AD-763 489

LATE-TIME SOURCES FOR CLOSE-IN EMP

David A. Sargis, et al

Science Applications, Incorporated

Prepared for:

Defense Nuclear Agency

August 1972

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151




DNA30G4F |
August 1972 L
SAI-72-556-LJ "

X ]

LATE-TIME SOURCES FOR CLOSE-IN EMP

AD 763489

T T
LB AR e AT Sy ow e s sy
S SRS EERREE v

ey

i o K g A
S e i e SRR T b S Y

; FINAL REPORT i
3 May 1971 through 2 August 1972 s
s . Sy : B
-- ~DDC .
oy PRI
.dq

JUL 20 W1 o

D. A. Sargis - v

E. R. Parkinson 5 'EUU 5 M

J. N. Wood C ,s"?

R. E. Dietz -

C. A. Stevens - ,&

8

i1

HEADQUARTERS gh;

Defense Nuclear Agency »%

Wagﬁgg}gm. D.C. 20305 3%

NATIONAL TECHNICAL &

INFORMATION SERVICE ]

ommerce
Springfield VA 22151

Contract DASA01-71-C-0155 o

i Approved for public release; distribution unlimited.

i 3 Aﬁé £,
¥ - %
SCIENCE APPLICATIONS, LA JOLLA, CALIFORNIA : ,.l:

ALBUQUERQUE » ANN ARBOR ¢ ARLINGTON ¢ BOSTON ¢ CHICAGO « HUNTSVILLE * LOS ANGELES
PALO ALTO ¢ ROCKVILLE ¢ SUNNYVALE » TUCSON
2%

P.O. Box 2351, 1250 Prospect Sireet, La Jolla, California 92037

T P A 0 P
IR ROPIR W N PP TR ey Y




e i e e T

-

UNCLASSIFIED

Security Classification

DOCUMENT CONTROL DATA-R&D

(Security classilication of title, body of abstract and indexing annotation must be enterad when the overall report is clasailied)

. ORIGINATING ACTtVITY (Corporate author)
Science Applications, Inc.
P.O. Box 2351, 1200 Prospect Street

28. REPORT SECURITY CLASSIFICATION

UNCLASSIFIED

2b. GROUP

Wom

Late-Time Sources For Close-In EMP

4. DESCRIPTIVE NOTES (Type of report and Inclusive dates) *

Final Report

8. AUTHORIS) (Firat name, middle initial, last name)

Charles A. Stevens

David A. Sargis, Ernest R. Parkinson, John N. Wood, Ronald E. Dietz,

6. REPORTY DATE

7a. TOTAL NO. OF PAGES 7b. NO. OF REFS

b erosecrno. NWED Subtask Code EA094
«. Work Unit Code 03

d.

_August 1972 323 35 13
DAS01-71-C-0155

SAI-72-556-LJ

9. OTHER REPORT NOI(S) (Any other numbers that may be assigned
this report)

DNA 3064F

10. DISTRIBUTION STATEMENT

Approved for public release; distribution unlimited.

11. SUPPLEMENTARY NOTES

12. SPONSORING MILITARY ACTIVITY
Director
Defense Nuclear Agency

Washington, D, C. 20305

R e G e

13. ABSTRACT

presented.

quantities.

This report describes calculations of ionization rales and electric currents
in air and ground resulting from neutron sources. In particular, this report des-~
cribes the numerical methods, nuclear data, and computer programs employed
and presents results for a typical thermonuclear neutron spectrum. A discussion
of fitting of earlier electromagnetic pulse (EMP) source calculations is also

The latest ENDF/B neutron transport and gamma ray production data
for air and ground are used and sensitivity of EMP calculations to cross section
changes have been estimated. A new source energy band version of the Monte
Carlo code 05RNIES has been developed which makes it possible to compute
EMP sources by folding in various desired neutron spectra. New analytical
approaches have also been introduced to accurately treat neuiron capture events
in air o times as late as one second. Analytical gamma-ray transport calcula-
tions away from the air-ground interface are also used. Various neutron and
gamma-ray contributions to ionization rates and electric currents have been
tabulated as functions of fast and thermal reactions to assist in fitting of these

Caleulations are presented for three heights of burst, 0 meters, 200
meters, and 500 meters. The early time mesh, below 0.1 psec, is more
detailed for the HoB = 0 m calculation than in previous calculations.

E

DD "3.1473

—

UNCLASSTFIED

Security Classificaidon

el S At ki

i

ZERRSARL




UNCLASSIFIED
g | ~Security Classification -
| 14 S LINK A LINK ® LINK €
u rROLE wT ROLE wT ROLE wT
NEUTRON TRANSPORT (AIR-OVER-GROUND)
MONTE CARLO
5? ELECTROMAGNETIC PULSE (EMP)
: IONIZATION RATES
ELECTRON CURRENTS
' *
;
o UNCLASSIFIED

I

Security Classification

ST NN T PP




T v oy

A i o Tt MU —

s

2

T

B e e

ABSTRACT

This report describes calculations of ionization rates and elec-
tric currents in air and ground resulting from neutron sources. In
particular, this report describes the numerical methods, nuclear data,
and computer programs employed and presents results for a typical ther-
monuclear neutron spectrum. A discussion of fitting of earlier electromag-

netic pulse (EMP) source calculations is also presented.

The latest ENﬁF/ B neutron transport and gamma ray production
data for air and ground are used and sensitivity of EMP calculations to
cross section changes have been estimated. A new source energy band
version of the Monte Carlo code O5RNIES has beén developed which makes
it possible to compute EMP sources by folding in various desired neutron
spectra. New analytical approaches have also been introduced to accu-
rately treat neutron capture events in air to times as late as one second.
Analytical gamma-ray transport calculations away from the air-ground
interface are also used. Various neutron and gamma-ray contributions
to ionization rates and electric currents have been tabulated as functions
of fast and thermal reactions to assist in fitting of these quantities.

Calculations are presented for three heights of burst, 0 meters,
200 meters, and 500 meters. The early time mesh, below 0.1 usec, is
more detailed for the HoB = 0 ra calculation than in previous calculations.
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1. INTRODUCTION

Calculations are presented of electromagnetic pulse (EMP)
sources for a typical thermonuclear neutron source spectrum. The
ionization rates and Compton currents resulting from the neutron
source are required for the prediction of free field EMP environments.
The calculations are performed for a point source of neutrons in an air-
over-ground configuration. Three low level heights of burst are con-
sidered; 0, 200, and 500 meters. A time-dependent tabulation of ioni-
zation rates and Compton currents is made in two dimensions in both

air and ground.

New analytical methods have been developed to take into con-
sideration the very late-time neutron capture reactions in air. These
events, which can introduce sources at times as late as one second,
have been included in our calculations for the first time. A description
of the new version of the Monte Carlo code O5RNIES, which incorpor-
ates these air capture reactions, is included in a later section. A new
energy band treatment enables the user to efficiently fold in an arbitrary
neutron spectrum once the initial production runs are completed.

dia Sk, .

s e PR

The calculations presented here are similar to previous results.(l's)

A complete treatment of neutron transport in both air and ground is in-
cluded. The inclusion of late-time air capture reactions represents a
significant improvement over earlier treatments which neglected these
events. Thermal neutrons are also followed back and forth from ground
to air in the new calculations, as opposed to previous results which ap-
proximated the air by vacuum. Comparisons made between the new late-
time program and the previous version of O5RNIES indicate that the new
version yields substantially higher ionization rates than the conventional
program in the time interval between 1 millisecond and 1 second. In this

1
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time span air capture events, which are neglected in the earlier version
of O5RNIES, become important and enhance the late-time ionization
rates as computed in the new code. Furthermore, ionization rates and
currents in the ground, but very close to the air-ground interface, also
appear to be enhanced relative to the conventional treatment. This is
due in part to the fact that the conventional version of the code does not
allow thermal neutrons escaping from the ground into the air to return
to the ground, whereas the late-time models follow the neutrons from
one medium into another.

Another important change has been made in the O5RNIES code.
Previously, only the total ionization rate and Compton current were edited
as output. In the new version, contributions are separated according to
their origin. Thus, for current rate we tabulate, in addition to the total,
the separate contributions from thermal neutron capture gamma rays and
from fast neutron capture and inelastic gamma rays. For ionization rate,
the contribution from neutron collisions is also tabulated separately as
fast and thermal neutron induced ionization. These separate contributions
will give greater understanding of which reaction types are most important
at different times. This additional knowledge is most useful when selecting
biasing techniques and will make it much easier to fit the results because
the behavior of the separate components is easier to describe with simple
functions than is the sum of the components.

The results presented here incorporate the latest ENDF/B neutron
transport and gamma ray production cross sections for air and ground.
Sensitivity of EMP calculations to changes in cross sections has also been
estimated.

The calculations are carried out to local times of one second and
to ranges of five kilometers. However, the time-dependent data at ranges
beyond about three kilometers are somewhat erratic with large statistical
uncertainties.
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2. DISCUSSION AND RESULTS FOR A TYPICAL
THERMONUCLEAR NEUTRON SPECTRUM

EMP source calculations are presented in this section for
three low altitude nuclear explosions. The three heights of burst (HoB's)
selected were at 0, 200, and 500 meter altitudes. The neutron source
spectrum chosen for these calculations was a typical thermonuclear
spectrum which has been used in other transport calculations. 4) The
typical thermonuclear spectrum is shown in Table 1 in a seventeen group
structure. The actual calculations were performed using thirteen energy
bands as will be discussed in Section 4. 2.

We have produced a total of more than 5,000 ionization rate
and current plots on microfilm for the thermonuclear source. It is
apparent that we can only present a very small fraction of these results
in this report. However, we do present a representative sampling of
these data and have stored the completé plotted and tabulated results on
microfilm and tape where they may be processed for use in EMP field
codes. Furthermore, the basic production runs are available on tape for

each height of burst so that other neutron spectra may easily be folded in
to obtain various desired EMP drivers.

Ionization rates and Compton currents were obtained in air and
ground and extend to ranges of 5 kilometers in air. Biasing in the form
of path length stretching of neutrons and gammas is mandatory to obtain
results at these distances with reasonable amounts of computer time.




\eitind ol S w i st Al s Sl MR ) VT T T T T T P T RSP TR Y SR T O T R AT dhaba S

Table 1

ENERGY DISTRIBUTION FOR
THERMONUCLEAR SOURCE

z Number
Energy Fraction
(MeV) in Group

12.2 - 15.0 7.06(-2)%
10.0 - 12.2 2.56(-2)
8.19 - 10.0 1.41(-2)
6.36 - 8.19 1.47(-2)
4.97 - 6.36 1.80(-2)
4.07 - 4.97 1.70(-2)
3.01 - 4,07 2.60(-2)
2.46 - 3.01 1.90(-2)
2.35 - 2.46 5.00(-3)
1.83 - 2.35 2.80(-2)
1.11 - 1.83 6.20(-2)
0.55 - 1.11 8.50(-2)
0.11 - 0.55 1.02(-1)
3.35(-3) - 0.110 3.65(-1)
5.83(-4) - 3.35(-3) 1.22(-1)
1.01(-4) - 5.83(-4) 2.40(-2)
2.90(-5) - 1.01(-4) 2.00(-3)
<2.90(-5) 0

3Read as 7. 06 x 10~




Even with biasing, the spatial results beyond 3 kilometers in air, and
also at great depths in the ground, become sporadic. However, it is
felt that most of the spatial positions of interest in EMP studies have
been obtained with reasonable statistical accuracy.

The calculations described here were acquired with a new
late-time version of the Monte Carlo code O5RNIES, which is discussed
in detail in Section 4. The latest ENDF/B neutron and gamma ray pro-
duction data were used and the sensitivity of calculations to cross section
changes is considered in Section 4.5. The accurate treatment of very
late-time air capture reactions represents a significant improvement in
the calculational models used in generating EMP sources. The new late-
time results are generally higher than previous results in air in the time
range from 1 millisecond to 1 second, where air capture events become
important. The accurate tracking of thermal neutrons back and forth
from ground to air in the new code also generally results in larger EMP
sources at positions in the ground but near the air-ground interface.

The O5RNIES code tabulates results in spherical coordinates
above the source, and in cylindrical coordinates below it. This coordi-
nate system is selected for consistency with the EMP field codes which
use the OSRNIES results as input.

In each of the three HoB calculations discussed here, a total
of 195,000 neutron histories were followed. These neutrons, through
various inelastic scattering, capture, charged particle, and other reac-
tions, produce gamma rays which are also followed. For each HoB,
production runs were performed with unit neutron sources in each of
thirteen energy bands. The desired neutron source spectra were then
folded in using the auxiliary folding and plotting code OSNPT. The pro- i
duction runs required approximately 22 hours, 17 hours, and 15 hours Z
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of computer time on the CDC 6600 for the HoB = 0 m, HoB = 200 m, and
HoB = 500 m runs, respectively. The higher altitude bursts are per-
formed more rapidly since the new faster analytic routines in O5RNIES
1 can be employed more frequentfy at the higher elevations. The auxiliary
5' folding code O5NPT required approximately 30 minutes of CDC 6600 time
fg to fold in an arbitrary neutron spectrum for each HoB.

The bin structures used for scoring for the three heights of
burst are indicated in Tables 2-4. The results are obtained to dis-

tances of 5 kilometers and to times of 1 second. For the HoB=0m
calculations, there are 39 x 19 x 14 = 10,374 individual scoring bins.
Similarly, for the HoB = 200 m and HoB = 500 m problems we score
time dependent quantities in 9120 and 9690 bins, respectively. It is
apparent that with the large number of bins in each problem, good sta-
tistical results could not be obtained at each position. However, it is
felt that all of the important spatial positions are adequately represented
in the results described here.

Time integrated ionization data are considered in the first
twelve figures. Following these, time dependent ionization rate and
Compton curreat calculations are presented. .All of the figures are
normalized to one source neutron. In some of the figures, contributions
due to thermal and fast neutron reactions are separately plotted. Be-

cause of space limitations, the statistical error bars which depict stan-
dard deviations from the mean values are only shown for the total
quantities. The separation into fast and thermal components was made
to assist in fitting of these data and to further understanding of the im- ]
portance of various reaction mechanisms in different time regimes.

In Fig. 2.1 the ionization vs.radius is shown for an angular bin
having polar angle limits of cos § = 0.0 to cos § = 0.05 for a source on v




RIS

0000001 - 000 ‘009
: 000°009 - 000 ‘00¢
£ 000°00€ -  000°00T
w 000001 - 000 ‘09
3 00009 - 000 ‘0¢
¢ 000°0¢ - 000°01
m 000‘01 - 000°‘9
i 0009 = 000 ‘s
m 000°€ = 005°1
00s‘t - 000°‘1
0001 - 00S
005 = 00¢
00¢ = 002
002 = 001
001 S SL
S = 0S
0S = og
o¢ S 0z
02 S ol
o1 - 6L
S°L - g 000S - 000¥%
g - ¥ 000% - 00S¢€
¥ = £ 00S€ - 001¢
€ - (4 001¢ - 00L2 e~
4 - I 00LZ - 00£2
1 - 80 00€Z - 0012
8°0 - 90 0012 - 0061
9°0 - %0 0061 - Q0 LI
¥°0 - £ 00L1 - 00S1
£°0 - zZ0 00S1 - 00€1
20 - P10 0S2Z - 081 00€1 - 0501
U0 - 010 081 - 021 0S0T - 058
010 - 80°0 021 - 06 0S8 - 0S9
80°0 - 90°0 06 -0S 0%9 - 0SS
90°0 - ¥0°0 0°1- G0 0s -o¢ 0SS - 0S¥
¥0°0 - €0°0 S°0- 20 0 - ¥1 0S¥ - 0se ;
£0°0 - 20°0 20- 10 ¥1 -9 0S¢ - 052 1
. 200 -G610°0 1'0-60°0 9 -2 0SZ - 0S1 ;
SuoN S10°0 -0 S0°0- 0O 2 -o oSt -0 3
(sx33ow) Awwwé (6 809) (wo) EACIEL )
sreAxauy jydayg QMMH ?uoc%u SMM“' .”wﬁﬂum steaxajur \ydaQq STeAX9d)U] [eipey M

SRITHOYd LYOJSNVYUL 90H HALAW OYIZ ¥OJ STUNLONYLS NId
¢ 2l1qeL

A
—
ke

2 & SRS #zconar, ~r

a g ki o e o e iR
- — e o brin e R R i 3




. 000‘000°‘1 - 000 ‘009
3 000°009 - 000 ‘00€
: 000°00¢ - 000°001
3 000001 - 00009
: 00009 - 000°‘0cE
1 000‘0€ - 000°01
000°01 - 000°9
000 ‘9 - 000°‘¢
000°‘¢ - 00§°T1
00S°1 - 000°1
000°1 - 00S
00S - 00¢ 000S - 000%
. 00¢ - 002 000¥ - 00SE
002 - 001 00S€ - 001¢
001 - SL 001¢ - 00L2
SL - 0S 00L2 - 00€2
0S - o¢ 00€2Z - 0012
0¢ - oz 0012 - 0061 -
0z - o1 0061 - 00LT
o1 -S°L 00L1 - 0051
S°L - 00ST - 00€1
S - ¥ 052 - 081 00€1 - 0501
1 4 - ¢ 081 ~ 021 0501 - 058
£ - 2 021 - 06 0S8 - 059
4 -1 06 - 0S 059 - 0SS
1 -8°0 0S - 0¢ 0SS - 0S¥
80 -9°0 0°1-5°0 0g - ¥l 0S¥ - 0Sg
00Z - 001 9°0 -%'0 S0-20 ¥l -9 0S¢ - 0S2
001 - 0S ¥0 -20 20-10 9 =% 0sZ - oSt
0s -0 20 -0 10- 0 T -0 0sST ~0 :
{sx9yeum) sTeAx Noowﬂvn ﬂﬁhwwﬂwm (o) (sIxaj0wm) 3
sTeAI] Y39 w1y, [es0] s1fuy reroq sreazau] pdaQq sTeaxayu] rerpey 1

o

SNITHOUd LYOdSNVHL g90H HALANW 002 ¥O4d STUNLONYLS NI

g JIqeL, .ﬁ




SRR i 2 s

000°000°‘1 - 000 °009
000°009 - 000°‘00¢
000°00€ - 000001
000°001 - 000°‘09
00009 - 000°‘0¢
000‘0¢ - 000°01
00001 - 000°‘9
000°9 - 000°‘S
000°‘s - 0051
00S ‘1 - 000°1
000°1 - 00S
00S -  o00¢ 000S - 000¥
00¢ - 002 000¥% - 00SE
002 - 001 00SE - 001¢
001 - 6L 001¢ - 00LZ
) - 08 00L2 - 00£Z
0S - 0f 00€2 - 0012
0¢ - 02 0012 - 0061
(114 - 01 0061 - 00LI
o1 -S°L 00L1 - 00S1
S L - ¢ 00S1 - 00E1
S - ¥ 0sZ - 081 00€1 - 0S01
2 - ¢ 081 - 021 0501 - 0S8
£ - 2 021 - 06 0S8 - 059
4 -1 06 - 0S 0S9 - 0SS
1 -8°0 0S - 0¢ 0SS - 0S¥
8°0 -9°0 0°1-6°0 0e -¥1 0sh - 0SE
80 -%0 S°0-20 ¥1 -9 0S€ - 052
¥°0 -20 2'0-1°0 9 -2 0SZ - 0S1
20 -0 1'a- 0 Z -0 0ST -0
wapgosd Jajem
__ 00Z = 9°H ._._.u.“...i. "Eaﬂﬂm (@ Ea_w- (wrd) (sxa30u)
0 £quo aqqeajddy) auryy, revo] n_us..u_ Enq_nn: sTeataju] ydaq sTeA9ju] [eipey

(ssjew) sreaznul yieq

SNITHOYd LHOdSNVY.L 90H HILINW 00S HOJd STUNLONULS NI

¥ 91ae L,




-

g etz
%
[y
=]

]
Py
-y

—

]

Ionization MeV/m
I []

i
b
'

10 "~ 0 T —T T,

0.00 0.40 0.80 1.20 1.60 2.00 2.40°2.80 3.20 3.60 4.00 4.40 4.80
Range (kilometers)

Figure 2.1. Radial dependence of ionization due to thermo- }
nuclear source on ground, cos 6 = 0-0.05.

10




et o

AR .

the ground. The ionization is due to both neutrons and gamma rays and
the solid histogram depicts the total dose. The dashed histogram repre-
sents contributions to the ionization from fast neutron ionization processes
and from gamma rays which are produced from fast neutron reactions.
The dashed-dotted histogram similarly indicates ionization produced by
thermal neutron energy deposition and by photons which are produced

by thermal neutron reactions.

Figure 2.2 shows the ionization vs. radius for the 200 m HoB
for a height bin extending from the air-ground interface to an elevation
of 50 meters. These bins represent approximately the same spatial
positions as the angular bins of Fig. 2.1, namely spatial regions close
to the air -ground interface. Comparing the 0 and 200 meter HoB
results along the air-ground interface indicates that there are differences
in the time integrated ionization rate results. At close-in ranges out
to a few hundred meters,the 0 meter results are substantially higher
while at greater distances the 200 meter HoB results appear to be

generally higher.

In Fig. 2.3 the time integrated ionization rate vs. radial position
is shown for the 500 meter HoB for the elevation bin extending from the
ground to an altitude of 50 meters. The 500 meter HoB results are
much lower than the 200 meter HoB calculations for the first few radial
bins extending to several hundred meters. The 500 and 200 meter HoB
results are then fairly close to one another, with the 200 meter results
generally higher, out to about 2 kilometers, beyond which the 500 meter

calculations surpass the lower HoB data.

A comparison of the 0 and 200 meter HoB time integrated
ionization rates vs. radius for the angular bin cos 6=0.5-1.0 is
shown in Fig. 2. 4. The values for the HoB = 0 source are generally

11
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higher than the HoB = 200 m results for all ranges. A similar comparison
was made between the 200 meter HoB and the 500 meter HoB for the

cos §=0.5-1.0 bins. For these‘ two cases virtually identical results

were obtained for all ranges which implies that for HoB's above 200
meters, the ground plays little role in determining the dose deposited in
air at small polar angles.

The reason for the differences between the 0 and 200 meter HoB
results shown in Fig. 2.4 can be explained with the aid of Fig. 2.5-2.11,
From Fig. 2.5 it is clear that secondary photons which are produced
in the ground by a HoB = 0 meter source must traverse more ground
to reach an observer at b than an observer at a. Therefore, the energy
deposited by gamma rays at small polar angles in air should be larger
than the energy deposited at larger angles. A similar argument can be
presented for the source neutrons from a ground burst. A large fraction
of the source neutrons produce secondary neutrons in the ground through
inelastic scattering reactions. The energy deposited by these neutrons
is again larger for small polar angles because there is less ground to
traverse than for the large polar angles.

The polar angle dependence of the ionization for the ground
burst is shown in Figs. 2.6-2.8. In Fig. 2. 6 the total neutron plus
photon ionization as a function of the polar angle is presented for a radial
bin extending from 450 to 550 meters. The ionization due to both fast
and thermal reactions is seen to increase with decreasing polar angle
as would be expected from the previous geometrical arguments of
Fig. 2.5. Figures 2.7 and 2. 8 illustrate the ionization versus polar
angle due to neutrons and gamma rays, respectively. For both types of
particles, it is clear that the ionization increases with decreasing polar
angle. Neutron and photon ionization produced by both fast and thermal

15
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neutron reactions demonstrate this angular dependence. Although these
angular results are shown here only for one radial bin, the effect can be
shown to be a general phenomenon at other ranges for a ground burst. For
higher HoB's, the polar angle dependence is much flatter. In Figs. 2.9-
2.11, the polar angle dependence of the ionization at the 450-550 meter
radial bin is shown for the 200 meter HoB. The total ionization, neutron
ionization, and photon ionization results are all flatter for the 200 meter
HoB as a function of polar angle than the corresponding ground burst calcu-
lations. The polar angle dependence is much less pronounced for both the
200 m and 500 m HoB sources than for the ground burst because for the
higher altitude calculations the secondary photons and neutrons produced
in the ground are distributed over a wider area and furthermore, the
ground plays a much smaller role in altering directions for source
particles because of the greater distances involved. Therefore, for
small polar angles, larger icnization values due to the ground burst,
relative to the 200 m HoB, can be anticipated as illustrated in Fig. 2.4.

Figure 2. 12 illustrates the effect of the height of the source upon
ionization in thke ground for the radial interval from 450-550 meters.
The HoB =200 m results are consistently higher than the ground burst
calculations. In turn, the HoB = 0 m results are slightly higher than
the higher altitude HoB =500 m data. The HoB =200 m calculations exceed
the ground burst mainly due to the fact that uncollided neutrons can reach
the ground, at this radial distance, from the 200 m burst but not from the
ground burst., Therefore, the HoB =0 m source neutrons are degraded
in energy to a greater extent than the 200 m particles, and the ionization
in the ground is therefore substantially reduced relative to the HoB =200 m
calculations. On the other hand, as even higher HoB sources are con-
sidered, the probability of energetic neutrons and gamma rays reaching
the ground at the 450-550 m radius is reduced. This is demonstrated by
the fact that the HoB=500 m results are slightly lower at nearly all depths
than the ground burst results, and much lower than the HoB =200m
calculations.
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The next series of figures is concerned with various time

; dependent ionization rate and Compton current results at radial positions
ﬁ of 450 - 550 meters for the three heights of burst. In Fig. 2.13 the
ionization rates in air just above the air-ground interface are displayed
for the HoB= 0 m and HoB = 200 m calculations. The HoB = 200 m
results are for a cylindrical bin extending from the ground to an
elevation of 50 meters. The HoB = 0 m results are for a spherical

bin extending from cos §= 0.0 to cos @ = 0.05. Although the two

bins are of different shapes, they both refer to approximately the same
spatial positions. The results presented in Fig. 2.13 indicate that there
is very little difference between the two HoB calculations for the spatial
positions considered here. The HoB = 0 m results are higher in the
very early time intervals since neutrons are immediately converted to

inelastic gammas for the ground source. Therefore, the HoB= 0 m
calculations display an initial prompt spike which is absent in the higher
altitude calculations. Both sources show another spike at approximately
8 usec local time which signals the arrival of 14 MeV neutrons. After
the arrival of the neutron wave front, ionization is caused by both
photons and neutrons, whereas at earlier times only secondary gamma
rays were contributing to ionization.

In Fig. 2.14 a comparison between HoB = 200 m and HoB = 500 m
ionization rates is made for the elevation bin 0 - 50 meters. Here the
500 meter results are lower than the HoB = 200 m calculations by about
a factor of 2 for all the time intervals. The arrival of the 14 MeV
neutron spike is also delayed for the HoB = 500 m calculations, falling
into the 10 - 20 usec local time bin, since these neutrons must travel
farther before reaching the observation bin than the lower altitude source

neutrons.
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Figure 2. 15 shows the ionization rate in the air for a cos 6 =
0.5-1.0 bin due to a ground burst. The ionization rate is due to combined
neutron and gamma ray energy deposition. Figures 2.16 and 2.17 display
the ionization rates for this same angular bin due to separate neutron and
gamma ray deposition processes. On all three plots, the ionization rate
is further separated into components due to fast and thermal neutron
reactions. By comparing the three figures, we can determine something
about the effectiveness of the various deposition mechanisms in certain
time intervals. It is apparent from Figs. 2.16 and 2. 17 that the ionization
is solely due to gamma rays initially. A prompt initial photon spike due to
inelastic neutron scattering in the ground is displayed in the first time
interval. Photon ionization due to thermal neutron captures does not
appear until approximately 4 usec local time. The initial fast neutron
energy deposition appears at about 3 usec, with significant deposition
taking place in the next time bin, from 7.5-10 ysec. From this time bin
out to approximately 100 usec, the neutron ionization is larger than the
photon contribution. The gamma ray ionization tiien becomes larger than
the neutron component in the time range from 100 to 104 psec. At
104 usec thermal neutron capture in air becomes a factor, as can be seen
from Fig. 2.16, and the neutron and photon components of the ionization

rate become comparable from 104 to 106 usec.

Figures 2.18 - 2. 20 show the total ionization rate, and the ioniz-
ation rates due to the separate neutron and gamma ray processes for
a source at an altitude of 500 m. The angular bin extending from cos 8 =
0.5-1.0 with radius 450 - 550 meters is again used. In comparing the
HoB = 500 m results with the ground burst calculations of Figs. 2.15 -
2.17 we can draw a number of conclusions. Neutron ionization rates for

the two sources are very similar for all time bins as might be anticipated
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since the spatial bin considered is in the air and distant from the air-
ground interface. The higher altitude calculations again do not display

: the large prompt spike shown by the HoB = 0 m calculations. Further-
more, the ground burst shows substantially higher jonization out to about
0.4 psec where the two calculations are approximately equal. This is
expected since the gamma rays from inelastic scattering in the ground
are only possible from the HoB = 0 m source in this time region. The
HoB = 500 m fast gamma rays are due solely to inelastic scattering in
the air out to about 10 usec where ground inelastic gammas become a
possibility. The ionization due to photons is approximately the same

for the two HoB's from .0.4 usec to 3 usec. From 3 usec to about 104
usec the HoB = 0 m results are about an order of magnitude larger
than the 500 m calculations. Beyond 104 usec the two results are
comparable. It is interesting to note that a very large difference in

i photon ionization exists between the two calculations due to thermal
photon contributions. The ground burst thermal photon ionization is about
three orders of magnitude larger than the HoB = 500 m calculation. The
thermal gamma contributions also appear at earlier times, 4 usec for
the ground burst versus 30 psec for the higher source. Differences in
thermal gamma ionization rates betwéen the two sources appear to be
primarily responsible for the large deviations displayed in the total

SO RNE S Lng Sod T Sl no g

S S e LS

s

L

gamma ionization rates. E

In Fig. 2.21 the radial Compton current due to the ground burst is
shown for the angular bin extending from cos 6= 0.0 to cosf=0.05
and the range from 450 - 550 m. Figure 2. 22 displays the theta current
for the same angular bin. In both figures negative currents are indicated
by the letter "N''. The sign convention used on all figures in this report 1
is that the electric current flows in the direction opposite to the electron
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flow. By including both air and ground capture gamma production in our
calculations, electric currents are produced to much longer times than
in previous studies (1 '3). The radial currents in Fig. 2.21 are essentially
all negative as would be anticipated indicating that the phofon current

is in an outward direction at all times. On the other hand, the theta
current is seen to undergo two distinct sign reversals. At early times
to approximately 100 usec, the photon current is predominantly into the
ground resulting in a negative theta current. For times extending to
about 3 x 104 psec, gamma rays are produced primarily in the ground
and the transport of these photons into the air produces positive theta
currents. At very late times, air capture gamma rays dominate, and
photon currents directed toward the ground again result in negative theta
currents. This very late time sign reversal of the theta current is a
new phenomenon which was not observed in last year's calculations
since air capture events were not considered at that time.

Figures 2.23 and 2. 24 show the radial currents for the angular
bins cos 6 =0.0-0.1 and radial distances 450-550 m due to the
HoB = 200 m and HoB = 500 m sources, respectively. The currents for
the two sources are in reasonable agreement for nearly all time bins. Further-
more comparing the 200 m HoB with the ground burst of Fig. 2.21 again
reveals good agreement for most time intervals. The ground burst of
Fig. 2.21 again displays the initial prompt gamma spike due to inelastic
collisions in the ground, whereas the two higher altitude bursts are
smoother and of lower magnitude at very early times. Comparison of the
theta currents for the two higher HoB's with the ground burst shows
much larger discrepancies which may be partly due to larger statistical
uncertainties. However, the theta currents for the higher bursts also
display sign changes similar to those of Fig. 2.22, although the changes
take place in different time bins for each source.
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5\ In Fig. 2.25 a comparison is made of the ionization rate for the

, | cos 0 = 0.5 -1.0 bin between the HoB= 0 m and HoB = 200 m sources.

| A radial range of 450 - 550 m is again used. The ionization rate at early
times below 1 usec is again much higher for the ground burst. From

: 1 psec to 100 usec the two sources give very comparable results, while
between 100 and 104 psec the HoB = 0 m source is again substantially

{ higher. The results to 104 (isec are basically consistent with conclusions
drawn in comparing the two sources in last year's effort. @) However,

the deviations between the two sources in the time interval 100 - 104 usec
appear to be somewhat larger in the previous work. Furthermore,

beyond 104 usec the two sources yield approximately equal results. It
appears that the inclusion of air capture events in the present calculations
enhances the HoB = 200 m results relative to the ground burst calculations.
We have also compared the HoB = 200 m source results with HoB =

500 m calculations for this angular bin and found close agreement between
the two sources out to 100 usec. From 100 usec to 3 x 104 usec, factor

of 2 variations are observed with the 200 m HoB results higher, and

good agreement is again seen at very late times. In general the agree-
ment between the HoB = 200 m and HoB = 500 m sources is very good

for this spatial bin.

The effects of the neutron source altitude on ionization rates in
the ground is illustrated in the next four figures. In Fig. 2.26 a com-
parison is made between ionization rates due to a ground burst and due to
the HoB = 200 m source for the 450 - 550 m radial bin and for a depth of
0-2 cm. Beyond the first few fractions of a microsecond, the HoB =
200 m rates appear to be generally higher than the ground source results.
A comparison between HoB = 200 m and HoB = 500 m ionization rates
for the same ground bin is presented in Fig. 2.27. Here the 500 m HoB
is consistently lower than the 200 m source at all times. For this bin,
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the ionization rate due to the HoB = 200 m source exceeds the ground
burst results since neutrons from the higher altitude source can reach

the observation point without prior attenuating collisions in the ground.
The ground burst source neutrons on the other hand are moderated to a
greater extent by the ground at positions which are distant from the
observation bin. Therefore, there is less neutron energy available for
deposition in this bin. The probability of photon energy deposition is

also reduced because the photons are born at positions which have smaller
solid angle probabilities of eventually reaching the observation point.

The HoB = 500 m ionization rates are generally lower than the 200 m
source results because the higher altitude source neutrons are attenuated
in the air to a greater extent than the HoB = 200 m neutrons. Therefore,
the 500 m HoB neutron energy available for depos . 'ion in the 0-2 c¢m bin
is less than the neutron energy available for the lower altitude source.
Furthermore, the gamma ray energy deposited by the 500 m HoB source
is lower than the HoB = 200 m results due to greater attenuation of
gamma rays which are produced at the higher altitudes.

In Figs. 2.28 and 2.29 a comparison of the three source altitudes
is made for the same range of 450 - 550 m, but for a deeper ground depth
of 90 - 120 cm. Figure 2.28 compares the ground burst and the
HoB = 200 m source for this bin. At very early times there is little
ionization due to the ground source and the 200 m HoB ionization rate is
much higher out to about 8 usec. Beyond 8 usec the differences between
the two sources are much smaller. In Fig. 2.29 a comparison between
the HoB = 500 m and HoB = 200 m sources for the 90 - 120 cm depth
bin is made. In this case, the 500 m source gives larger ionization rates
at early times to approximately 5 usec. Beyond 5 usec the ionization
rate differences between the two sources are not very large with the
HoB = 200 m source ionization rates generally higher.
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Figure 2.28. Ionization rate in ground, depth = 90 -120 cm,
radius = 450 - 550 meters, due to thermonuclear

source at HoB = 0 and HoB = 200 meters.
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A geometrical explanation for the differences in ground ioniz-
ation rates due to source altitude variations is shown in Fig. 2. 30. The
point 0 represents an observation point below the air-ground interface at
a range of approximately 500 m. At very early times the ionization at 0
is primarily due to photons which are produced close to the respective
neutron source locations through inelastic scattering collisions. From
the figure it is apparent that the prompt gamma rays born near the
HoB = 500 m source must traverse less ground before reaching 0 than
the prompt photons from the 200 m HoB. In turn, the HoB = 200 m
prompt photons have far less ground to traverse than gamma rays born
near the HoB = 0 m source. Therefore, at very early times we would
expect the ionization rates for the HoB = 500 m source to be larger than
the HoB = 200 m rates. In addition, the HoB = 200 m ionization rates
at early times would be much larger than the HoB = 0 m results in
which the prompt photons are attenuated to a great extent by the ground.
At later times, source neutrons have migrated away from the respective
source locations, so that photons produced by these neutrons will be
distributed over wider areas. The ground distances that must be traversed
by these photons to reach point 0, will not differ to as great an extent
between the three sources as the prompt photons discussed above.
Therefore, we would anticipate less deviation between ionization rates
for the three sources for times later than several microseconds.

These remarks apply primarily to an observation point 0 which
is deeply imbedded in the ground, e.g., the bin discussed above at a
depth of 90- 120 cm. In this case, the main factor in determining the
ionization rate is the ground distance which must be traversed. For bins
which are close to the air-ground interface, such as the 0- 2 cm depth
bin considered earlier, photons can contribute to the ionization rate
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without passing through the ground to any great degree. Furthermore,
direct neutron contributions to the ionization rate become important for
these bins, at local times of several microseconds, whereas for the
deeper bins the ionization is dominated by photons due to their longer
mean free path lengths. Therefore, the ionization rates for bins close
to the air-ground interface are determined to some extent by the amount
of air attenuation experienced by the photons and neutrons from the
various sources.

From these and previous comments, it is clear that ionization
rates as well as Compton currents are sensitive to source altitudes in
some time and spatial bins and relatively insensitive in other cases. The
same sensitivity and insensitivity can be seen for other radial positions
as well. Arriving at general models to interpolate ionization rates and
currents between HoB's «ppears to be a difficult task. Obtaining analytical
fits to the data obtained for the three HoB's would be a useful initial step
from which possible interpolation between the various altitudes might
result. The effect of the source altitude is a very complicated function
of the spatial bin of interest as well as the time interval under consider-
ation. Further consideration of interpolétion schemes could possibly
result in general models which would eliminate lengthy computer calcu-
lations for intermediate burst heights.

In Figs. 2. 31 and 2. 32 we also include a brief comparison of
the present OSRNIES calculations and the thermonuclear results obtained
last year. A 200 m HoB is used in both calculations with a radial bin
extending from 550 - 650 meters and an elevation bin extending from the
ground to an altitude of 50 meters. Figure 2. 31 compares ionization rates
for this bin while Fig. 2. 32 shows the vertical current densities for the
two calculations. It is difficult to make a clean comparison between the
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previous calculations and the new results since a new set of neutron and
gamma ray production cross sections has been utilized. The sensitivity
of transport and EMP calculations to cross section changes is discussed
more completely in Section 4. 5. However, from Figs. 2. 31 and 2. 32 it
is apparent that the inclusion of air capture events in the new calculations
results in much larger sources at very late times. At early times, the
new and previous results are in reasonable agreement, and we have chosen
to only show the previous results starting at approximately 100 psec.
Beyond 100 usec the two sets of calculations begin to deviate substantially.
These large differences at late times cannot be explained on the basis

of cross section differences between the two calculations, but must be
attributed to the treatment of air capture reactions in the new version of
OS5RNIES. The two comparisons presented here are representative

of calculational trends in other spatial bins, namely reasonable agree-
ment between the new and previous calculations at early times, and much
higher EMP sources at late times in the new calculations.

The results presented to this point have been concerned
primarily with the radial interval extending from 450- 550 meters. We
will now present a number of other rédial intervals for the three HoB
sources. The results at other ranges qualitatively display the same
behavior discussed above for the 450 - 550 meter range. In Figs. 2. 33 -
2. 82 we present a number of new calculations at ranges of 850- 1050 m,
1900- 2100 m, and 2700- 3100 m for the three neutron sources. We also
display a few calculations for the bin at 4000- 5000 m. For this last
radial bin, the statistical uncertainties in general are large, since long
computer execution times or extreme biasing schemes are required to
obtain results with small error bars.
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3. CURVE FIT REPRESENTATION OF TRANSPORT RESULTS

3.1 GENERAL REMARKS

The transport calculations for EMP sources result in a very
large set of numbers. In addition, EMP environment prediction
codes require sources at various ranges, angles and times many of
which are not directly available in the transport calculation data.
Therefore, it is necessary to provide some sort of curve fit repre-
sentation to reduce the quantity of data in the transport results and
allow sources to be generated at arbitrary times, ranges and angles.

This section describes the curve fitting of transport data from
a previous EMP neutron-induced source calculation@) . This calcu-
lation was for the typical thermonuclear spectrum @) , but used an
older set of the ENDF /B data and did not include any air capture
effects. The transport bin structure is presented in Table 5. While
this previous calculation lacks many of the desirable features of the
calculation described elsewhere in this report, it still makes available
a good two dimensional representation of neutron induced EMP

sources.

The curve fitting effort was mainly directed toward the im-
plementation of new sources in the AFWL code SC. The new sources
will enhance the reliability of the code in extended regions of space
and time as well as adding ground capture effects, angular dependence
of sources and transverse currents which were not previously con-
sidered. While the fits were produced with SC in mind they should be
readily usable with any other EMP ground burst code. They are
already a part of the AFWL code NEW1 and work is proceeding to
implement them in SC.
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3.2 THE TRANSPORT DATA

The fitting effort considered only the transport data in the
air for the ground burst. Ground sources have been neglected as has
the data for the 200 meter height of burst. Aside from time consider-
ations, the 200 meter burst data was not fit because there is at present
no available two dimensional code which could use the data. One
dimensional codes such as NEW1 at AFWL can use the data but do
not seem to require an elaborate set of fits in angle, range and time.
If a two dimensional code is developed for above ground bursts, it
would be desirable to base its sources on the improved source calcu-
lation described in the other sections of this report. Some studies with
NEWI1 have indicated that the ground sources associated with a ground
burst do not change EMP fields drastically for close in problems. (3)
Their effect should be small for ranges farther out and outside the
source region. Thus, since it seemed that ground sources should not
be installed in SC they were not fit. It does seem, however, that the
fitting procedure discussed here could easily be made to handle the
data for the ground sources or the 200 meter burst with minor modific-

ations.

Data are available out to a range of 3000 meters and a time
of 10 milliseconds. However, statistics associated with the transport

results become steadily worse as one goes to far ranges or later times.

The fitting only considered times out to 1 millisecond. This is appro-
priate because air capture effects ( which were not considered) are
important beyond this time. The statistics associated with the trans-
verse (theta) currents are particularly bad at the far ranges. Thus,

fits to the transverse currents only go out to 1000 meters.
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3.3 THE FITTING PROCEDURE

The desirable result of a fitting effort is a short FORTRAN
subroutine which can be included in the EMP prediction codes. The
subroutine must provide the neutron induced source information for
arbitrary points in range, angle anc time and should be reasonably
efficient and easy to use.

It was decided that it would be exceedingly difficult to find
functional forms which would adequately fit the data in the three vari-
ables of interest. Therefore, with the source subroutine in mind,
the following approach was followed. First, the data were fit as well
as possible in the time domain for each point in range and angle.
Then with these time domain fits as data for the subroutine, an inter-
polation scheme is used to generate values at any point in range and
angle. Each time domain fit involves 10 parameters and there are
285 curves (5 angle bins x 19 range bins x 3 source quantities = 285
curves to be fit). Thus, the subroutine stores 2850 parameters but
still can occupy less than 6000 octal memory locations. This is easily
compatible with the space available in the EMP prediction codes at
AFWL. It should be noted that the first range bin is deleted because
of poor statistics and that parameters are carried for transverse

current beyond 1000 meters though it is recommended they not be used.

3.4 THE TIME DOMAIN FITS

In the time domain each source curve is divided into three

regions: (1) times before neutron arrival (based on a 15 MeV neutron); :
(2) late times arbitrarily defined to the times greater than 3 times ‘ «4

the neutron arrival time; and 3) the remaining region from arrival
timet totime3t. .
a a
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In the region of time t<ta the logarithms of the source values
are fit as a linear function of time by a least square polynomial fitting
routine (for the transverse current the logarithm of 1 plus the value
is fit). In the late-time regjon t>3ta a cubic function is fit to the
| logarithm of the source values as a logarithmic function of time by the

same routine. In the remaining region ta< t< 3ta a similar cubic
9 function is used which provides continuity between the other two fits
4 | and satisfies other conditions which vary with the different source
‘ quantities. Thus, ten parameters Al, ----, A10 represent each curve

as follows:

exp (Al +A2t), t < ta

3

Source (t) = { exp (A3 +A4 (int) + A5 (Int)° + A6 (nt)°), t<t<3t,

2

exp (AT + A8 (Int) + A9 (In t)“ + A10 (In t)3), t23t .

The parameters A1, A2, A7, A8, A9 and A10 are calculated
(6)

statistics as fitting weight factors. The cubic function in the middle

by the least polynomial iitting routine POLY using the transport
represented by parameters A3, A4, A5 and A6 is determined by the

following requirements:

1. For dose rate the function must
(a) connect with the first fit at ta and the second fit
: at 3ta ,
(b) match the slope of the second fit at 3t , and
(c) pass through the transport data point in the first

time bin past t a’
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2. For radial current the function must

(@) connect with first fit at ta and the second fit
at 3ta, and

(b) match the slopes of the first fit at ta and the second
fit at 3ta.

(c) In addition, if the resulting function crosses over

between ta and 3ta , it is replaced by a quadratic
function which satisfies (a) and () except for
matching the slope at 3ta (in this case A6 = 0).

3. For transverse current the function must
(a) connect with first fit at ta and second fit at
3ta and
(b) match the slopes of the first fit at ta and the
second fit at 3ta .

, Examples of fits obtained in this way are shown overlayed

r with the transport data in Figs. 3.1 through 3.26. It can be seen that
: the transverse current fits (JTHETA) have some undesirable {eatures
F but the error bars from the transport are rather large. The iits beyond i
one millisecond should be ignored for JTHETA. There are some addi-
tional difficulties at far ranges with the fits for dose rate and radial

, current. Some of them might have been eliminated with additional

; effort but it is felt errors that are not too drastic at far ranges will 3
not severely affect EMP field calculations.

3.5 THE INTERPOLATION PROCEDURE

To calculate source information for use in the EMP codes,

{ interpolation is done between the time domain fits. For dose rate and

radial current the range interpolation is done linearly for the logarithm
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of the square of the range times the source quantity. For the trans-
verse current, the range interpolation is linear for the square of
the range times the value. In all cases the angle interpolation is
linear for the cosine of the angle.

For an arbitrary point in time, range and angle ¢, r, 9 )
sources are calculated as follows. If the point lies within the trans-
port data space grid, it will be located between 4 points where time

domain fits exist.
09

|
|
\ |

|\ (r, 0) :
/ Ci d:l

I‘l r
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In the above figure the four points are labeled a, b, ¢, and d. Let
V Vb, V \'" d be the values of any one of the source quantities at
the four pomts calculated from the time domain fits at time t . For
dose rate or radial current, obtain the intermediate quantities V1
and V . by range interpolation:

v, = 2o e m(er)+:L(ln(r )-1n(r2V))
S B e S Va 1'¢
1 2 s 2
v, = —y o |In (] Vo) + T, \ln(rz V) - In (r] V)

For transverse current (which crosses over in time):

r-rl

QR U 0% £ p— (( Vp) - @2 V)
r
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