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I. . INTRODUCTION

The low-voltage, parallel-plane diode has been studied as a computer
code check preliminary to a full relativistic treatment which is of
ultimate interest. A one-dimensional, time~dependent study has been

reported elsewhere.'®

The next step in this development will be the
addition of self magnetic fields at moderate emnergies before including,

finally, the relativistic equations of motiom.

IT. GREER'S FUNCTION

The method employed to take account of the particle interactions
is the particle-in-cell approximation.(g) One must calculate, therefore,
" . a table of Gréen's functions for each mesh point, each table entry
being due to an assumed unit charge in each cell. 1In the two-dimensional
cylindrically symmetric case, we are dealing with rings of charge.
If we consider the "walls" of the diode to be infinitely far away we
- can calculate the inter ring force for free rings. We theﬁ.take into

account the conducting planes at anode and cathode by the method of images.




Consider the potentlal at r,z of a uniformly charged rlng, radius

r’ at z’ (see flgure 1).
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'and_

These are.approximated as follows'® . 1Let B = 1-&2, Vo= aglogB.

The#
K_(a)_a_é 1.58629436 - 0.5y + $(0.1119697 - 0.1213486v + 8(0.07253230

- 0.02887472v)) .
E{a) =1.0 + B'(o.u630_1o6 - 0.2452740y + B(0.1077857 - 'o.0h125521y)).

T0'take:account of the conducting planes at_céthode and anode we
must superimpose a series of charges to give zero potential at these
planeé. One finds that, assuming a negatively charged ring as the

primary source at Zg s there will be positive images at 2nD-zS and

‘negative images at_2nD+z_s where D is the cathode-anode spacing and n

runs through all integers, positive, negative, and zero,.

We ran some tests for various combinations of source point and
field point to determine how many images are necessary to adequately
determine the fields. The results are given graphically in figure 2

and indicate that 20 images are sufficient.

I1TI. INITIAL CONDITIONS AND THE INJECTION SIMULATION

In order to simulate a hot cathode we give the injected rings
a temperature as follows. We assume a Maxwellian distribution in

v _and v
r z

f(v) = %%: exp (— EE;; )I.

We have at our disposal a random function gemerator, RANF, which gives,

‘by repeated calls, a set of numbers {Ri} uniformly distributed between

zero and 1. In order to transform this set to a set distributed

according to f(v) we form the cumulative distribution function'®

F(v) = S:f(v)_ dv




which giveé the probability that a fing have velocity v or less. We

can specify the ring velocities by solving

for'vi. Rgference to figure 3 indicates how a set of unifOrmally spaced
points on the y axis projected through the curve F(v) gives a set of
points on the anxis_distributed according to f(v). Attention must be
paid'td‘the-fadt.that,'whereas the r velocities can be negative and

positive, the z velocities are positive omnly.

A similar approach is used to insure a constant-demsity emitting
area. Note that we have spéecified that the rings have eduél charges;
Thus, if we were to give a uniform random distfibution of rings at the
cathode we would have in fact specified a beam with a high-deﬁsity core.

Thus, we want

f(r) =1 O=r <1l

21y
| %'SO So f(r) rdrdg = r® = F(r)

where we have'normalized so that r=1 when the random number generator
produces Riml. Figure 4 graphically indicates the solution of R, = F(ri)

for the initial radial coordinates ri.

Although we inject a fixed number of rings per iteration and the
iterations are separated by a fixed time difference, we can, nevertheless,
siﬁulate random injection times as follows.'® We specify the average
number of.electrops, nAt’ emitted in the time interval, At, between

iterationé. The probability that s electrons will be emitted in At is giveﬁ.

by the Poisson distribution

e TROE(, S
f(S) = = At
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The cumulative distribution function is then

Tw

F(s) = ) £(t).
t=0

Now, to simulate random injection we generate a random number R and compare
it with ¥(s). -If F(si#l) < R < F(s’) we generate s’ additidnal random
numbers'{Ré}. We would like to take the injection times to be at R{At,
(i=1,..,s’}. But, for gimplicity, we assume all particles injected at the
same time but at varYiﬁg small distances in front of the cathode given by

zy = R{Atvi where v, is the initial velocity of the ith electron.

IV. BLECTROSTATIC FOCUSING

The beam being studied is a finite cylinder of charge which expands
along its iength due to space bharge repulsion, This expansion mékes it
difficult to compare quartitatively with the theory of the parallel-plane
diode. There exists a method(E), however, by which one can force the
finite beam into laminar flow perpendicular to the electrodes. This gives

the effect of an infinitely wide beam.

Tt is well known'® that the potential variation with distance in

a planar diode is given by
V = Az*/3
where A depends on the anode current. One also has

v

ar 0

everywhere.

The desired potential distribution external to the beam is found

from Laplace's equation. If an analytic solution can be found, then the

real and imaginary parts of this solution are also solutions. Thus,




.Hence

“let z = z+ir (r measured from beam edge} so we have

@iy = A(z+ir) /2 .

: Rl T B
= A(22412)2/3 ¢ s[.m tan~t = .
Thus there is a' zero potential along a line passing-fhfough z=0
and making aﬁ.angle_%(n/2) = 67.5° with the beam edge. If an electrode
at cathode potential is placed along this équipotential'then the fields
external to the beam will be such that the electrons will flow as if fhey

were part of an infinite laminar beam. This is called the "Pierce Electrode™(5)

The exiStence of such an electrode is accommodated in two ways. First
we note from figure 5 that if a ring arrives in region 11 an'image will
be produced in the. Pierce electrode. The image of this image will be -
produbed'in the anode. Furthermore, if the ring also has r>b (not likely
if the Pierce electrode works) we no 1oﬁger have to take into account the

infinite sequence of images in anode and cathode,

A more profound effect of the electrode is the distortion of the field
lines from their formally rectilinear array. Consider the polar coordinate

o

system in figure 6. Suppose the potential at the point R, 2 is

v = RP sinpp

which is the correct conformal mapping for our problem if we set _
p=ﬁ/(eo+n/2), for then v=0 at p=0 and g=90+ﬂ/2. The direction of the field
at the point R, p is then ' '

.

1 v /'QE ) _ zcosgp ~ (b-r) sinpp

¢ = tan or ' 2z zsinpp + (b-x) cos@p.

Along the field lines we haﬁe_lEl

-V /D. Hence
o .

| Er = (—VO/D) sing |
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ahd L
| EZ‘=_(FV0/D> cosg.

_Tﬁis is true near the cathode, Near the'anode the fields are still

* reetilinear. We add the curvature in ever increasing ampunts as we

pass from arode to cathode,

V. RESULTS

Figure 7-ié a plot of'the ring positioﬁs after.equilibr;um'sets in
for the case of é'npn-zero'temperature.and no Pierce eleétrode} Figure 8.
indicates the result of installing a Pierce electrode. 1In order to better
compare with Langmuir-Child theory we set the r-temperature to zero '
while ieaving.thé z-temperature non zero, and the flow is shown in figure 9.
The plot of poténtial versus distance is shown in figure 10 and is
compared with the Laﬁgmuir-Child formula. Figure 11 is a higher-temperature
plot to show the position of the potential'minimum more clearly. Figure 12
shows the anode current versus time and compares the equilibrium value
with the Langmuir~Child value, TFigure 1% is a graph of the total number of
rings in the system at any time. The equilibrium is maintained by removing
those rings which are turned back to the cathode and those which reach
the anode. The Pierce electrode drives all rings away from the extreme
edge (in the r-direction) of the mesh so all particles passing through the

potential minimum eventually make it to the anode.

Table I gives the parameters of the problem. The appendix contains

‘the program listings.




TABLE I - PARAMETERS'

'Ahode_Pbtéﬁtial

_.Thermal_Potentiaiz

Charge per Ring
Mass per Ring _
Anode-Cathode Spacing

_Emission Radius

Maximum Number of Particles Available

Number of Cells: r direction
- dlrectlon

Tlme Step per Iteratlon
Angle of Pierce Electrode

Average Number of Rlngs InJected per Time Step

10 VdIts'

O,i and 0.5 Volts
—1_;6' };._.].C)“l7 Coulombs .
9;1 x 10729 Kilograms
1.852 x 103 em
1}32'x'10'5 cm

1500 .

7
7

2 X 10 12 seconds
67, 5O and 90° (no electrode)
50
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FIGURE CAPTIONS

Geometry for calculatlng f1e1d at (r z) due to rlng of
charge, radius x’, at z*.-

_ Plots of E and E_ for 5 dlfferent d15p031t10ns of rlng

source and field point versus number of lmages in cathode .
and anode plane. :

Cumulative dlstrlbutlon function for Maxwelllan veloc1ty
distribution (from Tien and Moshman, JAP 27 1067, (1956)
Fig. 10). - :

.Cumulative distribution function for-uniform.distribution

of emitted current due to rings of equal-chafge;

Image forces in Pierce electrode for r1ngs for whlch
tan‘l b—rs/zs < n/2 -Bo -

Geometry for calculatlng field direction ln nelghborhood

- of cathode with a Pierce electrode.

Plot of ring p051t10nsfor cage of ¢~ temperature of 0.1
Volts and no Pierce electrode,

Plot of ring positions for case of r-temperature of 0. 1
Volts with Pierce electrode at 67.5° with réspect to beam

edge.

Plot of ring positions -for case of zero r- temperature Wlth
Pierce electrode at 67.5° with respect to beam edge.

Plot of V(z) versus z shOW1ng depression . of ‘potential due to |

“wyirtual cathode formation. Temperature = 0.1 Volts.

' Plot'of V(z) versus z for high temperature (V,, = 0.5 Volts)_

bringing v1rtual cathode out near flrst mesh point,

Plot of anode-current-versus time and comparison_with
temperature corrected'Langmuir-ChiId'value;

Plot of number of rings in diode versus time show1ng
cequilibrium between those injected at cathode and those

lost to anode or returned to cathode by space-charge cloud.
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APPENDIX

Program Li-'s't.ing
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FREGRAM TRODEE .
c:*t**wt*:*#*#*t*;*yt:tt*:t*k##t#**m*##**t*x*****ttt#*#tt*vitt*mw*tttetm

TEGDEE IS A Tw3sDIMENSTENAL TIME-DEPENDENT CGDE WHICH SIMULATES
THE NEN=HELATIVISTIC PARALLEL PLANE DIBDE, THE MACROFPARTICLES

ARE CHARKGED RIMGS WHICH LAN MBVE LATERALLY BETWEEN CATHODE AND
ANGDE, THEY CAN EXPAND AND CONTRACT "AS WELL, THE PARTICLES APPEAR
AT THE CATHBDE PLANE AT ﬂANHdM TIMES, 1V RANDBGM AMAUNTS WITH

A MAXWELLIAN DISTRIBUTIGN IN R~ AND ZwVELBCITY, PARTIGCLES WHICH
FEACH THE ANOUE 3R ARE REJURNED T@ THE CATHBDE ARE SAVED FOR
LATER USE; THIS PERMITS LUNG RUNS WiTH A MADEST EXPENDITURE BAF
FEMBRY .,

L E R RS RS ES S R R R R R AR A A E Rl E R R R R R R R T R I R TSR

PIMENSTUNED VAR]JABLES

Z+R PARTICLE COMRDINATES
ZP s RF PARTICLE. VELBCITIES
LS ERS TWR=DIMENSTANAL TABLES OF FIELDS

FIRST ARuUMENT=F;ELD POINT{MESH FBINT)
SECHND ARGUMENT=SOURCE PRINT(WITHIN CELL)

ERIEL NET FlcLDS AT MESH PRINTS
VECTBR SUM OF SPACE CHARGE AND EXTERNAL FIELDS
EEXT EXTERNALLY APPLIEDR FIELD
iR STERAGE FER PARTICLE PESITIBNS AT LAST
ITERATION = USED T@ TEST FOR ANADE CROSSING ETC
Eo $§TURAGE FBR NUMBER OF PARTJCLES CROSSING
ANGDE PLANE PER ITERATION
IMeRM MESH POINT COORCINATES
L5sRS CELL CUURDINATES
- XV USED FeR PLAT @F VELTAGE VS X
T1 USED IN PLBT @F ANODE CURRENT VS TIME
CHAR CHARAG [ER TABLE FOR PLOTTING

o000 OoOooOoOnIoaoaOoOoOOoOOO OO o oo oo

COMMEN A BaDo» VIERW, VIHERM, DZETA, NSTtP TSTEP,G,WEIGHT ) T, THETA
CaMmMEN/ZZ/202%00), ZP(&)UQJ:R(EbDOJphP(ZDGD)
LMMDﬁ/FIELD/EZS(bﬂ 49), Egb(b4 49);§R§6q).Ez(641.EExTZ(a;8>.

1EEXTR(8,H)

BIMENSLAON ZH(E500)

CIMENSTON BB(DO0),RMIB))RO(7)4ZMt8Y4Z25(7)

DIMENSTEN X({14),V(11)

LIMEhSIen TT(S00)

CIMENSIGN CHARISD)

DIMENSLEN PRIBUG)  Pg{D0)

c

v FEEEENE SRR A SRS RIS R ERE R RS S A St 2R R R RS E R RS R RS RERRLET NN Y

c

c CARDS READ

C

C CARD 1

c vZERY EXTERNAL TUBE VELTAGE « VOLTS

C D ANUDt-uATH@Db SFACING = METERS

c VIRERM TH&RHﬁL VEBLTAGE = VOLTS (CATHHDE TEMPERATURE)
c

C CARD 2

C
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FIND,4A

nhhnnnconnnnnnnnnnnnonnndnhnn

06705769
"u T CHARGE/RING CauiLeds

B EMISS1gN RADIUS = METERS

WEJGHT MASSZRING -» KILEGRAMS
CARD &

NP NUMBER BF RINGS AVAILABLE

N2 NUMBER OF CELLS IN THE Z DIRECTION

NR NUMBER BF CELLS [N THE R DIRECTIGN

NSTEP NUMBER ©F [TERAT{®NS TilS RUN '

CZETA,TSTER NUNMNBER BOF SECANDS/ITERATION
CARD 4

NCATH AVERAGE NUMBER €F PARTICLES INJECTED PER STEP
CAR[ 9

NPLOT NUMBER ©F [TERAT(ONS BETWEEN PLOTS
CARD 6

CHARCI) CHARACIER TABLE tGR PLOTTING BN PRINTER
CARD 7 |

THETA ANGLE @F PIERCE ELECTR@DE. , .., IN RADIANS

‘#*#**#*#*#lkt‘t#il*i‘**:&#l##*#t#*##il***t##****t##i#t*#t#‘tit*#*‘btt#*#****

a4y
L
Be

8

83

3401

READ BU,VZERO D, VTHERN.

FERMAT (SEL033)

READ 81,0,8,WEIGHT

FURMATLAELD &)

PEAD B2/NFINZ)NRINSTEP  DLcTALTSTER

FGRMATt415,2E20,5)

PRINT 834VZERE,VTHERM,Q;D;B;HEIGHT.NP;NZ,NR,DZETA.NSTEP,TSTEP

FORMAT{7HIVZERDsELZ,5/8H ¥THERM=2EL12,5/ 34 G=EELZ 5/
13K DsElg,5/3H BzEL2,5/BH KETGHTSEL2,.5/4H NP=15/74H NZ=]5/
1an NR=IB/

27h DIETASEL12,.5/7H NSTEP=12/7H TSTEP=EL2,5///)

READ &5 ¢NCATH

FORMATCLR)

PRINT B4,NCATH '

FERMAT{32H AVERAGE NUMBER BF INJECTED PARTICLES =13)

READ BH,NFLET

el

T=U,

SEAD SOUL(CHARCI) pIs1,502.

FORMAT(DIAL)

READ 86, THETA

FRRMATIELG, S

InNpTlALEZE PhuT

CALL PLET(1,61,50,,8,)

DB 301 1=1,50 :

GALL PLOTE2,1,CHARIT)]

A=l
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4u5yY
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B2o,*L/7,
RAVG=(,
NANBLDE=D

CELL DIMENSI®NS, DR oY D¢
DA=0/FLAATINZ Y
LR=AZELBAT (NR)

SET 4P MESH PRINTS RM,¢M AND SGURCE PBINTS RS,ZS
NRLzNA+],
RM{1)z0,
NZlaNZ+]
ZMi1)=qa,
DB 11 JE=2,.NZ2
Zb(J’l)-DZ*FLEAT(J =1¥=l¢4/e,

ZMUUISDZHFLBAT(y)Y=D2Z

DO 3000 JsZ2.NR2,

RMOJIEFLBAT(J»1)%DR
RO (JmLYSBQRTF{  S™(RM( Jn LI¥*2  +RM(J)*=%2, )}y
CeNTINUE
Pl=d,1415926

ASSIGN ALL INITIAL VELOCITIES AND RADIAL POSITIAONS
CALL INITIAL(EZ3HP NCATH,G)

MS=0 ‘

TUTAL NUMHER GOF SHURCE PUINTS
NERNR#*NL

TOTAL NUMBER OF FlELD POINTS
MFENRI*NL]

MNE2ENE /2
Ples, 1412326

CALCULATE FIELDS FOR JIWDE WITH A PJERpE ELECTRODE
DU 4u2l Jsian{1
Db 40520 Asi, NR1

IF(RM(K).GT 8¢ GO TR 4051
PHISATANF (ZM(d)/ (Eew "RM{K)I)
GB TEH 4ydy
FRIZPI=ATANF (¢M(Jj/Z{RM(K)=B))
CENTINUE
RRESERTE (EMEJI*ZM{ )+ (Bs RMAK) }w(B= RﬁtK}))
FIPI/ATHETASPI /2,

ARGz ATANF((LM{J)*uﬂsFiletP)v(ﬁsRth)I*SINF(PHI*P)J/EZM(J)*

ISINFIPHI*P )+ (b= RM(K))*CUSP(PHI*F)J)

PR OZMEJ) yGuT§042,) ARGZARGH(D= = IM{U) YA LDeZM D))
FF{RMOK) (EQy 0. ARG= 0,

FEXTZ{J K)z¢~ »thU/u):cUbF(AR&)

EEXTR{J,) K} (*MZERO/D)*&IN?(ARG)

IF{dyEQ NZLY EEXTRUY, K).U.

LUVTIhUt

EEXTL(L a)-g-vaRO/u)*Cubr(PI/4,vrh:TA/d b}
EEXTREL 5=y 4LH0/Q;*51NF(PI/4.nTHElAr?.)
EtXTZ(l;?)"t-VZtRU/u)*CUSr(Pil?.-thTA)
EEXTLZ{R,8)=EREXTZ(1.7)
ktXTHila7)=CV¢PHO/Dj*bINFlPI/da-TH&lA)
EEXTREL B IsEEXTR (L, 7)

FRINT 1008

FORMET (ol EEXTZ)

PRINT LUl CtREXTZLT, J)sJ=1uNR1);Iﬂl NZ1)
PRINT lulwg
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1009

1610

190
143,

1u1l

1018
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FURNAT(GH EEXTR)
PRINT L0146, ¢(EEXTRI] ) Jd) s = 1,NR12.I=1 N21}
FORMAT(H(1X,B32,5))
SET UP TaABLE &F FlELDS A EACH MESH P@;NT DUE TO SINGLE CHARGE
IN BACH CELL
PERMITTIVITY WF FREE SPACE FARADS/METER
EPS=885E=12 -
cuwsT--u/c4 P *P [ SEPS)
INDEX =0
P 101 jlsl. N4
DE 101 12=1,NK
MSEMS ] :
MEE()
De 100 [$s51yNZ1
De i00. [4=leNBL.
ME =ME+ ]
BELS{MF ) MS) =T,
ERS(MF »MS)3Q,
ARGLZATANF (({HaRS(12))/Z8(}11))
ARGR=F1/Zy~THETA
1F (ARG1 LT, ARGR). . INDEXS]
CAabL ¥IELUS(ZH(lSJaZStlllnRM(I4).R9(l£?,FZi,ER1pINDtX)
INDEX3D
FIELES ARE I VOLTS/METER.
ER1SERL#CONST '
EZlzEL150ENST=2,
ELS(MF,MSISELS
ERS(MF s M8 )2ERY
CENTINUE
CONTINUE
‘PRINT ARRAY @F FIELDS
DE 20 Ks)l,NF
PRINT Luii,k :
FGRMAT (5K ERS(s12, 1H)2
PRINT 1010, (BERS{K,J), 81,8}
PRINT 1012.K
FORMAT(BH EZS¢{,12,1H))
PRINT 1010,CELS(Ksd) )21 e8]}
INIT{ALIZE STORAGE FOQR TESTING ANGUE .CURRENT
PE 21 Js1.nNP
ZRINIZZL(N)
INITIALIZE BToRAGE FOR CALGULATING ANODE CURRENTY
neg 22 Js1,NSTEP
PREJISD,
HE(J)=s0,
NCBRUNT wlLL Bt THE NUMBER @F PARTILL&S LBST VIA ANGDE B8R cATHBDF
NCOUNT=O
KK wjiLl BE THE TaTalL NUMsER @F PAR]ICLES IN THE DIODE AT ANY TIME
KK=0
bE 1364 J21,59
PULJISDy
OO 1000 KKKs1,NSTEP
INJECT [& AN ENTRY P@INT IN ROUTINE [NITIAL
[T PLTS,0N Tk AVERAGS, NCATH RINGb AT THE CATHBDE: PLANE

 CALL lNJtLICDé,NP NCATH, KK)

FRINT 5000,KKK,KK




FTN5, 44

5000

140

08705769

FERMAT(215)

GET GUT IF PARTICLE SUPPLY IS EXCERDRrD
IF (KK GE.NP) 6B Ty 4003

ACCEL COUNTS THE PARTICLeS IN  FACH CE,LL AND USES THE TABLE

GF FLIELDS,IT RETURNS wlTﬁ THE ToTAL NET FIELD AT EAuH MFSH POINT
CALL AGCEL (NZ,NH KK, NLUU%Iahﬁ,BINA)

NCOUNT 1S THE NUMBER B NIN&S LAST TO CATHADE AND ANGDE
DB 140 NSL W AK
Ist,+RH (M) /FDR
JELj+LdINYANE

IannPuLATiﬁu BF FIELDS wITH RESPEVT T3 POSITION OF PARTICLE

In o EAUH CELL
AL (R(N)=KM(]}) /DR
Bl=is=Al
C1s(ZiNd=2M(J) 1 /DF
Itis1,-01
Lelely=13*NR1
MEL +#NKL

K ANG Z ACCELERATIONS
RPP:D;*(Al*&R(L+1)*BitEH(;)}*CI*(Ai*ER(%+1)+Bi*ER(MJ)
REPSRFP*(G/WELGHT) '

(PPDL* (AL%EZIL+1)+B1vE2 (L) )*CL* (AL*FZ(M+1)+BL*EZ(M))
IPFIZRF* (L/WELGRT) ’

EULER INTEGRATION TO GlV: NEW PObllIUN“ AND VELDCITIES
R(N)YS R(N)*DLE?AH(HP(N)*U;?*DlhTA*HPF!
ZIN)=ZINY*DZETAXCZPINI+D, I¥DZETAXLPF)

RPIN)ZRP (N)+DZETA#RPPS0,5
IPIN)SZPINIVDAETAZPP*0,>
CENTINUE

SECENY GALL 18 ACCEL UFDATES THE VtLdClTltS UNLY
CallL ACCEL(NZ)NRsKK, NL@uNt,NP 1,NA)

KKEXReNCOUNT
DEe 150 nN=1 KK
Fsd +rinN)/ Dk
JEL,YEIN) UL
AL={R(N)=RM{1)}/DR
Bisi,=Al
Cls(ZiN) =M (4} Y/DE
Pi=i,-C1l
Lel+(d=1)wNRY
Mel +hnrl

kKPP = hl*(A;*EHEL+l)*Bl*EH(h)J*Cl*(Ai*EH(ﬂ#1)+Bl*bH(M}}
RPPRFP» (L/WEFGHT)

PPz Dl*(A;*EZ(L+1)+Bi*EL(L))*01*(Ai*EL(%+1)+El*%Z(M))
IPPsZEFPx(U/WELFGHT)

RP(N)-RP(N}*ULETA-PPP‘O b

ZVCNIEZP LI +DEETARZPP R,

VELELETIES Nk CORRELCT
CENTINUE '

SKIP UVER NPLOT (TeRATIONS BETWEEN PLATS
MMEKKK/NPLET
HMzMMenPLOT
TF KKK  NESHMMY G TH 999

INITIALLZE VBLTAGES
GO 4 Jsis 40
VviJi=i,
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ConNT jNUE :
POP 1S AN ENTRY FOINT IN ACCEL =~ }T PRINTS THE CELL DENSITIES
cALL FEP
INTEGRATE THE FIELD 8N TWe AXIS TE GeT THE VAL TAGE
Vvii1)sl,
NE 5 gslaind
ke JeNRKL+l
ViJ+llsvid)=sELIn ) «DZ
CuNTINUE
DVEVINZL) =V ZERD
NE S04 JeEdenNid
VIiIsy{Jdehy
pE 305 JElsNZL
X(SIsLZaFLOAT o d=1)
VOLTAGE PLGT
CALL PLET(3 4,V 003X 0dN)
FRINT 204,7 '
FURMAT(31H1IVOLTAGE BN THE AXIS V8 Z AT T=E12.5)
CalLL FLET(4,0)
LT OF R Vb Z FBR EACH HARTICLF In DI9DE REGISN
D 4010 Jx=l,KhE
CALL FLET(S, 4 ,RE41022000)
PUT THIS PgInT IN ARRAY 14 hRe PL@TEED TG INSURE THAT WHGLE D]ODE
APPEARS N THE PLOT
¥=))
YsZ=B
CALL PLOT{S.4.Y,%)
FRINT 502,71
FHERMAT (CSUHAPARTICLE POSLITLONS AT TIME TeE12,5)
CALL FLET(4,0)
CONTIMUE
FRIKKK+1 ) =KK
BBIKKK}SNA
FRINT S05;BHIKRKK)
FERMAT(4H BB=E10,3)
FORM DENSITY VS R
1F (KKK, LT¢10) GE TO 1000
RK=D/10,
B 1900 LRl KK
TR (ZCu st Te/5,) GO TO 12y
kel,+R(JI /KRR
PUClKISPU(KI+10, *Q/ (2, %P L*y*R(JD)
CENTINVE
LPFDATE TiME ANE RETURN FuW NEXT 1TERATION
1+T+TSTEFR
b 24 Jsi ,NSTEP
MAKE A EURhEuI DENSITY IN AHPS/CM##2 USING AVERAGE RADIUS
Pbld)=-ﬁbGJ)*u/{TbTFP*PL*d*B*lﬂanQ )
TICJI=TOTEP*FLRAT(J)
PLET ANGDE CURKENT DENSIIY VS TINME
CALL PLBT(3,4,BEL)), TI(J)J
FRINT 500
FERMATESUHIANGDE CURRENT LENSITY V& TIM&)
CalLL FLET(4401
GE TU 40¢5
FRINT 4004




FINS 44

400+
4005
¢
1201
1802

C

1203

1504

05/065/769

FERMAT{SOHINUMBER OF AVAILABLE PARTICLES EXCEEDED)
CeNTINE

PLET BF DI8De POPULATION VS TIME

e 1501 JEl . NBTEP

Call FLOT(3,4,PR0J1,TT(UN)

PRINT 1502 '

FORMAT(25H1D1@DE PARPULATIQN VS TIME)
CalLL PLET(4,01}

FLBT OF DENSITY V8 R

e 1903 J=1,10

Gurd

TI(JYsEJNE/20,

CALL FLET(S,4,Pdld),TT(Y))
PRINT 1504
FERMAT (ILHILENSITY VS R, ARBJTRARY UNITS)
ColL FLET(4,U)

RETURN

END




(O
< FTN9,4a

OO o000

50
6y

o
T3

2 OM O

on

| 08/06/69
SUBREUTINE INITIAL(DZ,NPINGATH KK)

nts#t*:ttttmtmtts*ftstttmtttt####**tt*it#*t*t*tt;lﬂt:tttttttttsttttttwt

A CALL TO INITIAL PROVIDE® AN INJTIAL MAXWELLIAN DISTRIBUTION
gF VELOCITIES ZF,RFP AND A RANDOM DIbTR!dUTI@N IN R 3UT T@ R=B,
IT ALSH CALLULATES A TABLE»G,» WHICKE G]VES THE CUMULATIVE
DISTRIBUTION FUNCTION FBR AN ASSUMEY POJSSEN DISTRIBUTION @F RINGS
EMMITED IN THE INTERVAL T8TEP AT AN AVERAGE OF NCATH PER TSTEP,
FER DETAILS OF THE CALCULATION SEE 4,,

TIEN AND MOSHMAN, JAP, 27, 1066, 1556

*tt#ttﬁ#ii##*#tt#****t*lltt**t****l’###tiﬂltiﬂl#'**#t‘#tti*.“t**ﬂ###t‘#!*tﬂ.

COMMENZZZ/E02200) , ZR(2500 ) RIZ50014RPL2500)
CUMMEN AsB, D VZERO ) VTHERMIDZETA,NSTEP ) TSTEP,Q, WEIGHT, T, THETA
DIMENSIGN F(150),G(150)
GEABSF (0}
5O 1L wSleNP
RANF PROYIDES A RANDUM NYMBER BETWEEN 0 AND 3
XERANF (el )
F{J)SE*SORTF ()
XsRANF (el)
CONVERTS A UNIFORM RANDOM DISTRIBUTION TO A MAXWELLIAN DISTRIBU=
TION FBR THE R~ AND ZsVELGCIT]ES,
KeJdgd
Ke2kK
TF (K, 80,4J) GO T 50
BEIGN=L,
Gg . TE 60
SIGN=rl,
CEONTINUE
RP{JIESARTF (L2, *VTHERM*Q/WETGHT }» (=L OGF L1, X)) )#SIGN
RP(JIED
ZPCJ)SSARTF ( (2, sVTHERMAQ/NEIGHT ) o (=L BGF (X)))
88%]
LE 2 K=1,150
BKEK=]}
KisKml
IFtK EG,1) GO TO 35
DO 3 J5i,Ki
Qd2
555850y
G0 TE d&
85%1,
CATHENCATH
POISSAN DISTRIBUTIGN WiTrn AVERAGE®NCATH
F(K)e hXPF(-CATH)'(CATH#*GﬂJ/bS
LSS
CUMULATIVE DiSTRIBYTJON FUNCTIGN
DO 5 Kz1,150
G(KY=G,
DO 6 w2l,K
GCK)SGLIK)oF (1}
PRINT 7,6(K)
FORMAT(ELD (5)
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CONTIMUE
G{i50)=1,
Gsm(

Gl TG 1%
ENTRY INJECT

‘-‘*t*tl#‘t*#*tt#i#*t*'*t*tt#“*#!l#tti‘*#*#‘t#*‘***t‘iit‘*i‘t*tt*###*t

A CaLL TO INJECT CALCULATes THE NUMBER 3F PARTICLES T@ INJECT BY
CEMPARING A RaNLOM NUMBERWITH THE LUMULATIVE DISTRIBUTIGN FUNC=
TI@N Gy 1Y THEN GIVES THIS NUMBER Gr PARTIGCLES RANDGM P@SITIONS
GVER THE DISTANGE TSTtP*ZP FOR EACK TPARTICLE, THIS SIMULATES
RANDOM INJECTIGN IN TIME,

#-s.t*t*:ttt*#:t:#;#tltttttl#ttl*#ttttttttttt-#t:t##t*:t‘*t*:**t;tttt*t

XrRANF (=1 )
e 10 J=2,150
TFOX LT 6G0J) AND,X.GE,G(J*1)) GO TE 11
CONTINUE
KKJaKE*
KKIsKK+1
PRINT 20+4
FOGRMAT (444 NUMNBER OF INJELYTED RINGS THIS TIME STEP=]15)
DO 12 MsKK1,KKJ
S!MULATE RANDOM TlHEb BF INJECTION OF THESE J PARTICLES
Z(M)ERANF (=1 )% TSTEP#ZP (M}
KKEKK,
RETURN
END
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SUBRBYTINE FIELDS(Z1,22,R11R2,EZ4)ERL,) INDEX)

[ FI ISR IS R RS RN A 2R Rt R R 2 R RNy Y Iy RN N F T Y R 233 3)

A CALL TO TWIS RGUTINE PHROVIDES The Z=FIELD, EZ1, AND THE ReFIELD
ER%, .AT POINT Z1,R1 DUE T® RING OF CHMARGE AT 22, RADJUS R2,

THE METH@D OF IMAGES TOGETHER WITH THE FREE RING PBTENT]AL

15 USED T® TAKE ACCOUNT BF THE CONDUGTING PLANES AT Z=0 AND Z=D,
.20 IMAGES ARE SUFFICIENT FBR EACH CONDYCTOR TG CONVERGE THE SUM
8F THE JMAGE FIELDS 7O THE. CORRECT VALUE FOR ALL DPISPBSITIONS

OF FIELD POINY .« SOURGE PBINT IN THe DIGDE

‘#lt#t#"l'***‘#l"lt‘**tt**##t#t‘t*li#ﬂ#*t#tt#'t*tilitﬁ*#t*t‘lﬁtt‘**#*

COMMON AsBsDsYZERQ ) VTHERM;DZETA NSTEP TSTEP, Q, WEIGHT T) THETA
P123,1415926
ER1=20,
EZ120,
IF(R&.GE B) GO TO 1o0
RES{Ri+R2)w»2,
RDs(ABSF(R12R2))*»2,
NNN220
De 10 Nsi,NNN
PBSITIVE IMAGES AT Z2¢2#N*D FOR PESITIVE N
SIGNE=1
JUFL
GN&EN=]
ZETAZZ1=2,#QN¥DeZ2
ZETAB:(AB&P!ZETA))*:Z
ALF=4, *RitRZ/!RS*zETAB)
V=1.=M,F
UEALFoLBGF(Y)
GOMPLETE ELLIRYIC INTEGRAL OF THE SECOND KIND
EE=1;*V*(v4630106-0 245£740*U*V*t0.1077857 «0,044253211))
COMPLETE ELLIPTIC INTEGRAL OF THE PIRST KIND
EKEY 38629436~ ,58)+va{0,11196970, 1&13486#U
4 +Vs(,07253230%,02887472%0))
8=SQHTF6RS*ZETAB}
ERLZERLI4S]GN* (EK=(R2¥#2, =R1%%2 ,+ZETAB)YEE/ (RD+ZETAB) )/ (R1#BB}
EZls EZi*SIGN*ZETA-EE/tBB*tRD*ZETAB})
G0 TO (15,16,17,18),JJ
ZETAR.L=2swQNeDs22
NEGATIVE IMAGES AT 2#N#D=Z2 FOR RESITIVE N
NNLY
SIGN3e]
GO TO 13
ONEN
IF(NGEQG,NNN) G& T@ 1D
PBSITIVE I1MAGES AT Z2+2*N+D - FOR NEGATIVE N
SIGN2v1
ZETASZL*2,¥(AN#DeZ2
JUE3
66 Te 13
S]1GNs*1
NEGATIVE. IMAGES AT 2eN#DnZ2 FOR NEGATIVE N
ZhTA=21t2;=QNiD*Z2
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NNEY

Ge ve 13

CENTINVE

CONTINUE

CONTINUE

TF (INDEX ,NE,1) GO T@ 11

BRZEAESFIB-RE)

DDRSORTF ((BR2 )#%2,422%92,)¢SINFITHETA+ATANF{(BoR2)/Z2))
77762, %DDsCASF{PI/2,nTHETA)+22

.RR'Z.#DD*SiNF(PI/2.-THETAF*R2

SIGNEel

“WWEL

RSE(RR*RL)*2, :

RD® (ABSF(RLI=RR)}we2,

ZETASZ%=22

ZETABRLABSF(ZETA) Yow2,

ALF24,sR1sRR/(RS+ZETAD)

V‘i.EALF

UeALFeLBGF(Y)
COMPLETE ELLJIPTIC INTEGRAL BF THE SECOND KIND

EES4 oV¥(,4630106~0,24527400UeVe(0,1077857=0,04125321%U))
COMPLETE ELLIPTIC INTEGHAL OF THE FIRST K!ND

EKBY, 38629436 ,580+Ve(0,1119697+0,1213486+Y

1 +Vw{,07253230-,02887472%y))

aa=saﬁTFtRS¢ZETAB> :

ERLSERLI®SIGN* (EKw (RR¥ M2, wR10%2 ,+ZETAB)SEE/(RD*ZETAR) )/ (R1L*EB)
E21=E21*$IGN*ZETA!EE/(BB'KRD*ZETAB!J :

GO TE (20,21)JJ
Y2

Z1324%0=72
SIGNaw=Y

Ge 18 50

CENTINUVE

CONT INVE
IF(2%:,EQ,0) ERY=0,
!thm.en D) ERgs0,
RETYRN

ENR




_ 07731769
SUBRGLTINE ACCEL(NZ,NR,KKpNCOUNT ,NF » NN, NA )
I PSS SRS 2SR SRR RS R RS R R R R AR RN R R SRR RS FE RS E R RN EFE NN

4 CALL T@ ACCEL wWIL{ CAUSE ALL CELL POPULATIONS TQ BE COUNTED,
THE FUERCES AT THE MES™ POINTS WILL THEN BE AUGMENTED BY THE
AMBUNT THESE PBPULATIGNS HAVE CHANGED SINCE THE LAST JTERATION,

P T T Ty L T L R R T T T T Yy

OoOOQODaOoOoOGTIO

COMMEN/LZ/7ZC2300),2P(2500).R{2%00) ,KP{(2500)
COMMEN/F LELD/EZ5(64,49)EX5{A4,49),cR(64),EZ(64),EEXTZ(8,8),
1EEXTR(B,8) . o
CEMMEN AsBsD ) VIERG)VIHERM)D{ETAZNSTEP ) TSTEP, Gy WEIGHT T, THETA
GIMERS I8N LCUUNT(2000)
DIMENSIWUN AA(DG)
S1GN=1,
MR =NH+DL
Mltshd+}
o INITLALIZE FIELDS
NE 14 Isl,N{2
e 10 Jsl,NAL
Ks{l=1)*nNR1+y
EZLKISEEXTI(IJ)
FRI{KISEEXTR(I )
10 CENTINUVE
C NMN=NUMBER 8¢F CELLS
MMNSNH*PN/Z
c INFTIALIZE TrhE POPULATIDNS AA
DB 11 Ksi,NMN
11 AALKI=T,
c CELL SiZes
RZ=D/FLBATING)
DREAZFLEAT(NR)
C fk WlLL HE THE NUMgeERr BF PARTICLES RETJRNED TO THE CATHEDE
LRED
c MA WILL BE THE NUMBER PASSING THE ANGDE
NARQ
c MW wWlLL BE TWE NUMBER HITTING THE WaLL
MweEl
C NPRC WILL k2 NUMggR HITTING PIERCE ELZ0VYRODE
KPRG=0
NPR 2P
Lk=1
GO TE (450,533 1NN
409 CENTINUE
e 20 I=1,KK
C CALUNT THE PARTICLES IN CELL J,i
LsR{1)/DR+1
NEYAQUFAIVES

¥ IF FARTICLE [ HAS RETURNgDR T@ THE CATHSDE, INDEX Nk BY 1
IFEZCI),LELQ) GO To 21

o IF FAaRTICLE | HAS PASSED THE ANRDE, INDEX NA BY 1
IFCZCL) Bk D) & TH 22

C IF FARTICLE | HAS A RADIWS GREATER THAN A, INDEX NW BY 1

IF(ROIY,BEA) GO T8O 24




FING,4A

c

24

20

18

e Rw;

1¢

50

67/31/69

[F FARTICLE | HAS R LESS THAN ZFRE, MALKE R P8SIT]IVE
IFCROEY LT 3,3) R{I)==R(L) .
If(R(I).LT 0.0 RF{])S~-RP(I]) :
I+ FARTICLE | HAS HIT PI:QLF PLFLTRODE; INDEX WPRC BY 1
TF(RCE)Y LT 48)Y GG TE 401
PHlIzATANF({R(])=B)/2(1))
IFIPH]GT,THETA) GB T 24
CENTINUE
W gel)eNR+L
ADL TO PERULATIGN IN CeblL JiL
AACKISAACK)Y+]
G TE 20
Y S R
LCal KT GIVES NUMRER UF THF PARTICL: WHIeH HAS BEEN REMBVED
LCBUNTILEY =]
LKs{ K+l
BE TE 24
NASNATL
LCGLNT GIVE: NUMHER @F TnE PARTICLE WHICH WAS HEEN REMOVED
LCOURTI{LK)=]
LksLkel
B TE 20
WwENE+]1
LCBUNT GIVES THe NUMBER 9F THE PARTICLE WHICH HAS BEEN REMAVED
LCOURTILK Y]
LEsLk+1
GG TE 20
KERCENPRC#1
LCEYE TILR)Y=]
LRELK+]
CENTINUE
TMAX=ELK
IFLLE,EQ, 1) GG TO 14
JEEL
ISTARTSLOCBURNT (JK)
IFINISHENPP =1
FILL IN THE GAPS LEFT 8Y THE REMBVED PARTIGLES AND PUT THE
KEMEVED PARTICLES AT THE END OF Thb LINE AWAITING INJECTION
g 12 1=ISTART, IFINISH
K{l)=sR(]+1)
Zi1)sdt]+1)
RECI)SHP(T+1)
ZRLLIsiF (] +1)
R(NPF)SRANF (=1)%B
XshaRF (=1}
GE=0
FRF{NPPISSORTF{(2,»VTRERM*U/WELIGHT ) *{~ L@uF(l,'X)))*SIBN
RPINFF)=E,
S1G6Ns=SIGN
ZPINFPRI2SQRTF (2, *VTHERM‘HINEIGHT?'K-LOaF(X)))
RE=Q
JEKSJK+1
IFCJr ,EG, IMAX) GR TG 14
L 86 I=1,1MaX
LCBURT (I sl CEUNT(] ) wt
CEMTINUE
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GG TE 13

CONTINUE

GE Te &0C
WE WUMP T& 500 N Thk SEGOND CALL 16 AJCEL SINCE HERE 6NLY
VELECITIES #RE AUGMENTED,

ne 30 Is1l,KK

LeR(1)I/DR+1

SEILIIALEY

KE(Jmd)*NR+L

AACKISAA(K) +]

CONTINUE

ImMAX=1

CENTINUE
NNN=NUMBER €F CELL P@INTS

NNNshLleNRT
LPDATE FIELLS AT EACH CEwl PEINT USING NEW FOPULATIONS AND
THE ARRAY CENTAINING THE FIELDS DLe T8 SINGLE S®URCES

DB 1 J=1NhN

D8 2 KeL.NMN

FZ(JIREZ(JI+EZS (S, K )vAAL(K)

FROJISERCJI+ERS (U, K)*AA(K])

CBNTINUE

CONTINUE

6@ T& (700,8C0)NN

CENTINUE

MOBUNTEIMAX -2
PRINT NUMHER &F PARTICLES RETURNEL T@ CATHOLE, NUMBEFR PASSING
ANBLENUMEER STRIKING WALL,NUMBER STRILING FIERCE ELECTREDE,
AND TBTAL L®ST,

PRINT 100,NKiNA,NWoNPRC)NCOUNT
F@RMAT(Zx!SHNK=15ple5HNA§i5!2xl3HNW=15;2X|5HNPRC=15;Zx:ﬁHT@TAL=l5

1)

6 T& 1000

ENTRY POF
CaLl PBF TO PRINT DENSITIES OF CELLS

PRINT 1012,7

FERMAT(23H1CELL DENSITIES AT TIME,EL2,5)

PRINT 1004, (AACKY jK=1 NMN)

FORMAT(iU(1X,E11,4))

CONTINUE

CEBNTINGE

RETURN

END




