work to report th is quarter.

I . PARTICLE TRAJ [CTOR IES IN A CUSP FIELD

Yu-Jiuan then (P~of. C. K. B i rdsa lI )

Previous investigation by Levine et a~) of particle loss in a

toro ida lly symmetric cusp s hows a reduction in loss rate due to synNiletric

geometric e f f e c t s ;  th is  is because the conservation of canon ica l ifionlentulll

• - along the symetric axis prevents some particles from penetrating (and

be i ng los t in) the mirror-like magnetic field at the cusp point. It was

pointed out by Boozer and Levine 2 that in a two-dimensiona l cusp (Fig. 1).

a large fraction of the particles in the field-plasma boundary move in

definite guiding—center orbits. Therefore , such particles wi l l  rema in

trapped between Cou l omb collisions in the absence of micro i nstabi liti e s.

The trapp i ng of particles on the open-cusp field lines is similar to the

particle trapping in a mirror machine.

We have re—examined the particle trajectories in an axiall y

symmetric 2d cusp by using Levine ’s code which integrates Newton ’s equa-

tion of motion using the fourth-orde r Runge-Kutta method to determine the

particle motion in the magnetic field. The magnetic field is g iven analy-

• tically as in Ref. 2. For a sharp boundary , the form is given as

(a) if x213 + y213 < 1 , A~ 
= Bx B~ = o ( I )

(b) if x2”3 + y
2
~
”3 > l  , z x +

1Morton A. Levine, A llen H. Boozer , G. Kalma n and Pradi p Bakshi , “ Par t ic le
Los s in a Toroidall y Symmetric Cusp ”, Phys. Rev. Lett .  28 , 1 323 ( 197 2 ) .

2A ll en H. Boozer and Morton A. Levine , “Particle Trapping in Maqnetic Line
Cusps ”. Phys. Rev. Let t .  31 , 1287 ( 1973 ) .

-- -- - - - - -- -- - -~~~~~--—--~~~~~~~~~~~~~ - -~~~~~- ----~~~~ —- - - -  - •
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2 4 1/3
U 2[z + (z - 1)1 1

L 2 ~[(u + 4/U) - kz(U - 4/U)~~ j

B 2/ [ ( U+4 /U )~ - (u + 1./u - 1.L )2 )

B
~ 

= Re(B)

B~ = - Im(B)

A = lm 3(B2 + B
2)/8] (2)

For a sheath with a finite thickness A , the vector potent ia l  near the
plasma is g i ven as

Az( x ,y ) = Bc [A  - A tanh(A /A) ]  (3)

The coordina te system used for descr ib ing par t i c les  is g iven
in Fig. 2. Figure 3(a ,b ,c ,d ,e ) show the t ra jec tor ies  of par t i c les  w i t h
various in i t ia l  condit ions. In these ca lcu la t ions , time is measured

in i nverse cyclotron-frequency un i ts. The sheath thickness, A ,was

chosen to be 2.6 times the ion-cyclotron radius , p. , where p. was

choosen to be 0.02 times as large as the distance between the center of

the p’asma and the cusp. The normalized uniform fie ld B is ~ and

[B2 + B2 j~ = 1 . The equation of the field-plasma boundary is

+ ~213 = 1 (4)

In Fi g. 3(a) the guiding center of a partic 1 e in i t i a l l y on

the boundary at the point (0.356 , 0.356) with v /v = O . 1. and q = 3 0 °

does not move during the time interva l (0.050, 826.437). In Fi g. 3(b)

the particle initiall y is at 2 cyclotron radii in the sheath with v / v

0.6 and 4=45 ° ; the guiding Center moves down one side then returns .

In Fig. 3(c) the particle starts from the cusp point (1.0 , l.O x 10 b) wi t h

v /v=O.2 and 41=45 ° ; it moves up, then circles four sides. Fi g. 3(d)

shows another type of trajectory in which the particle moves up and only

circles one side . In Fig. 3(e) the particle starts from the position

(0.396, 0.396), i.e., 3 cyclotron radii from the boundary or 0.1. cyclotron

radii outside the sheath , and escapes from the cusp point very quickly.

— -  ~~~~~~~~~~~~~~~~ ~~~~~ — - • _ ~~~~~~~~~~~~~~~ •-—- - -—- - -—~~~-—
-
- -  ~~~~~~~~~~ ~~ - -~~~~~~~- - -~~~~~ • - - - - - -S ~~ - - - -— - _ — -~~~ -- ~~- -~~~ - -  ~~~~~~~
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These figures show that particles in the sheath move in

def in i te  guiding center o rb i ts  even though the magnetic f i e l d  has large
variations in magnitude and directi on in the sheath. Because the

conservation of the canonical momentum,

eA
pz

= m v
z +

~~~ 
, (~~~)

due to the geometr ic symmetry and the small spatial variation of Az in

the sheath , the trapped particles always remain within a few cyclotron

r a d i i  of the plasuia .

In Fig. 3(c) the axis of the trajectory is shifted slig htl y

to the right in the second quadrant. This shift ra i ses questions about

the possible jumps in the usua l adiabatic i nvariants

J = J P 1dx1 , (6)

(where p and x1 are the components of momentum and position vectors

perpend i cular to the total magnetic field), the magnetic moment p , and

the conserved canonica l rnornentum . These questions will  be addressed

in the next quarter. Also , the code TIBRO-X wi l l  be used to stud y the

particle orbits in either the anal ytic magnetic field or the self-con si1 -

tent field with the toro i dal effect.

F. PLASMAS WITH F I E L D  REVERSAL
Douglas Harned (Prof . C. K. Birdsall)

• At the present time there is a great deal of interest in field

reversed configurations for plasma confinement , partl y because of their

attractiveness for potential fusion reactor designs as well as for under-

standing space plasmas (e.g., the bow shock). Before beg inning work in

the area of field reversal , it has been necessary to de term i ne the status

and direction of current research in this area . Of particular laboratory

interest are field reversed mirrors and intense ion rings . 

-- —S.

~
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Research involving the field reversed mirr or has been aime d

at calculating electron return currents and the effects of quadrupole

f i e l ds .  The work w i t h  quadrupole f i e l ds  has been approached largel y by
drawing ana l og ies  wi th the RECE-Berta e lec t ron ring experim ents at
Cornell. Anal ytic and simulation studies are in progres5 at Livermore

on enhance d resonant d i f fus ion  due to the app l i ca t ion  of a quadrupole

f i e l d .  These resul ts  have so far given only very rough agreement w i t h
RECE-Berta. The stud y of quadrupole fields is now being applied to the

field reversed mirror by their inclusion in simulations using both

T I B R O  and SUPERLAYER fo r s ing le particle trajectories .

With  regard to electron return currents , it is s t i l l  uncertain

as to whether or not these currents can e f f ec t i ve l y  prevent the achieve-
ment of f i e ld  reversa l. Work by Ba ldwin and Fow l er 1 demons t ra tes the

• • need for some process (e.g., Ohkawa currents ) to prevent neut ra l i za t ion

of the current at the field null . SUPERLAYER , which heretofore has i gnored

electron effects , is now being modified to enable the investigation of

electron return currents.

In other areas , concerning FRM , stability analyses have shown

that , in orde r to avoid MHD and tearing modes , the axial length of the

plasma as well as the major and mino r radii of the field reversed reg ion

mus t be on the orde r of a few Larmor radii. In the area of transport ,

very little , if any, work has been done relating to field reversed p lasmas.

At Cornell , ion rings have been inves t i ga ted (through both

simulation and theory) from the standpoints of both macro- and micro-insta-

bilities. These studies have dete rmined that the most stable ring is an

intermediate configuration somewhere between a long layer and a bicycle

tire. A number of codes have been developed to stud y ion ring behavior ,

the most recent of which is a 3-dimensiona l hybrid code using ring -like

super par t i c les .2
10. E. Baldwin , T. K. Fowler , “A Reassessment of the Requirements to Obtain
Fie ld Reversal in Mirror Machines ”, UC 1D-l7691 , Dec . 20, 1977.

2A. Friedma n , R. N. Sudan , J .  Denavit , “A L i nearized 3-D Hybr id Code for
Stability Studies of Field Reversed Ion Rings and Mirror Confinement ”,
Bull. Amer. Phys. Soc . 22 , 9, p. 1070 , 1977. 

——-_-- -— 
~~—.—- -- --• • --—-• — - -.5.- - - -
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Among the potential areas for our research are the following :

1) Ut i l i z i n g  TIBRO-X to investigate par ticle trajectories in field

reversed configura tions. Here the interest could focus on two areas:

a) Trajectory behavior nea r the reconnection poin ts. It is of

interest to see wha t effect the reconnection points w i l l  have

on confinement. Although this region of the plasma lends

itself well to simp le models (such as a reversed current 1001)

about the center of a mirror) i t  may prove difficult to simu-

late because finite time steps wil l  be i naccurate near the

reconnection points.

b) Confinement of particles in closed field lines. This simulation

requires a much more complex mode l since the very nature of

the closed region depends on a diffuse current. One model

• is the Hi l l ’ s vortex , used by Mi l ey. 3 This is a rough approxi-

mation to the field reversed mirror. It is not self-consist ent

but does lend i t se l f  to analytic solutions of the particle

trajectories.

2) Investi gation of electron return currents , particularl y looking at

effects due to charge separat ion after injection (as suggested by

W. Kunkel).

3) Applicaton of stability codes similar to that of Alex Friedma n ’s

3-d hybrid code ,’~ using superparticles , to a field reversed mirror

configuration .

4) Stud y of transport properties (this appea rs to be a wide open field).

G. PARTICLE ACCELERATION , GAMMA-RAY EMISSION , AND SPARKING IN PULSARS
(4 C C pctg a tk’u

Dr. Fawley was a gues t in our group. This section consists of

excerpts from his recent doc tora l d isser ta t ion  ( U .C .) .

3M . Y. Wang, G. H. M iley , “Particle Orbits in Field Reversed Mirrors ”,
CO 0-2218-508, June 6, 1977 (submitted to Nuc l ea r Fusion).

~A. Friedma n , op. aLt. 
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C Particle Accekration, Gai i i i i i a —Ra y  l in issio n , and Sp.irl~itig in l’ul s ars

%4/illiani I~larsti,iII I- .iwley ~

A BSTR ACT

A rigorous and self-consistent three dimensional method is developed for the calculation
of steady-state acceleration of charged particles in the open magnetosphere of a rotating . flLig-
netized , neutron star. This method , which util izes the applicability of electrostatic potentia l
theory in the eorouting frame well within the li ght cylinder , succeeds in specifying a unique
current from pulsar polar caps when this current is space-charge limited. When fieki line curva-
ture is neglected , the only electro static acceleration th at occurs is due to the finite inerti a of the
beam part iics. When curvatur e is included , three different situations may occur according to
the geometry of the system. For the aligned rOta tor t 1~)j f t ) , the effects of f ield line cur’.ature
prcvcnt ti m e-s te ady, tot. t i l y non-neutral be:tm acce leration from the polar cap surface , ~ here;is
for the ortha~.onaI rotator (

~z tl) . a time-stead y solution does exist ~ ith charged p.iriicles of
both signs being accelerated from ditiereri t halves of the polar cap. When the magnet ic arid
rotation axes are oblique , half of the polar cap surface acts like the aligned rotator and hail i~~e

the orthogonal rotator. Above the aligned half , t here is an elect rostatically trappe d plasma ,
while above the orthogonal half, a space-c harge limited beam current is accel erated to large
energies.

- -: Various electron-positron pair production mechanisms are studied in §111 ar,d it is con-
cluded that only magnetic photoabsorption of beam curvature photons is likely to cre ate a dense
pair plasma in the open magnetosphere (uniess the stellar surface temperature is sn~ni Ilcantly
greater than 100 eV in which case ion coulomb field photoabsorption oí~ thermal photons may
produce a large number of pairs) . It is improbable that the inertial .iccaleration cc5rrc mding

to the strictly aligned rotator can lead to production of a pair plasma sufficient ly dense to hre:ik
the restrictive condition of totally non-neutral current flow. Oblique rotators whos e periods ,ire

R/ il “Ii h- i’  • . -shorter than 0.15 sec B~ ( OJO ,,) ”’ cos ‘ - 0 , will have copious pair production along fa~~’r-
ably curved field lines. h ere B i is the surface magnetic f ield (

~issumed dipolar) in units of

4.414~ 
1012 gauss, 0, is the actual polar cap opening angle, O~ is that expected for a pulsar

whose closed magnetosphere extends to the light cylinder, and 0, is the latitude of’ ~ relat ive to

a.

In §IV , numer ical calculations are presented for the x- and y—ray emission expected from
space-charge limited pulsar models , both with and without pair creation-limited potential drors.
The results suggest that sonic of the COS-B localized ~‘—ray searces may be “pairless ” pu l ,.irs~
A curvature-induced acceleration model can explain the energetics of the VeIa pulsar ’s y—r ay
emission if 0,/0,,~~2 and ~~~~ 

1012 gauss but n-) t the double pulse shape or the 140°
separation. For the Crab, however , it is not possible to explain the energetics , the 144” main
pulse-interpulse separation , or the optical through y—ray emission spectrum by a surface
acceleration model. It thus a~ pCiIrS likely that significant particle acceleration must occur at large
altitudes (~ 101 cm) in t he Crab pulsar.

In §V, an analytical solution is given for the initial growth in t ime and space of an Sec
electron.positron spark discharge. Such discharges m a y  occur above ion-emitting polar cap

V I  Ot iS
regions and within “outer gaps”. These dischart~cs can he sources of coherent low frequency 

~~~~~~~~~~

(O(NlI Ii)) r.idi.ition in quantities as l.tre.~ .is it ) Cres per spark in 10 - 

~e~onds (Cr.ib Pulsar
parameters) • Finally. i.i §VI , the ini ti. tl results of’ an ect ro~I.tt ,c simulation of .i growing spark
is presented. These nu merical results confirm t h e  .in.ilytic .i ! hypothesis that a spark develops
two ilame fronts” after saturation of the background electric fickl . lktwecn these fronts , w hich
arc moving relativistical ly, is a dense pair plasm.i with E B- - 0.

S.’-.



V I .  N utnerical Sittiu)~tt ions or Spark Growt h and Sat uration

A. Introduction

In the previous chapter we gave dct~il~d -taal yt ica l results concerning the predicted growth
and eventua l saturation of electron-positron discharges in pulsar open magnetosphcrcs. We
found that electr ostatic and electromagnetic elec t ric fields developed in opposition to t h e  h ick-
ground ‘vacuum” field. Thcsc induced flelds e~cntiiall~ prevent spark growth in the center and
we predicted that the edges of t he spark would become relat ivistic “flame fronts ” burning their
way throug h the electros tatic energy of the open magnetosphere.

After useful discussion wt th F T. Schar lemann, i. Arons and (K. 8irdsall , the aut ho r
decided to construct a numerical simulation of’ sparking to determine whether the above

scenario had any link to reality. There iinmcd’atelv came a choice as to whether to atlenlj~l

full electromagnetic treatment or a far simpler electrostatic one. Alter study of the I-MI code
in use at Berkeley and Lawerence Livermore Laboratory . I decided that it would he dihlk - uht ,ind

extremely time consuming to adapt EMI to handle t ime-dependemu clect ric fields th.ii uc~uricd

parallel to the current J (as is the situation in spurkin~
) - I therefore turned to the d cci r, sta t ic

code ESI , developed by A. B. Langdon and C.K. Birdsahl . In the last section oh thi s cha;uer we
discuss the limitations of a purely electrostatic treatment. We do note here , thoug h, th .i th e

-; results of the previous chapter . especially equation (5 . 45) . indicate that the electri ’staiic
“Coulomb’ field may often dominate the radiation electric field in sparking phenomena.

We first discuss that nature of ESI , the changes made to it to study sparks , the :nit ial
results , and make final remarks concerning future projects for this type of s iniuhation.

B. ESI and its Adaptation to Pulsar Sparking

ESI in its normal form is a fast, one-dimensional (actually 1½ 1) because it handles htnh
v~ and u), non-relativistic , electrostatic code w rit ten in Fortran . The code alter ii,iteh Hum eri-
cally integrates the equation of motion and solves Poisson ’s equation by last [ourier tr .insl,’rni
methods for (1) and E. This leapfrog method in accieration velocity dispLiceiiien has hceii

shown to be stable for this system of differential equations. The particle coordinates in phase
space (x.p~,p~

) are known ‘exactly ” while the electric field and potential are determined on
grid system and interpolated between grid points.
Once initial conditions have been specified , the code simply integrates the equations hi~rwa rd in
time. The user may specify through input parameters which diagnostics are to he printeil out
(e.g. phase space densities, 1tv ) ,L( . v) . etc. ) . The onc-dimensionahity of the cotk’ .mn&l the use

of cloud-in-cell (linear weighting results in each charge being “sla b-lik e ” as far as the computer
is concerned. The slab shape in x is triangular with width 2~ .v. where .~.v is the distance
between grid points.

i) Electric Field SolLition

As has been enhiih.isi/ed throug h out this t hesis , pulsar elect rods n.itllicc ,ire .1 01 nIt i -

dimensional problem. Ihus . it might seem strange that we plan to w tirk w liii a I -sp iii.il dimiic ti -

sion code. llowever , it is important to re~hiic that one can simulate ,isisymmetrlc s~stcms , st ichi
as infinite cylinder geometries , by changing Poisson ’s equation from 
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V2 (f) 
~I’ —4~ (~ ~ 1R ) (6 . Ia )

to

2 (I’
V 4i = —

~~~~ K ~l’ = —4~r(i~—~~~) (6.Ih)
dx

with ,~~~ = I/a2 where a is the effective trans~erse (i.e. radial) scale of the system. Ilerc x is the
coordinate along the infi nite dimensions of the s~ stem. The justification for expressi on (6. Ill)
follows from the use of Fourier trans l’orm convo lution rehatio nsh ips and Green ’s 1 h~oreiii .

The Green function for an infinite cy linder of radius ~~, whose conducting wall s are at
zero potential is

4 
m S.. + iex p I_

~
x__ x [/,flh / (u~16 (r , r’) = — 

- j  2 - 
-- J,,,, (J~j,,,1/&i,.) ~~~~~~~~~~~~ ) e ”””~ ‘~‘ , (6. 2)

7TW C i—i  rn— - - i ~1’~i i + (irni,

where &~ is the polar cap radius and f,,,1 are the zeroes of the Bessel function f,,,. Then, the
potential (1)tr ) resu lts from convolving the Green function with the effective charge d~i~stty

- 
-
~~ - 7)(r ’)— i

~R (r’). In Fourier space, we therefore have

4)(k) = ZG / [ 7 ) ( k ) — -7) R ( k ) J

(to obtain ~(k) and IIR (k) we assume that they both go to zero at ±~~ and are Leshesgue
integrable). We now assume both strict axisymmetry and that ~ (r ’) — 17R(r) does not sarv in
the transverse ~ direction (i .e. each charge is disk-like). We also approxim ate the inf inite
series by a single term , exp—j x —x ’I/&a. , whose Fourier transform is (k 2 ±K 2) ~ . Thus ,

(k 2 +K 2) 4 ) ( k )  +4 7r[ 7) ( k ) — 7 ) R ( k ) J

which is exactly equivalent to expression (6.Ib). In our adaptation of’ ESI . K~ w a s set to t~~ , .

The effects of this two diniensionahit (and the conducting walls) is to make all elect ric f ields in
the s-direction due to a point charge decay in x with an exponential scale height oI’ & ,

ESI nominally works with periodic boundary conditions of b(0)=4)( L ) , where 1. is the
length of the system. While in principle it is possible to change these boundary conditions to

represent the true situation of (I)(L )—4)(O) ~ 0, the author decided it would be con ipuia tmonall v
expensive to do so. Instead , we made t he system sufficient ly long that ovei the enti re simula-
t ion time, no particles would get within a couple &~, of the edge where the boundar conditioiis
will affect the computed induced E-lIeld. With this safety margin, the induced electric fields due
to charge separation within the spark will be accurately computed. Most runs were done with
L ~ l6~ , (see § C and Figures 6-1 and 6-2 for additional j ustif ication of this scheme) - Rather
than introduce a background of immobile “pseudo” electrons or positrons to represent 7)~~ and
thus the vacuum electric field , the code wa ~ modified to include a constant L~, o the calcu-
lated induced electric field This constant F,,, is an approxim ation of the (r/R,) - 

— I depen-
dence found .ih)()VC loll—to neS and beyond nul l  ~ur t,ices . Numerically, F,,, was sdt equal to

3fl RR ,O ’/ I be
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F ~G . 6—1 Calculated indu ce d Coulomb elect ric h eld for charge density increasing line.irlv with .~

and boundary conditioiis (O)=4 )f I. ) .  I here 1. = S~ , and one sees th at these hnu~~h.i iv comb-
tions have little effect on the computed field (in terms of its flatness) beyond 2~ . f r om the
boLind~Irics
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ii) Equation of Motion and Radiation Reaction

The large ~article energies in sparking meant t hat ESI had to be changed t o ) a relativist ic

code. Rat her than keep track of partic le velocities , one now follows the particle nmment.i Ii ,

compute particle movenienls during time steps , w e set their velocities to ~~
- c if /~/lnt I I ~ and

compute velocities exa c t ly  f o r  p / m d < IS. In general, only an extremel y small fraction of the

partic les have momenta below this limit soi that the CPU time required for the niontentun i - -
velocity conversion is minimal.

The electrons and positrons follow curved paths and will suffe r energy losses via cui~ .i tLire

radiation. At the time of this writ ing, the following scheme was used to include the el?ects ol

this braking. The radius of curvature p is assumed to be constant with .v and set equal to

4R~/3U,. The particle momentum is integrated f’orward in time:

eE
Pn,-,. = P aid + (6.3)

where p is the momentum measured in units of inc. Then two new quantities are computed:

-

~~ 
- - p,,~.’ = ~~~~~ + 

2e 2
~ r (6.4a)

,f l cp~
— i14

= 1p,~-1, l~
4 

+ 
2e (6.4b)

3 Ep ’-

p,,e,4 max (P,,ew ’ . ~~~ 
(6. 4c)

The quantity (p ,~.,, — p,,,.,.’) represents the energy lost in a time interval ~ i by a particle coasting

along the curved magnet ic field. The second quantity, !‘,,,, approximatel y represent s a

part icle’s radiation reaction-limited momentum in a constant electric field. l’his approxim ation

is quite good (see Figure 6-3). By taking the maximum of p,,,.,’ and p,,.,,, we insist that a p,iiti-

dc cannot radiate any more energy than it would in reality in a time interva l .~t. This prevenis a

particle which enters a region of low electric field from suddenly being artific i- ih ly lorecof t o ) a

low “radiation reaction-limited” energy.

L . .~~~~~ 
. 
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iii) Pair Creation

Sufficiently energetic curvature photons *ill be absorbed by the magnetic field to  b u l l
electron— positron I~iirs. In our adaptation of ES I, we assumed a monochromatic emission spec~
trum at the critical photon energy of

E me 2 = 3f ’J It cp (6.5 )

and a photon emission rate of’

2 Ic e2 (66)
di 9 ,, h e  -

If the photon energy computed in (6.5) is too low- for absorption to occur in a distance A ~~~
then pair creation was ignored for the part icle in question. (In reality , pair creation is possible
for . a distance A~~r/3; thus the spark spreads outwards in .v faster than either our numerical
treatment or the analytical approach of the Previous chapter would predict).

An “on-the-spot ” approximation was made to pair creation when it did occur; i.e. the pair
was created at virtually the same position as its parent particle. In the latest version of I-SI-
SPARK , we take into account the “reversing ” effects of the electric field. l’hus. one species is

-: created at the same position as the parent particle while the other species has an average lag of
8x~~ c~~i/ 2 .  Each newly created particle is given an initia l momentum 01

—

Ppa~r 
= a 

dN 
(6. 7)

2 —i--”- ~ i

where ~~~ takes into account the small pitch angle synchrotron losses of the newly created
pair.

We also instituted a cutoff to the pair creation rate such that no more than eight pairs per
particle could be created per time step. This cutoff is only needed when instabilities such .is

w~~:—.O(1) threaten to prevent a simulation from finishing due to exponential blowup’,. One
can normally tell when this blowup occurs from the output diagnostic s (i .e. the pair creation
rate suddenly hits the maximum of eight particles per time step and the plasma Frequency
begins climbing exponentially in the saturation reg ime).

ES! normally handles a constant number of particles. The growth in our particle number
due to pair creation meant that another change had to be made. This was to introduce the rou-
tine “SQUEEZ” which squeezes the particle number down by an arhitr :irv factor tin our case
three was chosen) . Most of our runs were done with a maximum number 0) 1’ 2500 electrons
and positrons to be held in memory. When this number was exceeded , SQULE/. was called and
it randomly threw away two-thirds of the particles. The remaining third had their charge ,ind
mass increased by a factor ol three. Thus , both the charge density and plasma Frequency
remained unchanged , save for the random fluctu ation s due to the non—cont inuous di stributi on
of ~~8OO particles in 64—1 2~ grid cells. No problems were encountered in using this method. Its
CPU time is relatively short as it invol~ es only one “do—loo p ’ and no conlpULttR)Il (lust

— rcshurniniz of the Illofl lenta and position zi rr ,ivs)

—- - —--- - - -~~~~~~~~~~~~~~~~~~ - ,~~ - .. - - .- -~~~~~ ~~~~~~~ -- - -~~ _ _



r ’ r
- 26 -

iv) Input and Output l)iagnostics

At the time of this writing, FS 1 — SP.\R K required the following input: number of gi id
points( NG) , length in polar cap radii (Lii RE) , times tep ( [)T) as a fraction ( o f dx/c , Pu lsa r
period (P) , magnetic f ield in gauss(llFlELI)) , the ratio of 1), to O J (WCA P , normally set to I I
and the charge (in electron charges) of the initial su per-e lectro.~n and super-positron as a lrac-
lion of 1?, 1IR d~ ~m , (PERVA L . normally set to i - iO ~ or less). lhe code then conipuies the
actual values oF 1i,E,,,, ,~~ , .1., d.~, and di used in integration.

ES 1 is set up to produce “snapshots ” of var iables like charge density at user-speci f ied
intervals during the running of the code. In our runs , we found it must useful to have frequent
snapshots of F and ~ , and less frequent snapshots of F (p )  ~.s p, .V (e I vs x, and ‘I’. At t he

end of’ the run , time histories oh’ total partic le number , kinetic , electrostatic , drift , and theiti i.il
energies are produced.

v) Simplif ied Flow Chart of [SI-SPARK

a) Compute the induced Coulomb F-field from cloud-in-cell weighting of charge density
using Poisson’s equation niodifed for axisymmetric inIiniie cylinder geometry. Add inc vacuum
electric field.

b) Compute the new momenta of particles from equation of mot ion; include the ef lects oh
radiation reaction.

c) Compute pair production; put new particles into momentum and position arra y .
d) If too many particles to fit in the allocated arrays , calf SQU FEZ and reduce particle

number.
e) Compute particle velocities and move particles; compute new cloud- in-cell charge densit y .
I’) Print out any required snapshots arid go 10 (a) to begin new c~cIe .

C. Results

Figures 6-1 and 6-2 illustrate the effects of the (1)(0) =(l~(L) boundary conditions (In the

induced elect ric field from a charge density Iinearl} increasing with position in the ~ direction .
This simulates the increase of ~~ with .~ due to the magnetic h eld cur~atur e. I)ef ining .X ~,,, .is

the distance one must go from the boundary .v=0 or .~ I. for

E,nj,,,.,,,,(compuied)= I/ 2E ,n,,u,,,j (i lic ’Oreiit ’a I) . we see that .~.v/L drops from 0.2 at I. =-8~ , to 0 064
at L=32~i,. The flatness of E,,,,,,,,,.,,(compuw d) in the central region ref lects the expot iciiual de-
cay with x of the ~=0 boundary conditions.

Figure 6-3 plots the kinetic energy versus time of’ a single particle accelerated (‘torn rest by

the background electric field. The saturation in energy occurs because of the cifecis of ra f iation

reaction. The computed asymptotic energy ol’ 3 7 3  iO~ compares with the theoretical radiation
reaction-limited energy of F,, =3.90 ‘ 10’ [the difl’erencc is due to our approximations (h.4a) and
(6.4b)L

Figure 6-4 shows the growth of a single spark initiated by a single electron and posttrOfl
pair created by an externa l y—ray. One can see that the growth is in ti i ,ill~ exponenti a l and turns
over to a nearly linear growth rate after electric f ield saturation (see below). The measured e-

folding time of 1.20 - 10 seconds compares favorably with the analytical Predicted iimc of

2.05 ’ 10 ’ for the choscn parameters (P~ i) .033 I ‘,B=2. . l0~~, (i~,/6 ,,) I, i ,,, - I ‘~~~L t)  

—- —------
~~~~~~~~~~~~~~~~~~
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(machine units] , I. l96L06 Istatvolts/enl I. The measured rate is sonlew hat fast er hcc:i(Ise tile
code permits pair creation by particles before they ha~ e obta ined radiat ion reacti on-limited
energies whereas the anal’.ticai results included a forced lag time of r ‘=l’,,/(eE/n,e 1 h /. equa-
tion ( 5. 12 )] .

We now turn tO the most important results of these numerical simulations: what happeii’,
in the saturation regime of spark growth’ ? ? I- i gures 6-5 throug h 6- °) presents var ious snapshot s
of the charge density and induced Coulomb electrostatic electric field caused by the rel. it i%e tf i~-
placements of the electron and positron dens ities. One obser~es that the electric f ield is gr ow -

ing exponentially in time and, at the center oh t he spark , is opposed in sign to that (lb the back-
ground vacuum electric field. As one leaves the center and approaches the system boundaries ,

~~~~~ changes sign. This occurs as one crosses the region of maximum charge density w hich
acts like a surface charge although its thickness is comparable to ~ , before saturati on. E~entu-
ally, ,,,,,,~ , (x=L / 2) ~~E0.01~ and the exponential growth of the spark saturates. This saturated
electric field maintains a constant value and “diffuses’ outwards from the center with Increasing
time. The charge density does not approach ~~ but instead has d-q/ d .v~~d~~ / dv  w hich produces
the same effect of ~~~~~~~~~~~~~ This should be expected because the nel charge densi ty

must be zero in the spark and all quantities will be symmetric about .v=1./2 .

As time increases , the center region remains shorted out while the outer reg ions have the
“flame front ” structure hypot hesized in the last chapter. These fronts are topologically similar
to shock waves , i.e., if one transforms to the frame comoving with a front , all quantities appear
steady in time. Nearly all t he new pairs are created in the flame front regions as shown in I ig-
ure 6- 10. Since the plasma inside these fronts still has quite high Lorent, factors [ 0 ( 1 0) 1.  -i
small amount of pair creation continues to occur in the centra l r egion. Ignoring the numerica l
difficulties encountered with an ever-growing number density, the code could run lorever until
the fronts hit the regions affected by the boundary conditions.

The growing number density and the slowly “cooling” (due to curvature radiation losses)
pair plasma lead to the plasma frequency increasing with time. A relativistic hot plas m a has on
effective u,,~~ n (~~F)~~ where .~F is the dispersion in the pair plasma ’s Lorenti factors . ihus ,
as n increases and .~F decreases , w,,~~t can approach I which presents problems. A non-plasma
physicist using this type of numerical code quickly learns to his/her dismay that gross numeric ,oI
instabilities ensue because the imaginary part of the effective numerical plasma frequency is

proportional to the cube of w~~i. In Figure 6-li. we show the beginning of this instability ,ts

shown by its effects upon the induced Coulomb field. To d~ue, the only sure-f ire method to

postpone this instability while retaining the physics is to decrease the time step ~ t. (In occ.i-
sion, the plasma responds to this instability by healing itself ’ up. thus increasing ~ I , reducing
w e,, and mak ing the instability go away t’or a few more time steps. But in the end , the inst.thilih
wins out , part icles arc accelerated to high energies, more pairs arc created , is - increases faster
than (M’) - - decreases , and there is utte r , complete chaos; the 6’ ulier(Iu,,,me,uni,’ of a flunlcm ic,il

spark. 
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F I G .  6-5 Computed charge density (in machine units) as a function of v after l.I6~ s. 1 lits is st~h l

in thc exponential growth regime of the spark. Simulation parameters are P-~0.033l sc~ -

B—2. ’ 10U gauss. H0/~~— 1 , PERJ ’,4L=I. -l0 ‘. R~=I06 cm. 
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ELECTRIC FIELD at TIME ~1.16 p.s

F 1G. 6-6,6-7,6-9 Computed electric fleki (in ii~aehimo e units) due to spark charge density’ separa-
tion. h ere the spark has entered the saturated growth regime. The background electric field is

+2 .45 ’ l0~. Thus the sum of the induced Coulomb field .ond the background field is zero. 
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FIG. 6-10 l’hc number density (in arbitrary units) of newly created Pairs (in the last time step)
plotted against .v . Comparison of this fIgure with Figure 6—9 shows that nearly all the pairs .irc
crea trd at the edge of the spark where ER appreciably departs from zero. 
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0. Future Projects in Siittulatio mi

1 here arc several additional physical situations t hat should he smnm ul .oteoi hL ~~~~
infinite cylinder eases

The original Ruderman Suther land( 1975 ) model ot a higi. io’i work f un~ti ~n star ‘i
sans space-charge limited flow can be easily s imutateJ . I lere one w ,i;l f a~ ,~ hR u~~ tL ‘ II

boundary of the grid as a simu lated stellar surta ce . Rather than inse ri mn~ I ,,, ,irt i ,.~ •t~’ ‘ ( I L

would use pseudo-electrons ( a R  <0 in an RS mode!) to s imulate the ‘,acuuni- J c i  a

celeratino . One nwst make the grid length suf l icico t h long that no p.ir1i~Ics ~ ill ~‘ci w i t hi,i ,*

few ~~ pf the outer boundary ~ 
=- I. over the coUrsC ui th~ run One m octal questi o n 1k crmio o ~’

the original RS model is ~heiher a stable “ ‘.acuum ~‘ ,op ” aciua lh d oes r i i i  .iho ~ e the sio.’(l,j r
surface , or is an outward moving flame front (b:hind ~ hich o~ re laxes t o ,  o

~ 
af t  t he w ‘ ‘ . o t ow oi to

the stel lar surt ’ace) more likely- ? Given that cro ss—field marci~’ng nh ih~ ’s an ~~ I ruin ohiai nimi~
an equilibrium configuration , the flame f ’ront picture i11 a~ be more rea list ic

Another problem is to follow the in’,% ard rw ~ t og flame fr uri  t in . ‘ ~~ ‘~~ ~ 0 T  .ice 1’, pe

configuration. if one can somehow include a stellar surface lt~’~~ induced space-charge limited
flow) , then it may be possible to establish what is the final equ ilibri um i .tn “outer gap” sp.irk
discharge (admittedly ignoring cross-f Ield dri Fts ) 1 he aut Ilo(s pres-~nt opiflion is that the

equilibrium may be similar to that shown in Figure (~- l~~ There wi l t  hc a dense plasma extend-
ing from the stellar surface to the surface r~~~(U~. ~~ I where r ., ,, is the maxi nmuni radius at

which pair creation will still occurs. Beyond ~~~ there is a tota lly non-neutra l space-chaNc lim-

ited current flow (which may balance the curr’~nt of the c o o s  U hail oh the open nhigneto-

sphere). This current may be able to exi rac~ a sig nm ficarfl (raL lio ou t she p (ueos:al drop avas ahk’

in a totally vacuum open magnetosphere - IF so. thi s ~ pe oh mod.’t ‘~ ,,~~r 1t he more successful in
explaining the energeties of the Crab pulsar ’s emission tri.tn are sur face acceleration models

such as ours or that of Ruderman and Sutherland ,

Finally, the author hopes to do a more accurate electromagnetic simulation oh’ sparks his
will involve making major adaptations to EN1 1. It may atso require the introduction of ’ the coit-

dueLing boundary surface between the open and closed magnetosphere. Thus, the problem may

become more of a wave-guide one, It is doubtf ’ul that any of this will he easy. Unless the con-

ducting walls introduce peculiar effects , it wou ld he surprising if ’ the electromagnetic effects r id-
ically change the nature of the flame front equilibria found in our electrostatic siiuiilaUoiis
Based upon our analytica l results, we suspect that the radiation elec tric field is only important

just before electrostatic saturation occurs in the center of the spark’, the electr osta tic hieki
saturation might he postponed for a few c—folding times but it will eventually always dominate

the radiation field.
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FIG. 6- 12 Possible equilibrium situation of an ~ ‘t1 ‘- ø  oblique rotator, Spark discharges occur in
bot h halves of the open magnetosphere . The outward moving flame fronts have stopped at .i
region where pair creation is barely possible because of the falloff of the background dipolar
magnetic field. Beyond this region, t here are non neutral beams of electrons and positrons in
the cosb.<O and cosd..1>O regions respecti’.eiy.
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Sec~-ti.on ill

CO f ) E l) E V I~ LOPMEN 1’ ANI ) MA I N TE NANCL

A. ES 1 CODE

Nothing to report this quarter.

B. EM1 CODE

Nothing to report this quarter.

C. ELECTROSTATIC 2~d CODE DEVELOPM ENT ( EZOHAR )

W. M. Nevins and Dr. Yoshi Matsuda

We have developed a new version of EZOHAR wh i ch emp l oys a

guiding-center (E x B) move r for electrons and the usual leap-frog mover

for ions. The purpose is to simulate d r i f t  i n s t a b i l i t i e s  such as d r i f t

cyclotron and drift cone modes . The guiding center mover and its algor-

i thm used here was described earlier in QPR II I , 1977.

A number of tests runs have been performed to check effects

of boundary conditions , stochastic heating, and frequency, and frequency

spectrUm. We have used a uniform plasma in the bounded system described

earlier. The test results show that the density stays uniform during the

entire simulation run , typically 1 000 steps , causing no apparent il l

effects nea r the wall. The stochastic heating obse rved is shown in

Fig. 1 . The tota l energy increase in this case is abou t O.3~ in 1 000

steps , which is reasonabl y small. Figure 2 show s measured frequency
spectra for cyclotron harmonic waves . These figures are for two diffe r-

ent wave numbers corresponding to ~~~ Ois and 2.8 where p . is

ion Larmor radius. We can clearly see the cyclotron harmonics as expected.

These results indicate that the guiding-center version of

EZOHAR is work i ng properl y. We will be using this code to simulate dr i f t

cyclo tron i n s tab i l i ty and study its linear and nonlinear behavior in thc

com i ng quarter.

- .9~~~~A~-



-
~~

- 4 0 .

— 
I

~ 
1.504

C

~ 1.503 - —

Cs

a)

a)

~~I.502 — -,

0
F-

1.501 — -

0 40 80 $ 2 0  $60 200

T i m e

FIG. 1 Tota l energy v4 time in a bounded two—dimensional uniform plasma .

Pa rame te rs are N . = N ~i , . = 1 , w . 0.5 , A t  = 0.2 -c i ce CI pi 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

---

~  

- -~~~-- ‘-------‘- .‘-~~~~~~~~~~~~ . -- - ---~~~~~-- ~~~ - - -  - -



r ~~
- 41 -

5$0 
~~~~T ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -

~ $0~~- -

=
C

C

- 
- -

3

/1 1
(A) /W~~1

FIG. 2a Frequency spectrum for mode (a) k
yP i ~ 0.

Zi . Parameters are

the same as in Fig. 1.

~1L. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - .. -



- 42 -

5 __________________________________ ________________________$0 I I 
- -- - - 

~~1 
- - ]

— 4

~~~I0

C

$0

-; $0
2

~~~ 

(~~.~~~~1PL ~k 1kA1~ $6
(J.JIW ~ j

FIG.  2b Frequency spec t runt for node (b) k
yl -. 2.8 . Parame ters are

the same as in Fig. 1 .

- ‘~~“~~~~~~~~~~~$~~~; $ 1

______ ____ 
-



— —~~~~~~~~~~ ‘~~‘ “ ‘  ~~~~~~~~~~~~~~~~~~~~ -

- 43 -

D. THE COLD BEAM INSTABILITY ; PREDICTION OF SATURAT I ON LEVEL

W . M. Nevins and J. Albritton (visi ting from Univ. of Rochest2r ,
F a I l , 1976)

In the limit of a fast cold beam B L v  f~ A x-~ I the grid- alia so p
cold beam ins tability may be understood as resu lting from the interaction

between the beam (whose veloc i ty is v )  and the p = I alias of the

plasma wave , wh i ch has a freq uency

w = k v
1 0

where

k
1 

= (k
_
Pkg) j

k ~~21T/Ax
g

In fact , the growth rate of this ins tability may be obta i ned by keepinq

onl y the p = O  and p = l  ternis in the finite-grid dispersi on re lat ion t

to obtain

l - u
2(k)  I ______ 

= 0 (1)
p 

2 ~ k1 j 2(u - ky ) \ 
~
‘ (u-k 1

v )

We have used linear we i ghtin g, a three point Laplacian , and two point

centered differencing for the gradient. Hence , w
2
(k) is given by

w
2
(k) = dif (kAx) dif

2 (M~
) (2)

It is a l so  convenient to define a frequency

fl~~~ ia -  kv (3 )
1 0

~Work done Fall 1976; saved for possible journal note , wh i ch has not yet hewn
written. Previous work was a report in our QPR ’s during 1975 , unde r the
title “Cold Beam In stability ”.

t Due to A. B. Langdon , give n explicitly in C. K. Birdsa ll , N. Marion , G. Si iiitli ,
“Cold Beam Nonphysica l Instabilities and Cures”, Proc . 7th Conf. on Nun ,cric.il
Simulation of Plasma s, NYU ,June 2-Li 1975. See Eq. (5), p. 178.

_ _  _ _ _  _ _  _ _ _  _ _  _ _
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Strong coupling between the alias mode and the beam wi l l  occur

when u/k
1 ~

y 
, i.e., when Q is small. Hence , we conside r Ihe li m i t

~~ /t.i << I . In addi tion , we restrict out attention to small va l ues of k

such that k/k ‘~ 1 , and assume that k v 1w >> 1 . The leading terilis iiig g o  p
the dispersion relation are then

(1 - 
2
~2) (Li)

where

C E  _L

Hence , Q is purely imaginary for small , positive ~ . The niaxitnum
growth rate is determined by choosing r, to maximize the absolute va l ue’

of ~2 - We find

y O .2w (6)
max p

at

ois ( 7)

wh i ch agrees with the more complete (more va l ues of p) solutions of Bird-

s a l l  ~t a L 2

I n this limit (i.e., k v Iw >> 1), saturation occurs due to theg o  p
trapping of beam particles in the electric field of the alias wave . This

trapping occurs when

k1
6

1 
= 1 (8)

whe re is the (Lagrangian) displace me nt of the beam particle s due to

the presence of the alias wave .

2 C. K. B irdsa ll c’t a!., op. cit.
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We relate the ve l oci ty spread of the beam , v
~ 

, to the Lagrany-
ian displ acement by the approxima tion

V t 
= 

‘~~ l (9)

In writing the second equality , we have used the fact tha t ~ is  the

frequency of the alias wave in the reference frame of the beam . Since

trapp i ng occurs when k
1
A

1 = 1 , i t  follows tha t the beam spread at

saturation is give n by (approxima te l y)

v~ = (10)

Substitut i ng the appropriate va l ues for the fastest growing mode gives

(~ ) 0.05 w Ax (11)
saturation p

Finally , we note that when the Debye length of the beam is taken to be

A
D =v t

w , this result may be written as

A
D

~~ ~ O.O5 (1 2)

This is in excellent agreement with the simulation results shown in  Fig. I

on p. 18, QPR I I , Jul y 1 , 1975. We also note that an examina tion of the

phase space plots at saturation reveals clump ing of the beam into vortic e -.

with a spacing equa l to the wave length of the p= 1 alias. Hence , we

concl ude tha t th i s  s imp le trapping model accuratel y describes the satur-

ation of the grid—alia s instability in the limit of a fast cold beam. 

~~~~ - -~~~~
,
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Sec~t.ion IV

PLASMA S l M UI. AT l~~N TI i XT

No progress this quarter.

S~c~t~on V

SUMMARY OF REPORTS , TALKS , P U B L I C A T I O N S  I N  PAST Q U A R T L R

M. J. Gerve r , “Radial Norma l Mode Calculation of Warm Plasma

Stabil ization of the Drift Cone Mode”, Phys . Fluids 21 3, pp. ~443-446,

Ma rch 1978.

-1
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