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- This report is a description of, and a user ’s manual for , the FORTRAN
code SCALID which computes the time dependent electron emission SGEMP
boundary layer in one Cartesian dimension. It assumes no skin currents flow
on the surface. The code solves the nonlinear Newton ’s l aws for particle
motion in the electric field produced by all electrons in the boundary l ayer.
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SECTION 1

INTRODUCTION

SCALID is a particle moving code that computes the time dependent

dynamics of the electron emission SGEMP boundary layer in one Cartesian

dimension. The calculat ion is self-consistent in that it is the correct

solution to the nonlinear equations of motion using the local electric field

to accelerate the electrons , but it is assumed that no skin currents flow
on the target surface.

The code will accept as input an arbitrary fluence , arbitrary X-ray

time history , and an arb it rary elec tron energy spe ctrum wh ich can be read
in either as a normal spectrum or as the spectrum assuming a cosO angular

distribution.

As the name implies , SCAL1D computes with the dimensionless scaled

equations of motion which were discussed in Reference 1. The advantage of

this is that the dimensionless variables are independent of the separate

quantities fluence , pulse width , material yield , etc. so that the numbers

computed and handled internally by the code are always of the same order of

magnitude . Consequently the user need not decide on a different time step

and a different cell size for each problem , thereby simplifying the use of

the code and assuring a un iform accuracy and resolu tion.

C.L. Longmire , and N . J .  Carron , “Scaling of the T ime Depen den t SGEMP
Boundary Layer”, Mission Research Corporation , MRC-R-262 , DNA 3975T ,
April 1976.
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The outputs are the dimensionless electric field, pot ential , dipole

moment , and charge and current densities as a function of position , and the
spatial integral of the current density, all at selected times. In addition ,
the phys ical units of electric field , time , length , charge and current
densities , etc.,  are printed out (ir both MKS and Gaussian EStJ units) so
that physically correct quantities can be obtained by multiplying the
dimensionless output by these un its.

The results give the electron emission current in the absence of
target skin currents, i.e., in the absence of any target SGEMP response.
Hence, if the user inputs the correct elec tron emiss ion spectrum from the
mater ial surface into vacuum , the electron space currents calculated in the

code are good for a conducting target only if it can be shown that the target
response (such as skin current) does not significantly alter the emission
electron dynamics.

Persons interested in obtaining the code SCALID should direct the
request to the Defense Nuclear Agency, Washington , DC 20305 , ATTN : RAEV/SGEMP.

4
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SECTION 2

BASIC IDEAS

The physical principles leading to the scaling of the boundary

I iycr equations to obtain scaling laws and dimensionless equations were

discussed in Re ference 1. Here we only sketch the relevant ideas .

When X-rays are normally incident with a flux F(t) (cal cm sec ’)

on a flat plat e with material yield ‘1’ (electrons/cal) , electrons are

ejected at a rate

r0(t) 
= Y F(t) electrons cm 2 sec 1 

. (1)

Let v he the normal velocity component of the electrons. Then the emission

angular distribution and energy spectrum determine dn/dv (electrons

(cm/secY 1), the distribut i on of v. The normalized norma l ve locit y

Spectrum is

dn/dv -lg(v) = (cm/sec) ( - )
I dn
j  — d vdv
0

such that Jg(v)dv = 1. The average normal velocity is

V = fv g(v) dv.

5



Let the fluence be

= $i:~t~ dt cal/cm , (4)

and let

Th 
= I)ulse full width at half maximum (FWIIM). (5)

be the FWUM in seconds. Then T
h is a naturally occurring characteristic

time in the problem , and

N1 
= cm 3 

, (6)
h

is a naturally occurring number density. Similarly,

= ~ “h 
cm (7)

i s  a natural ly occurring unit of length.

Thus the source specifies a characteristic velocity v , time Th,
length L1 , and number density N

1 . These quantities can serve as units
in te rms of which one can measure all dimensioned dynamical variables.

However , there is another naturally occurring unit of time , the
plasma period

I = sec (8)
~‘ ,,j 4lr e N1

6
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and a corresponding distance , the Dcbye length

= V T cm . ( 9)

I is the time scale for the emission rate to chan ge , while T is the
P

time scale for the internal electron plasma dynamics to change .

In any particle moving code that calculates the boundary layer

structure , the time step ~t must be small compared to both T and Th p
In SCALI D, the unit of time, UT, is chosen as the smaller of T and Ip h

UT = M I N ( T , T1 ) sec. (10)

and the time step is a small fract ion of UT. Real time is measured as a

mult iple of UT, thereby defining dimensionl ess time , denoted here by a

prime , t :

Real t ime = UTt (11)

Dimensionless Time = t = Real time/tJT (12)

Real time step = At = small fract i on of UT (13)

Dimensionless time step EA t = small fraction of unity (14)

The time in the code is dimensionless t ime t~ , and the time step is At

(called D’F in the code ) and is small compared to 1. Typicall y , [)T = ‘.t~~~0.O2~s

is used. UT is calculated in the code , but 1)1 is user supplied . l)T

usually need not vary from problem to problem.

Since the problem has only one characteristic velocit y , v , once

a unit of time has been chosen (UT) the unit of length is

UL = v tJT cm. (IS)

7
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The on t o f ye 1 o c i t  i s • o f coo r

IJ\ = v . cm/s ec (16

If the X— ray pulse is not sim p l \ a power of time , T
1 

e\ i S t S , arid t lic unit i t

number dens i t>  UN is N 1 of l;quat ion (6

UN = 

~l 
cm ( 1 )

If the ~iulse continues to rise as a power of t line , T~ does not exist and

tIN is computed as in Sect ion 4!).

Ih e un it of e m i s s i o n  ra te i s  th e r e f o r e  determined to he

The dimens ho l ess time history V(IJ is defined by

J~( t )  = 

~~ 
I~~( 1 )  . (15)

is h e re

T = t / l 1 . ~ 19 )

I t is iiorm ;tli :ed to unit \

r )  d = I ( 2 0 )

and the full width at half m aximu m of ( t )  is unit y . The einiss ion ra te

l Ijuat ion (1) carl iioi , he w i i t  t en

r~~ ( t  ) = N
1 

v I ~( r )  ( 2 1 )

so that I ‘( t) is the diin eii sion l ess cmi ss ion rat e .

8



W i t h  g ( v I  t he normali:ed spectrum of l~qtiat ion ( 2 ) ,  a dimensionless
Spcc t rum can 1)0 defined as

g~ (v~~) = v g (v) , (22 )

so that

~~g ( v ~ ) dv  = 1 , (23)

where

= ( 2 4 )

is the normal component of veloci ty  measured as a multi ple of v

In a particle movi ng code , each par t i c le  on emission represents

the charge emitted by all electrons wi th velocity, say , between v~ and
v v - and during time between t - 

and t + At . The we i ght att ribut ed

to such a particle is there fo re

= g ( v  ) F ( T )  Av u t  , ( 2 5 )

w i th
t tJ •l

= ~~ — = t . (26)
h h

Equation (25) is the wei ght of an emitted part icl ’~.

Once emi tted , the particles are moved by the dimensionless

equations of mot ion derived in Re ference 1:

dv -
= a ( _ , )

a~ = - ~2f  n ( x , t ) d x (28 )



Here n is thc dimensionles s number density (number densit y/N
1
). Equation

(28) is the correct expression for the dimensionless ele ctri~ field if the

unit of time UT = I
~ 

, as in Reference 1 , and

-)

= . (29 )
I —

p

In SCAL1D , the unit of time is g iven by Equation (10) , and instead

of Equation (28), the dimensionless field is given by

a = - AS n(x ,t )dx , (30)

where 
2

= 
( UT) 

(31)
I-

P

Equations (27) and (30) are the dimensionless equations of motion uscd in

the code .

10 
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SECTION 3

GENERAL CODE STRUCTURE

After all input quantities are read in , the space grid is set up.

The space grid is used for calculating the electric field as a function of
• posit ion. Since dyn amical quantities are expected to vary more rapidl y

near the surface than farther away , the space grd has logarithmic spacing,

k i t h  each cell a constan t factor  ~ thicker than the previous one . If

many ce l l s  are used (one may use up to 500 cells) , ~ must not be much

larger than unity. If there are NC cells , the ratio of the thickness of

t he last cell , 
~~ 

to the fi rst cell , 
~l’ 

is

= ~NC-1 • (32)

If NC = 500, this will be unwie ldly large if ~ is greater than about

1.005 , for which 
N C ”~~I 12.

The fi rst cell nearest the surface wil l he the thinnest. The

firs t few cells should not be made too thin. They should be small compared

to a Uebye length (that is , smal l compared to unity in the code ’s dimension-

less variables) hut large enough to contain on the orde r of 100 particles

per cell for good statistics when computing charge and current densities.

The numbe r of particles per cc li is also affected , of course , by the number

NV of particles emitted every time step.) We find good results if the

fi rst cell th ickness is I). 05 to 0. 1.

11
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The input spectrum is read in as an energy Spect  ruin wi t i )  encr~~i us

in ke\. The input energy spectrum may be either that for a cos~ emission

angular distribution (ICN = 0) , or it may be the  spe c t r u m  for the norma l

componen t o f energy (ICN = 1). If the former , the spectrum is int ernally

converted to a normal spectrum .

The Spectrum 15 then converted to a normal ve loc i ty  spectrum
dn/dv , and the inpu t energ ies are converted to norma l v e l o c i t i e s . The

average normal velocity v and energy are then computed.

The spectrum and velocities are now normalized , ve l ociti es (as
multi ples of v) are the dimensionless particle emission velocities . I f
NV energies were ori ginally read in , there are NV particles emitted every

t ime step.  They a1~ have we i ght 1/ NV .

Be fore entering the t ime loop, the dimensional units of length ,

t ime , ve loc i ty , electric field strength , potential , charge density, current

density,  e t c .  , are com puted and printed out.

The t ime 1001) 15 then entered , with the new particles being

emitted first. ‘h~ ir wei ght is determined by the time history taken from

funct ion .11. Then a! part id es are moved , us ing old velocities and old
accelerations. New fields are then cal culated at cell ed ges.

If the cycle is a print cycle , quanti t ies of in terest  that are not

needed in the part i d e  moving 1001) are computed , such as current and charge

densities and potent ia ls , and are p r i n ted .

The code structure is exhibited in the flow diagra m in Fi gure 1.

12



Read In)nit
~1

Set U~
Space Grid

Set Emission
Ve loc i t ies  and Weights

[ De f i ne
Dimensiona l Units

Enter Time Loop

a
~
rJ t = t ~ 1
Emit new pa r t i c les

Move a l l  p a r t i c les

C a l c u l a te new

elect ric  f i e l d

Yes Compute current densit y ,
Print Cyc le ? poten ti al , etc .,

for p r i n t i n g

No

t > t,,~~~?

Yes

Stop

Figure 1. Flow chart of SCAL 1D.
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SECTION 4

INPUT

Here we discuss the input card format and the way the space grid

and emission velocities are computed.

A. INPUT CARD FORMAT

Four basic cards are •read in par problem , plus an additionai NV

cards sj)ecifying the electron emission spectrum if it differs from the

previous problem or if this is the first problem.

The four basic cards are :

CARD 1

An 80 character alphanumeric title.

TITLE(I), 1 = 1 ,8

Format (8A10)

CARD 2

Ei ght fixed point parameters .
Format (1415)

NT = number of time cycles this problem is to run

NC = total number of cells in space grid , ~ 5O0

IR = 0 - Read elect ron emission spectrum on following
cards

= 1 - Use same spectrum as previous problem (IR can
equal 1 only if this is not the first problem)

14



IF

ICN = 0 - the electron energy spectrum is for a cosO

angular distribution

= 1 - the electron energy spectrum is the normal energy

spectrum

NV = number of spectrum points read in , 11)1)

IT = 1 , 2, 3, .. . = choice of time histories , see

FUNCTION FT

= 1 - X- ray pulse rises as a power ( POW) of time
= 2 - symmetric triangle

= 3 - asymmetric triangle. Rises to peak in O.5*FWHM ,

falls to zero at 2.0*FWHM
= 4, 5, 6, . . .  - user must defi ne a time history in

FUN CTI ON FT

IP  = print cycles. A printout will occur every IP cycles.

LP = 0 - this is last problem

= 1 - another problem follows

CARD 3

Five floating point variables.

Format (8E10.3)

1)1 = dimensionless time step (typ ically 1)1 0.025)

XMAX = dimensionless distance from surface to end of grid.

Essentially the number of Debyc lengths in the grid.
• (Typically 20 ~ XMA X ~ 100)

XI = Space grid logarithmic spacing ratio ,~~ 1.0. If
X I  = 1.0 all cel ls  are the same s i ze .  If X I >1 .0
each cell is a factor Xl thicker than the preceeding

one. If NC is large , XI must not he too large for

practica l purposes.

k 15
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POW power of time of X-ray t ime h is to ry  (used only i f

11 = 1)

• PROBNO problem number

CARl ) 4

Three floating point variables.

Format (8E10. 3)

YIE material yield in electrons/calorie

F FLU - I f  IT ~ 1 , FLU = X-ray fluence in ca lo r i es/ cm

- I f  IT = 1 , FLU is the coefficient determined

(by the user) from the equat i on

X-ray flux 
( 

cal 

) 

= FLU (time(sec) )10~ (33)
cm sec

FWII~1 - I f  IT ~ 1 , FWFIM = X-ray pulse full width at half

maximum in seconds.

- I f  IT = 1 , FW} IM is not used .

These four cards are read for each problem. In addition , if

• 1k = 0 , NV mo re cards are read in which sJ )ed i fy  the elec t ron energy spectrum

• in format 2 1:10.3. The first number on each card is the e lec t ron  energy in

keV . The second number is the value of the energy spectrum at that energy ,

in arbitrq~~ un1~~s.  The energy spectrum is normalized w i th in  the code , so

no specia l  units need be used on input . The correct  normal i:at ion informa-

tion is contained in YIE .

16



B. SPACE G R I D

l’he space grid is set up first. The thickness of the I-th cell

is called XB(l). The first cell is given by

XB(l) = x~v~x (XJ-l.) 
(34)

(XI -1.)

and thereafter ,

XB(I) = XI*XB(I_l) , I = 2, 3, . . . , NC. (35)

An array SL(.J ) is defined as the distance to the J-th cell , by

SL ( l )  = 0.

J— 1
SL(J) = XB( I) , J = 2 , 3 , . . . NC+l . (36)

1=1

The space grid is sk etched in Fi gure 2 .

Since the grid is logarithmically spaced , the bins fal l at incon-
venient locations for printing quantities as a function o x. Instead ,
output quantities are computed every 0.1 length units using an array
KlO( I)  de fined as follows . Mark every tenth length unit on the grid , as in
Fi gure 3. Each mark wil l  fall in some bin. K10( l )  is the bin number in
which the mark for x = 0 . l * J  falls. For example , in Fi gure 3, K10(7) =6 ,

and K l O ( 2 )  = 3, meaning 0.7 length units falls in bin 6 , etc.

When computing output quantities , array K1O is used to locate
the bin corresponding to every 0 .1  length units . Output quantit ies are
the n comput ed by averaging over that bin and two adjacent bins , as discussed

later in Soction 6.

17
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C. U~II SS ION VELOCITIES AND WE I GIfTS

As re ad in , the emission spectrum is an energy spectrum w i t h

energ ies in keV and either a normal spectrum (ICN = 1) or the energy spectrum

for a cos angular distribution (lEN = 0). If the latter , the spectrum

dn/dF is converted to a norma l energy spectrum , dn/dw , where F= ( 1/2)mv
and w = (l/2)mv , where v is t he normal ve loc i ty  component , accor ding

dn i• 1 dn • -, -
~~ J ~ .

This normal energy spectrum is then converted to a v e l o c i ty

s pectrum by

S
= 1 +

mc

v = cJT
_ 1/~

2

dn 3dn
dv = my 

~ (~~S)

we .I1:ivL dropped the subscri pt x on v. Here y i s  the usual
F )

re l a t i v i s t  i c fac tor  = (1- v / c ~ I 
— 
‘ , and w = ( 

~~
- 1) nic .

The ace rage norma l cc 1 oc i t 
~f dnv — dv

U dv
V = — —

~~~~ (~ 9~
C dnJ -- dvdv

U

is then computed , and the spectrum is normalized to unit integra l, as in

Equations 3 and 2.  Ve loc i t ies  are now normalized to ~~~. ‘these ve loc i t i es

are called VF (I) , and the spectrum GV ( 1), 1= 1 ,NV .

20
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}:~ nal lv the spectrum is d i v ided  into bins of equal are a , and the

ve l o c i t i e s  ~E ( I )  are redefined as the cent ral velocities of those bins .

This g ives to each emitt ed particle the wei ght (X( 1) = 1/ N V .

U. PIIYS ICA L UNITS

SCAL1I) calcula tes with dimensionless quantities. To Wet physical

resul ts these n umbers mus t be mu l t i p l i e d  Lw the apl)rol)riate dimensional

unit. Thesc units are calc ulated and printed out.

If the pulse does not r i s e  as a powe r of t ime I El’ / 1) then FIVIIM

exists and the unit of numbe r density is is i n  Equation ( 6 ) .

Yield (—
~
-
~~~) 

fluence ( c a l )

UN = -
~~~~ 

(
~~ ) (40)

V (cm/sec) • I:W!I\I (~ ec) \ cm’~

and the unit of t ime is

IJT = ~l IN  (1 , ~~ IM) sec , (4 1)

where

P mI ) 
= / _ — ) sec , ( l _ )

~ 1~ e~~UN

is the plasma period.

I f the pul se r ises as ~ power of time , ~~~~ (IT = 1) then there

is no FWIIM , and the unit of time is taken as 1

— 2+P OWI myUI’ = — sec . ( 4 .~)

\ ‘ e ~~ Yie ld Fi tJ J

21 
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The unit of number density is

(IN = ~~~~~ ( UT) 1 OW 
(~~~~~

- )  . (14j

In I;quat ions I .23 and (I I )  , the quantity FLU is that from Equation (33)

The uni t  of velocit y is always

UV = , (45)

and the unit of leng th is

UL = LJV *IJT , (46)

The unit of charge density is

UR = ~1.8X10 UN 
esu (4’ )

or 

= l.b x lO ~~~ UN , (48)

in MKS uni ts . Other units are computed similarly.

22
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SECTION 5

PULSE TIME HISTORY

Three time histories are built into SL\1 10. The user chooses one

by the value of IT on input. The are contained in FUNCTION FT.

IT  = 1

This is for an X-ray pulse that rises in time like a

power of t. The power is read in (POW) on card 3.

The X-ray fl ux is g iven by Equation (33).

IT = 2

A symmetr ic t riangle time h istory.  As computed and

used in FUNCTION FT its full width at hal f maximum
is unit y , and its integral is a lso unity. Thus it

rises to value 1 a1 time 1 and falls to zero at

time 2. The correct scale of time is taken care of

when l-IINCII ON FT is called , using FWIIM read in on

card 1.

IT = 3

\n asymmetr i c t r iang le .  In FUNCTION FT its full w idth

at halt ’ maximum is 1 as is its integral. It rises

to 1 at time (}.~~~, and falls to zero at tine 2.0. Thus

the rise t ime is 1/) of the full pulse length.
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The user chooses one of these time histories by its shape , and
read s in the real ful l width at half maximum as I•(~ IM on card .1

‘l’he coding in FiJNC’II (}N FT allows the user to add addit ional tine

his tories ( IT = -I or 3 ) .  As used in FUNC’I’ION 1T i t mus t have unit integral

and mu it full w i d t ii at Li a l t ’ max I mum.

For exampl e , if one desires a time history with the shape ot ’ the

trape :oid in Fi gure ~, which rises in 0.25 pulse length and stays flat to

0.5 pulse length , one would , in FUNCTION FT , choose

t =0.25 t

and 
t 7 =0 .5  ~ 

F 1 / 
Then t and F

1 are chosen by t1 t2 t 3
requiring unit full w i d th at

Figure 4. Trapezoid time pulsehalf  maximum ,

I t 3  + t , - t 1
) = I

and u n i t integral ,

~ F1
(t~ + t , - t 1 ) = I

These imply

t 3 
= 

~- 49)

t 2 = (50)
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t 1 =~~ (51)

F1 
= 1. (52)

These numbers s pecify the trapezoid al time history of Figure 4 as would be
used in FUNCTION FT.
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SECT ION 6

OUTPUT FORMAT

Before  the time cyc le  pr in tou t , an initial print shows the fixed

problem parameters . The problem number , title , and first input cards are

printed followed by some of the XB(I), and SL(l ), and all of K l O ( I ) .  Then
the emission velocit ies , spectrum , and wei ghts are I)rinted , followed by the

plasma period (Equation ( 4 2 )  or (43)), the parameter ~ of Equation (29)

A of Equat ion (31) (called Al. in the code) , and a quan t i ty  DL which is

one-half the particle length (finite length particles are used for the

computation of charge and current densities). Finall y the dimensional units

of dynamical quantities are printed in mixed Gaussian esu and in MKS units.

‘flie time cycle output beg ins with the cycle number and the following:

‘l I ME = dimensionless time elapsed

NI’ = total numbe r of live particles

NK ILL = total number of part icles that have been killed
since time 0.

NP X MA X = total number of particles that have passed XNAX
and been killed.

QTO’I’ = total dimensionless charge per unit area outside
the surface.

QR = total dimensionless charge per uni t area that
has passed XMAX.

Real time elapsed is obtained by multip ly ing “rIME” by the unit of time in
secon ds p r in ted  out at the end of the i n i t i a l  pr in t .  Rea l charge per unit
area is  obta ined by mult i p ly ing  QTOT by the u n i t of charge/ unit area Printed
above , and s i m i l a r l y  for QR.
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Then the electric field and potent ial at the surface are printed ,

followed by the field and potential at every ten th length unit from the

su rface , out to x = 10.0. If fields and/or potential s are desired farther

out thaji this , the print variable NI’R3 may he changed in the code. The

physical field and pot ential are obtained by multiplying the dimensionless

output numbers by the units printed at the end of the initial printout .

• Next , the numbers of particles in the first 100 cells are printed ,

togethe r with the total charge (per unit area) in each of the first 60 cells.

Then follow the charge density, current density and di pole moment every 0.1

leng th unit , and final lv  the sp~tt i al 1 r itcg r :i 1 ot ’ t h e  current desis i tv

S j ( x ,t)dx

‘the field is computed eve ry cycle at the edges between bins. The

f ield printed out every 0.1 length units is obtained by simple linear inter-
polut fon from the f ields at cell edges .

AVE RAGING FOR CHARGE AND CURRENT DENSITIES

The cha rge dens ity and current density are computed every’ 0.1
length unit by the fol lowing averag ing process.

The array K 1U( I )  shows wh ich ce l l  contains the point of interest ,
say 0.7 leiigth units so that I 7. For example in the space grid of
Fi gure 3, 0 .7 length units is in ce l l  KlU( ’7) = 6 .  The two adjacent cel ls
(5 and 7) are also considered. The fractional d is tance y’ that the point
x = 0.7 occup ies within cel l  6 , is computed ,

— x - S L (6 )  - 0. 7-SL(6) 
53y - 

XB( 6)  
- 

XB (6)

27



where

0~~y < 1 .  (54)

Then the current densit y at x , (x) , is a wei ghted average of the current

densities C(S), C(6) , C( 7)  in cells 5 , 6, and 7, res pect ivel~~. The wei gh t s

• w ( • w~_ g iv en to ccl is 5 , 6, and 7 depend on y in such a way that they

• have the following values when x is at an edge (y = 0 or 1) or at the

center of cell 6 (y’ = 1/2)

= 0 .5

= .5 .2 0

w
6 

= .5 .6 .5

= 0 .2 .5

The wei ghts are given by the formula

= ( 1 - v)~~~ (55~ )

w 7 
= 

~
- y~~ (55 h)

w 6 = 1 - w 5 - w 7 (SSc)

where
p1 

= 1.32193 (55d)

Equat ions (55) interpolat e between the wei ghts g iven in the above table.
When the point of interest , x , fa l ls  at the center of a cel l  (y ) , the

averag ing g ives three times the wei ght to this cell as to either adjacent

cell. When x falls at the boundary between two cells (y=0 , or 1) those

two cells receive equal weig ht.
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SECTION 7

SAMPLE RUN

We present the results of a samp le run consist ing of two problems .
Both are for a 5 keV blackhody X-ray spectrum incident on aluminum . The
first problem has a t ime h i s tory which  i s a symmet ic  t r i a n g l e  ( I T = 2 )  w i t h
ful l wid th  at half  maximum of 10 ns ( FWIIM = 1<10 8 5c c ) ,  and a fluence of

2~~10~~ ca l / cm 4
. The second problem has a time history’ which is a continu-

ous l y  linearly’ rising X-ray flux (11’ = 1, POW = 1.))) , and hence there is no
FWIIM or f luence. ‘the parameter  FLU in the second problem is chosen from

I quat ion (55 )  so that the flux is the sane as the rising portion of the
l~pulse in the f i rs t  problem. In this case , FLU = 2.Oxl O in units of cal/cn /

see . In bot h I rohlems , the y ield is YJ E 2.57x10 l2 
elec/cal .

The input cards for this run are shown in Figure 5. Fi gure 6 shows

the init ial print output for problem 1.0 , and Fi gure 7 shows a sample of

the time cy-cle output . Figure 8 shows the initial Print for problem 2.0 ,

and Fi gure 9 is a sample of its time cycle output .

• Re ferring to Fi gure 5 , we have chosen a space grid out to x=5 0 .O

length units (essentially 50 lie byc lengths) • and have used 350 cells with a

spacing rat io = 1.004 . The t ime step i s 0.025 time units (essentially’

0.025 plasma periods) and we print eve ry 10 cycles. The first problem will

run for 500 cycles , t he second for 40() c y c l e s . There are 32 input cards

defining the spectrum . 52 i art icles w i l l  he emitted each time step .

In  F i gure 6 the i n itial print shows the first four data cards ,

then various bin s izes  XB and distances SI,. The full array’ Kl0 is
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S0M~ LE PP O EL r ’i  ti~ l F  5 i:FV BE Ot’h OLUII1U !JM
0 0 32 2 10

50. 11 i .004 0.0 1.0
2. 12 2 . O E— 4

0 .15
0. 45 l.~~3~~[- 05
1. 0
1.5
2. ’ 1.1725— 15
2.5 5.
3.0 9. 715 E —0 ~
4.0 2.OISE-06
5.0

5.2505-03

3.535E—1i 5
10.0 2.SIWE-O1
L .:i I .EISE—0E,
I -~. 0 1. 114

16.11 f [ - — 0 7
4.390E-07
2. 252 E—c 17

22 .0  l . S 7 I E - 0 T ’
24 .0

8 . IE: t E—fiS
22 .0 4.253 E—00
30 .0 2 .355E—08
23. 0
33 .0
39.0 3.019E-@9
42.0 2.728E-09
46.0 l . l32 E-09
50. 0 4.714E-10
55.0 9.353E—l1
611.0 7.50 F— l l
10.0 5 . 8 1 2 5 — 12
SAMPL E PPOE~LE t I TWO . LINE~P RISE .
400 350 1 0 32 1 10 0
0.015 50.0 1.004 1.0 2.00

2 .5?’E12 2.E 12 0.

Figure 5. Data cards for sanpie run .
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printed nex t , showing for  example  t h a t  x = 2 . 4  occurs in ccli 35 (between

SL(35)  and S L ( 3 6 ) ) .  The i np u t  spec t rum is p r i n t e d  f i r s t  as read i n  and

th(r~ after con version to a norma l energy spect runt . ‘fl~c spect rum i s then
converted to a norm al veloci ty spectrum and printed again. The average

normal veloci ty is computed and is used as the unit of V c l o L’ I t Y . ‘I’h e

velocit ies and spectrum arc then normali:ed and printed ai~ain . I i n a l l v ,

equal wei ghts are chosen for the emiss io n  particles , and th e ir v Llo ci t ics

n’1 printed.

‘I’he plasma period , computed I)~I I. I~~i t t  i on  ( 5 )  Ui ’ ( ) )  
~ I l : ~ J I  tel ’

of liquation (2 9 )  , and the quanti ty A of  I:quat ion I ~l ) I c i !  led U. iii the

code) are then j )rinted together w i t h  l.)L. 1)1. is one h i  It ’ I t t I ~ ‘ p’ i ’.’t i ’ . Ic
length. Part i d es are g iven a length of 0 . l ( length u.n its I.’ ‘~~i’ it t i l l  y 0 . 1( 1

flebye l eng ths )  for  the purpose of comput i ng the i r c h ,t i ’~~’ .iiid current Jen s it les

more smoothly.

Finally the physical units are pr inted in (;auss ian cgs and in \IkS

uni ts, Quantit ies printed in the time cyc le  out1)ut must be mult i p lied LS ~

the app ropr iat e dimensional uni t to obtain the physical result. I oi’ example ,

the unit ,)f t ime is .2.015 ns , the u n i t  of e lec t r i c  field is 3~ . 35 kV /m
(or 1.246 esu) , and the unit of length is 10.59 cm.

As a sample of the time cycle output , we show cycle 130 of prob l em

1.0 in Fi gure 7. This is at time 3.25x4,015 fls , or 13.05 ns. There are
3364 1ivk~ particles. A total of 796 have been kil led since the start of the
problem , but none has passed XMAX. The total charge is 1,507 charge units ,
or 4.984x 10 ’7  coulomb/ rn2 , obtained by multiplying by the unit of charge/unit
area. The surface field is l .507x 37 ,35 kV/ rn = 56.29 kV/ m.

The printout for the fic5.d every 0,1 length unit shows that at ,
say , 0.4 length units from the surface (4.24 cm) the field strength has
dropped to 0,8753x 37 .35 = 32 ,69 kV/ m.
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The potential is measured from zero at the surface . At 10.59 cm

(1 length unit) , for example , it has risen to 0.8533x3.955 kV=3 .375 kV as

shown in the prir~tout

The next group of numbers shows how man y part icles are in each
cell. There are 285 in the fi rst cell , 221 in the second , etc. The charge

(per unit area) in the fi rst several bins is printed next .

‘I’he charge density and current density every 0.1 length unit are

printed next in dimensionless form, The first number printed is at 0.1

length unit (1.059 cm) from the surface , not at the surface . The surface
charge and current densities are not computed by the code. Thus at 130 cycles ,

the charge density at 1.059 cm is 2.015x3,122x10 6 
= ô;29X10 6 

Cou1/m~
and the current density is 0. 1369X82.35 = 11.27 Amps/m

‘the electron number density can also be obtained from the dimen-

sionless charge density output by multiply ing by the unit of number densi ty

(1.949’~10
’ d c/cm 3) ,  showing , for example , that at 0.6 length units (6.35 cm)

the number dens i ty  is 0. 6729x1.949x107 = I. 31xl0
7 

cm ’s .

The dipole moment (pet’ unit surface area) contributed by a l l

electrons out to x ,

P = 

S 
x p ( x )  dx

is printed next . Here the first number is at the surface , x = 0 , and so

is 0. At , say , 0.7 length units (7 .41 cm) the dipole moment is seen to
be 0 .22 l2 X 3 .502 x l0 8 

= 7 ,75x l0 9 Coul/m. Out to 9.9 length units it is
l .5 1lx3.502x 10 8 

= 5 .29x 10 8 Coul/m.
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I’ inal ly , the integral of the curren t dens it)’ ,

CI = j(x ,t)d x

is printed , hav ing the value 0. 862 5X 8 .  722 = 7 .52 Amps / rn .

The initial print for problem 2.0 is shown in F i g u r e  8. ‘l’he XB ,

SL , and K l 0 arrays are the same , and the spect rum is the same. The l)l;ts~ia

period in this case is computed by Equation ( 13j  w it h  ITOW 1.0 , and It :ts a

sli ghtly diffe rent value than in problem 1.0. Similarly, the units 01’

length , numbe r density, etc. are not exact 1>’ the same .

We show the output for cycle 50 in Fi gure 9. It is at time

1,25 units = ~ .804 ns. The fastest emitted particle had ve loc i ty  3 .82 7 units

and ~o will not have travelled farther than 4.78 length units by this time .

Hence , the field beyond 4. 7 length units 15 Still 0, and the printout shows

flO particles beyond the 64-th cell , Otherwise the interp retation of quantities

is the same as for the previous problen.

Problem 1 .0 ran for 300 cycles and moved a maximum of 3542 p a r t  id CS

( at c y c l e  190) . Problem 2.0 ran for 400 cyc les and moved a maximum of 2500
part id es (at cycle 110) . ‘l’otal Cl’ t ime for both problems on a Cl)C 7~~t)0

was .11.1 sec.
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