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ABSTRACT

CHEMP is a code originally designed to examine the
effects of self-consistency on high-altitude fields by using
a particle pushing model for the current calculation and
the high-frequency approximation for calculating the fields.
CHEMP has been extended to study the effects of nonforward
Compton scattering, varying gamma energies, and elastic
nuclear scattering.



Section

I
II
I1I
IV

CONTENTS

INTRODUCTION
GENERAL ALGORITHM
CURRENT SQURCE
ENERGY CALCULATIONS
APPENDIXES
I Physical Constants

II Numerical Methods

REFERENCES

15
17

18



SECTION I
INTRODUCTION

The purpose of this report is to describe the CHEMP code and its usage.
CHEMP was originally developed to examine the effects of self-consistency in
high-altitude EMP calculations. The code then went through continual deve]op—
ment to look at other topics of interest. The present version described here
is state of the art in all aspects of the physical model and can perform calcu-
Tations for all the known high-altitude EMP scenarios. This paper is in four
sections. The first is a general description of the algorithm. Subsequent
sections deal with specific portions of the methodology in greater detail.



SECTION II
GENERAL ALGORITHM

CHEMP is based on a particle pushing model for the Compton electron dynamics'
and the high-frequency approximation (ref. 1) for the electromagnetic fields.
The fundamental equations are those for the motion of the particles and those
which determine the fields. For the particle's motion in retarded time

ym, W/dr = [F - 3G Pretl/ (1 - 2,5 /¢) (1)

F=eF + eV x B)/c - Vi (duys/dx)/[%, ] (2)

r
a unit vector along the line of sight from the burst, T is retarded time, and

dWi/dx is the energy loss per unit path length from ionization (appendix II).

where v, in the velocity of the kth particle, v equals (1 - [Vklzlcz)‘llz, %, is

For the fields in retarded time

3 (rE7)/or = - 2wrﬁ}/c (3)
9 E./0T = -4md,. (4)
B. =0, By~ L. X Ep (5)

where E;, Br, and 3} are the transverse electric field, magnetic field, and
current, and Er’Br and Jr are the radial electric field, magnetic field, and
current. The currents include the conduction currents.

The fundamental equations are all expressed in retarded time

T=1t-r/c (6)



where T is retarded time, t is absolute time, and r is the coordinate along Lo
The transform of the equation of motion (1) is seen by differentiating (6) to
give

3T/3t = 1 - Er-Vk/c (7)

For the field transform the time derivative in (7) is, at constant r

at/a t = 1 (8)

i (9)

Vi = V- r ot

t T

o[—

where (9) is the transform of the gradient operator.

The transform of the charge density is derived from (9) and the invariance
of the form of the charge continuity equation as

p'(r,1) = o(r,t) - (2.-3)/c (10)

The retarded charge density at r can be expressed as a sum over all particles
at r in the form

p'(r,T) = eZk wT'(r'k,'rk) At (11)

where At in the proper time volume element and WT'(rk,tk) is the production rate
of Compton electrons per unit volume per retarded time at (rk,Tk) where the kth
particle at (r,t) orginated and is given by

r
k
wT'(rk,Tk) = NYNoKN exp (-ﬁ(. NGKNd%)f(Tk)/4WP§ (12)

where NY is the total number of gammas that scatter the type of electron of
interest, N is the particle density at ks Ok is the appropriate cross section



for Compton scattering (appendix 1), and f(ti) is the retarded time dependence
of the gamma source and is normalized to one.

From equation (10) for the kth electron

eATWT'(r'k,Tk) = pk(rk,'rk)('l-ﬁr-vk/c) (13)
Thus

p(rst) = eat35, WT'(r 7 )/(1 - &4V, /¢) (14)
and

J(r,t) = Ates WT' (r . )V, /(1 - ﬁr-Vk/c) (15)

A1l of the quantities in equation (1) through (4) have been accounted for
except for the conduction portion of the current. The conduction current is
expressed as

J =en <V> (16)

where < V > is the drift velocity of the conduction electrons. The properties
of the conduction electron, the drift velocity, density, and mean energy are
calculated with the following swarm {ref. 2) equations

dn

d<dz - - %E "V < V- <nv : Hfg (17)
e
d<U>_ . -
rrie ef « <V > - vu(< u> Uo) +S
(18)
_su> M
Ne dt



dne

at - MelYr - Ye] t Ng
(19)
+ ? (Bwk/ax)lvk | Pk ("k ,tk)/Ee

where Vm® Vy» YT» Y are the momentum exchange collision frequency, energy
exchange collision frequency, Townsend air breakdown coefficient, and electron
recombination coefficient. A1l are functions of the particle density and mean
energy < U > (see appendix I). Uo is the ambient thermal energy. S is an energy
source term which includes energy Tost due to recombination and air breakdown

and that gained from ionization by primary Compton electrons. Ee is the energy
Tost per primary ionization event by the Compton electrons (appendix I). Subse-
quent jonization by secondary electrons can be hand]ed by an appropr1ate ioniza-
tion lag model. N represents the source of later ionization from the secondaries.

This completes the discussion of the fundamental equation used. The remainder
of this section will examine the structure of the numerical algorithm used in
solving the relevant equation on a space-retarded time grid.

)=l

fi-1 i

The quantities E, J, and B are known at (i-1, j-1), (i-1, 3), and (i, j-1).
In addition Ngs < V>, <U>, and Vk for all particles created before 19~ are
known at (i, j-1). It is assumed that a particle created at r; always is close
enough so that it can be assumed to be at r; First the appropr1ate quantities
are initialized at (i, j), i.e.,
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and the necessary particles are created at (1, j=1). The weight of new particles
created at (i, j-1) is

r.
i . . .
Weight = N NY oy P | - “/ﬂ Nopy dr F(rd=1) (0 - v3-2)/(8n g riz)
0

where np is the number of particles created. If ny is one, generally the parti-
cle has the average scatter energy and is directed forward. The option also
exists to create several particles at a point to simulate the Compton electron
distribution. This will be discussed in greater detail in the source section.

Now

vJ

= gi-1
k = Vk

where k includes the newly created particles. Let E; be the earth's magnetic
field. The basic iteration Toop proceeds as follows.

1. Update VE for all k by solving equation (1). The solution, obtained
iteratively, is time centered in all terms including those nonlinear in the
velocity. The total magnetic f1e1d is that from the particles plus B A one-
percent convergence criteria in Ivk| is used. If desired, the MRC ob11quity
factor (ref. 3) can be used in this step.

2. Calculate the contribution to JJ from the Compton electron by using
equation (15), using the appropriate we1ght and the just calculated vk 's,



3. Update ng. and < U >g by solving equations (18) and (19) iteratively.
i
The solutions are time ceqtered in all quantities, and a one-percent convergence

criteria is used on < U >g.

4, Update < V'>} by solving equation (17) where all quantities are time
centered, using the new data calculated in step 3.

5. Sum the conduction and Compton currents for 3?

6. Update E? and E? by using equations (3), (4), and (5) where again
all quantities are centered.

7. Test the magnitude of the new E? against the old. 1f the variation
is less than one percent, the cell solution is complete. If not, return to step
1 and continue with the updated quantities until convergence is reached.

The above procedure is used to solve for all time the space cells in the
grid. The algorithm calculates for all time at a particular space point before
proceeding on to the next space point. This procedure is the most efficient.
This completes the general description of the algorithm.



SECTION III
CURRENT SOURCE

The current source package defines the location, time, energy, and direction
of all the Compton particles at creation. Only primary Compton events are con-
sidered. There are several options available in CHEMP. The simplest option,
used pfimarily when absolute field strengths are unimportant, is producing one
particle each time step with the average Compton scattering energy and directed
forward. The gamma spectrum is monoenergetic. If OkN is the total Compton
cross section and Og is the Compton scattering cross section, then the average

Compton electron energy is
g
E = ( - a§—-)hv
KN

where hv is the gamma energy. The weight of each particle created is determined
by the ¥ curve and the attenuation in the atmosphere

Y = NYf(T)

where NY is the total number of gammas. f(t) is the time dependence of the
gamma source and is normalized to one. The gamma flux at R and T is

R
F = NY exp "'f NOKNC[Y‘ f(T)/41TR2
0

The deposition rate per unit time and volume is
R

R = NNY ogy €XP | - f NoKNdr f(1)/4nR?
0
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and the weight of a particle is just the rate integrated over the differential
time element.

THAT
Weight = f R dt

The next option is generally used for most problems. The gamma spectrum is still
monoenergetic, but now several particles are created at each point in time and
space. The directions and energies of the particles are created to simulate the
initial Compton scattering distribution. As a typical example, to simulate the
distribution from a 1.5 MeV source, sixteen particles are created at each point
in space and time. Four polar scattering angles, 0.146, 0.357, 0.624, and 1.04
radians and four azimuthal angles, 0, /2, m, and 37/2 are used to specify the
direction of the particles. These angles were chosen so that all particles have
equal weights. The particle energies are now a function of the polar scattering
angle. Let 0e be the electron scattering angle. Then

6, =2 tan'l(cot(ee)/(l + a))

where

= hv/moc2
Eee = hv(]-T/(Ha(]-cos(eY))))

The weight of a particle is

T+AT
Hefght = (1/16) NN, oy &7 exp f Noyy dr f £t )dt' /4TR2
. T
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Other weighting schemes with different polar scattering angles are occa-
sionally used to test the accuracy of these sources. The last major option 1is
whether or not to use a gamma spectrum with either of the above two options.
To implement an energy spectrum, the above desired option is done for each
energy in the gamma energy spectrum. It is presently assumed that one f(t)
function describes all gamma energies.

Other variations on this source package are available with minimal changes.

12



SECTION IV
ENERGY CALCULATIONS

The CHEMP code was originally built to study the energetics of high-altitude
EMP. Six energy totals are kept for every calculation. The first is the total
Compton energy deposited over all time and from r = 0 to R. For a monoenergetic
spectrum

R Thax SR
WC=41TEf f WT' (r,T)r2drdt

0 )

where E is the energy of the Compton electrons and WT'{r,t) is the source func-
tion define in section II

The second energy term is the energy dissipated via the conduction electrons,
given by

R Tmax _ _ .
wd = 4ye d/ﬂ U/P n(r,T)(< Vo> E(r,r)) r2drdt

0 0

where n(r,t) is the free electron density and (V) is the drift velocity.

The third term is the radiated energy that has propagated by the spatial
point r.

T

,  [max _ \
W, = cR f [E7(R,7) | 2dr
0

where ¢ is the velocity of 1ight and E} is the transverse field.

The next energy sum is the longitudinal field energy, given by
R
= = 2.2
We = J/P]Ee(r,rmax)] rédr
0
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where E; is the longitudinal field. The kinetic energy remaining in the Compton
electrons at Tmax from R = 0 to R is found by performing the appropriate sum to
get wk.

The last energy is that lost by the Compton electrons in ionizing collisions.
This term, W;, is also summed as the calculation progresses. If the calculations

were exact, then

Nc-wk=w.i+wd+we+wr

In general, the error in total energy in CHEMP is less than one-half percent.
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APPENDIX I
PHYSICAL CONSTANTS

1. ENERGY LOSS EQUATION
The energy loss equation (ref. 4) used in CHEMP is

3W/0X = 4.077 x 107° NZ [1n((m0c2)2(Y2-1)(Y-1)/12)

_BZ}/BZ

where NZ is the total electron density, B = v/c, v = (1 - BZ)'I/Z, and 1 is
taken as 86 eV.

2. COMPTON CROSS SECTION
ogy = 21y’ )(1+a) [2(1+a)/(142a) - In (1+2a)/0] /0?

-+

In(142a)/2 - (1+30)/(1+20)2

4mr2 = 102" cm?/electron
- 2
o= hv/moc
hv = photon energy

3. AIR BREAKDOWN COEFFICIENT, MOMENTUM EXCHANGE COLLISION FREQUENCY, AND ENERGY
EXCHANGE COLLISTION FREQUENCY

For a given characteristic electron energy

Y7 = 3.76x1071° NEB-7/(1 + 2.92 x 1074 g2)1-412

15



Venergy - N (1'3X10-]] (1+44.4x10% £9)%-32/(1 4 1.93x103 g10y0.138

+

2.13x1010 E5-22/((1+0.0657)°°455(1+1.63x10'3 4,0.097 ))

Voomentum = 1-25x1077 NEO-935 (140,093 £1:5)0-405 /(141 26 £1.67)0.373

Where N is the particle density. There fits are variations of fits used by
Higgins, Longmire, and 0'Dell (ref. 2).

4. ENERGY LOST PER PRIMARY IONIZATION

For a Compton electron of energy E eV the average energy lost per ionizaton
is

E > 250 Kev Ee = 86 eV
250 KeV > E > 0.640 Kev Ee = 7.705 In(E) - 9.79
0.640 KeV > E E =1.8 In{(E) + 28.4

5. ELECTRON RECOMBINATION COEFFICIENT

Three body recombination

Ye, - 2.78x10731 N2/(1412.5 E)

Two body dissociative recombination

Ye, 4.85x10712 N/ (143.45 £74-8)1-2

Total recombination

Yo = Yo, ¥ Ve
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APPENDIX II
NUMERICAL METHODS

The general form of the first order differential equations solved is

L= g(fx.y) (20)

Two numerical forms are used in finding the solution. The first.-is

f5 = fi_1 + Ox (g(fi,xi.yi) + g(fi-l,xi-l,yi-1))/2 (21)
The second is

i = f30 + &x g(f1-1/2,xi_1/2.y1-1/2) (22)

where

fi1pe = (Ff5 + f121)/2

x.i_'l/z = (x-i + Xi_])/z

Yi-1/2 (yi + yi-1)/2

Both of the above equations are solved iteratively. These forms are used
primarily because they are two point schemes. Thus, the increment, Ax, can be
charged without incurring any loss of accuracy due to loss of centering. Also
the implicit nature of the solution ensures a high degree of numerical stability.

The error in equation (21) is ~ (ax)3f'''(e)/12

The error in equation (22) is also of the same order.
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