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SECTION I
© INTRODUCTION

This reﬁoft discusses the methods-used to compufe prompt and
scattered gamma-ray. sources and therneutron—induced EMP source
terms in the codes SCX (refs. 1, 2) and LEMP-2 (ref. 3). Although
absolute error estimates cannﬁt be made on the basis oprresently
available data, conclusions concerning the uncertainties of sev-
eral parameters are presented.

Prompt (direct) gamma contributioﬁs to the EMP sources are
computed directly from the rélevanf cross sections and the weapon
gamma outpﬁt time history. The gamma output spectrum'is normally -
modeled by one to eighf Sebarate énergy groups; SCX nérmally
treats eight energy groups (1,'2; 3, 4, 5, 6, 7, 8 MeV), and
LEMP-2 includes three or more groupé (nérmally, 0.5, 1.5, 5 MeV).
Section II compares the cross sections used in these two codes
with other sources of data. The effects of using theée crosé
: seétiohs at various rénges for the computatibn of direct gaﬁma
sources are also_cqmpared.' 7 |

The scattered gamma sources in SCX are based on curve fits
by Knutson (ref. 4) to TIG2 Monte Carlo data (ref. 5). LEMP-2
scattered gamma'sources are cbmputed using fits to data of Chilton
(ref. 6) and Lelevier (ref. 7). -These-soufces and other Monte
Carlo data are discussed in section III. |

Neutroﬁéinduced source ferhs are discussed in,section IV.

Although implemented differently, the neutron sources in SCX
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and LEMP-Z are mainly 5ased on the Monte Carlo data of Sargis,
et al. (ref. 8). Basic aspects of the source specifications and
sample results are given.

Miscellaneous topics related to these sources and conclu-
sions are given in section V. Récommendations forAimprovements
in the séurces are alsonpresented

In addltlon to the uncertalnty estimates prov1ded by this
report, the ba51c descrlptlons of the technlques used to compute
surface burst EMP sources may be of interest. The data provided
will enable the evaluation of low altitude EMP source terms for
a wide range of problems. In addition, the parameter variations
given provide insight into the behavior of these source terms

under various conditions.

12



SECTION II

DIRECT PROMPT GAMMA RESPONSES

Direct prompt gamma sources, as the name implies, are dueto
the initial gamma rays emitted by the device, and for the purposes
"of this report, they will include only that portion of the gamma
flux undergoing a first scatter at any given observer location.

If the device gamma output is spec1f1ed by Y (y MeV/s), the
average gamma-ray energy is E (MeV), and the range to an observer
location is r (méters), the'Compton current and ionization rate
are computed by SCX aﬁd LEMP-2 using the relations:

| 2

p r(‘r)[electrons/(m —s)] =Y e 5 e c ' (1)
4Tr E '
Y
. -u pr102 o
. . 3 y(1) e u,p10% :
Qp(r)(lon pairs/(m“-s)) = 5 5 (2)
: (34 x 100°) :
u, is the total interaction cross section for gammas of energy
t - , 7 ;
w 1198 is the Compton cross section, and Uy is the energy absorp-

' E
tion coefficient. LI u, and ua-are all dependent on-EY and have-
units of (cmz/g). Re is the mean forward range of fhe average |
electrohAcreatéd by a scatter of a gamma ray of energy EY and-has
units of g/cmz.‘ p is the air density'in g/cms.

+2

In SCX, (10 utp)_ is usually expressed as AY (m), the

mean free path of the gamma ray. Similarly, (10 +2

u o) = Ay (m,
7(10“2Re/p)-= Ré(m), and (102“a°) = Ee/(AYtEY) where Ee is the

average energy of the electroh‘created by a gamma scatter.

13



Tables 1, 2, 3, and 4 give values of Bys H M

o’ and Re

used in SCX, LEMP-2, in the TIG2 Monte Carlo used as the basis

cl

of SCX scatteredrgamma sources (refs. 4 and 5), data published
by the National Bureau of Standards (NBS) (ref. 9), and curve
fit values used in Monte Carlo calculations completed at the
Los Alamos Scientific Laboratory (LASL) (ref. 10).

The SCX values of Wi and M, are based on the NBS data of
reference 9. Values of U, and Re in SCX are based on numerical
calculations reported by Jones (ref. 11).-

Differeﬁces in parameter-values are generally 20 percent
or less, often much less. For calculations of the Compton cur-
rent, the product ucRe is used (vﬁlues compared in table 5).

| Uncertainties in ucl‘Re-and My will have a linear effect
on the computed cqrrent and ionization. It appears, based on
reference 9 and other sources, that this uncertainty is probably
25 percent or less, except at Qery low energies (é.g., 0.5 MeV
of table 5). Comparing values of u, and R, (tables 2 and 4), it
appears that the low energy variations seenrin table 5 are due
to different values of R,. |

ut is present in an expdnenﬁialffunction of range and thus -
,uncertainties in Uy (or the air density) can ha&e a moré signifi- .
caﬁt impact on the predicted source terms. For large yield
Aproblems, gammarsource terms may be-importént out to a fangé of
severﬁl-kilometeré (on thé-order of 10-30 gamma mean-free-paths).
For example, at a range of 3 kilometers (p = 1.225 x 1073), the

1.2 percent difference in the SCX (NBS) and TIG2 values of My

14



Table 1
TOTAL GAMMA SCATTER CROSS SECTIONS, ut(cmz/g)

V=IO WNHHO

E .
Y V

MeV) ScX " LEMP-2 TIG2 NBS LASL
.5 0.0870 0.0869 0.0885 0.0870 0.0911
.0 0.0636 0.0631 0.0636 0.0635
.5 0.0518 0.0516 .  0.0512 0.0518 . 0.0514
.0 0.0445 ' 0.0448 0.0445 " 0.0443
.0 0.0358 0.0363 0.0358 . 0.0359
.0 0.0308 . 0.0310- - 0.0308 0.0309
.0 0.0275 = 0.0274 . 0.0274 0.0275 0.0275
.0 0.0252 ~ 0.0249 0.0252 0.0250
.0 0.0235 . 0.0231 . 0.0231
.0 0.0223 - 0.0218 0.0223 0.0215

Table 2
COMPTON GAMMA SCATTER CROSS SECTIONS, y_(cm’/g)

E, | | |

MeV) SCX LEMP-2 TIG2 NBS

0.5 0.0870 ~ 0.087 0.0885 0.0870

1.0 0.0636 0.0631 0.0636

1.5 0.0517 ~ 0.0516 '~ 0.0511 . 0.0517

2.0 0.0441 V -7 p.0444 T 0.0441

3.0 0.0347 | " 0.0352 0.0347

4.0 0.0289 ~0.0201° = 0.0289

5.0 0.0250 0.0249 0.0249 0.0250

6.0 0.0221 - 0.0219 - 0.0221

7.0 _ , ' 0.0196 . -

8.0 0.0181 , . 0.0179 0.0181
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Table 3
GAMMA ENERGY ABSORPTION CROSS SECTIONS, w,(cm’/g)

SCX_ LEMP-2 . _TIGZ NBS LASL

0.0298 0.0296 - 0.0302 0.0297 - 0.0348
0.0280 - - 0.0280 0.0280 0..0283
0.0257 '0.0256 0.0251 0.0257 0.0251
0.0236. 0.0237 0.0238 0.0230
0.0201 0.0216 0.0212.... = 0.0204
0.0175 ' ~ 0.0193 0.0194 0.0187
0.0160 - 0.0182 0.0177 0.0182 0.0175
0.0142 0.0166 0.0174 0.0166

. ) ~0,0158 0.0159
0.0122 0.0153 - 0.0162 0.0153

Table 4

MEAN FORWARD ELECTRON RANGE
OF COMPTON ELECTRON DISTRIBUTION, R (g/cm )

t=!

Y ' | .

MeV SCX . LEMP-2 TIG2
0.5 0.0206 0.0264 0.0208
1.0 0.083 : 0.1028 . 0.084
1.5 0.175 0.204 - 0.172
2.0 0.276 0.319 o 0.267
3.0 0.515 © 0.571 0.490
4.0 0.783 . 0.839 0.717
5.0 1.040 © 1.114 0.951
6.0 1.358.. : 1.395 ©1.19
7.0 1.675 - 1.679 ©1.43
8.0 1.967 ~ 1.963 1.68
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(Factor Proportional to Compton Current)
(Dimensionless)

EY' .
MeV SCX LEMP-2 TIG2 LASL
0.5 0.00179 0.00230 0.00184 0.00328
1.0 0.00528 0.00530 0.00655
1.5 0.00905 0.0105 0.00879 0.00980
2.0 0.0122 - 0.0119 0.0130
3.0 0.0179 0.0172 0.0190
4.0 0.0226 ‘ 0.0209 0.0242
5.0 0.0260 . 0.0277 0.0237 0.0282
6.0 - 0.0300 ' : 0.0261 0.0307
7.0 : 0.0280 0.0318
8.0 0.0301 - 0.0315

0.0356

- Table 5

‘R, PRODUCT

for EY= 1.5 MeV-résult_in a 25 percent difference in the expo-
nential attenuation. Fortunately, uncertainties in this parame-
ter-aré small. For maﬁy problemé, the uncertainty in thé speci-
fied air density may be of more importance. If the air density
is decreased by only 5 percent in the above example (increase in
altitude'of ~525 meters), the current or ionizatibn rate would
be increased by ﬁ_factor of 2.6. Plots Qf factors of equations
(1) and (2) as a function of range for different gémma energies
are given by figures 1 and 2 using SCX parameters.-.The usé of
other parameters provides very similar results. It may be éeéﬁ
from figures 1 and 2 that for iaﬂges 1ess than 1 kilometer and
for avconstant gamma yield, the EMP source terms may be larger
for smaller gamma energies (there are more gammas inferacting in

a given volume); At larger ranges, the'higher.energies are of

17
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much greater importance due to their longer mean-free-paths,
even thoughrthere,are fewer of them emitted from the bomb.per
unit yield.

| Self cohsistency, the effects of tﬁé EMP fields on the
source electrons, will normally cause a decrease in the prompt
source current. Howevef, the method used to treat this effect
in SCX and‘LEMP—Z affects all source contributions and is dis-
cﬁssed in section V.

The use of eqﬁations (1) and (2) assumes that the electrén
1ifetime.ié short compared to the time'required for significant =
variations in y(T1). 'Figures-B and 4 (from ref. 12) compare cur-
rents and ionization rates‘éompﬁted usingrequations (1) and (2)
with those computed.by convolﬁting ?(T) with electron delta func-
tion curfent.and ionizétion responses. For this ?(T) pulsé
the péak-J'is reduced-~18 percent and the current pulse is
broadened. There is a larger deérease in the ionization rate
peak. TFor slower pulse rise rateé, the effect is less pro-
nounced..

Over a region the size of the éourcé region of a surface
burst, surface irregularities are likely to be of importance for
many geographical locations. This uﬁcerfainty is obviously
sqenario dependeqt;

The final uncerfainty_in the proﬁpt gamma-sources which is
discussed here is that due tp,the geomagnetic turning of the
source electrons. ‘Due to the short lifetime of the electrons at
sea level (on the order of 1 shake), the electrons are not turned

to the extent seen in a high-altitude case. Figure 5 compares

- 20
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the turning current (transverse to the line-of-sight from the
burst) with the current of equation (1). The direction of this
current is dependent oﬁ both the burst and observer locations, and
thus this component may either add to or subtract from the Je due
to scattered gammas, or it may be in a direction parallel to the
earth but transverse to the lineéof—sight. Changes in the radial .
| current produced by the fields are normally less than a factor of
two. .Because of the large "drﬁgAforces" on the Combtén electrons
due to air'scattering, sélf—consistency is of most importance for

5

electric field values larger than 10 V/m and magnetic fields

larger than a few gauss.
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SECTION III

SCATTERED GAMMA RESPONSES

The scattered gaﬁma source terms are those sources produced
- by the second or subsequent scatter of the gamma~réys, and spe-
cifically exciude the first scatter (direct) éources discussed in
section II. The following paragraphs discuss the SCX, LEMP-2 and
LASL scattered gamma sourcés, angular variations, and code-code
comparisons. |
1.  SCX SCATTERED GAMMA SOURCES

The radial and transverse currents and ioﬁizatioﬁ rate, as
computed by the AFWL gamma-ray Monte Carlo code TIG2 (ref. 5), were
curve fit by Knutson (ref. 4) for use in SCX. In the TIG2 Monte
Carlo, thé cross section values of tables 1 through 4 were used
for the currentﬂandAionizatibn scoring, with the propef gamma
energy used to compute the,soufce contributidn for each séatter
in the Monte Carlo. TIG2 treated Compton scattering and pair- |
production. The neglect. of the photoelectric effect should only
affect results for late times when low energytphotdns°(20.03 MeV)
become of greater'importance.

Each of the thfee functions (Jr, Je, Q) islfit as a function -
of range and time for source gamma energies of 1, 2, 3, 4, 5, 6,
7 and 8 MeV. The data used in SCX is for a scoring bin centered
at an angle of 2.87 degrees aboverthe surfacerbf the ground, with
Jr radially‘outward and Je'pointing into the ground at the surface.

TIG2 also computed data in other bins in the air and ground but

25



these are not used at the present time. All three parameters are

fit using the functional form

F(t,r) = Ae"T (t + 1)° ’ (3)

where

o
fl

F(t = 0) : | | | - (4)

B = D[ln F(r =

_ -7
2 o F(t =7 x 1077) zn(11ﬂ

A

-7 )
10 ) enc71) - 2

(5)

_ F(t = 7 x 10°70) F(t = 107 7) ,
C = D[lOR.n 3 - 702&n i ] (6)
D = [1ozn(71) - 702n(11i]—1 -. (7)

F(t = 0), F(t = 1077), F(t = 7 x 1077) are found from fits to

the data as a function Qf range:

a,r a.
F(t = 0) = a; e 4.7 (8)
a.r a
F(t =107) =aye°r° | . , (9)
' ' a.r a : '
F(t =7 x1077) =age 6.9 (10)

The units of t are seconds and r is in meters. Thus for each of.
the eight.energy groups, there afe nine cﬁrve—fit coefficienté.
for each of the three functions. The‘time dependence of the
delta-fundtion respbnses is, in general, a function of range and

gamma-énergy. The values of curve-fit coefficients of equations

(8) through (10) are given by reference 4.

26



The curve fits for Jr' Je, and Q aré.compared with the
Monte Carlo data in figures 6 through 11 at ranges of 475; 1475
and 2475 meters for the 2 and 5 MeV bins. The vertical tic marks
on the Monte Carlo cﬁrves represent the statistics of the TIG2 .
calculations. The agreement between data and fits shown by
these figures is fairly typical of a majority of the data, which
is available fpr ranges on the interval of 0.1 to 3 kildmeters.
The curve fits are valid to times of approximately 70 shakés.
With the exception of Je,_the fits appear to be good to within a
factor of 2 or better (especially at the;smaller ranges). The
Monte Carlo statistics are typically 50‘percent or less. Smooth—A
ing-of the data in range by the curve fits'probably improves the
accuracy of the }angé dependence of the fits with respect to the
statistical variations of the TIG2 data. | |

Je respdnses are typically about two orders of magnifude
less than the Jr responses. However, this component can be
important in EMP calculations since it diréctly drives E

97’
‘radiated field component. There is no Je component in the prompt

the

(direct) gamma source, unless geomagneticrfield and/or self-
consistent effects are included. The‘curve-fit form used 'in
SCX describes a'Je scattered component which has its maximum
value at t = 0. Physically, this is only correct at the ground;
Shéefer (ref. 13) presented results of Ménte Carlo calculations-
for_air over ground gamma tfdnsbort. The JB waveform of

fiéure 12 resulted from smoothed data for an angular bin just -

above the ground. The accuracy of.the early time SCX Jé'gamma '
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Theta Current (electrons/mz/source photon/s)
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. - sources would be improved if the curve fit form of equations (3)

through (10) were modified to give values of Je at t = 0 which
decrease for angles above the ground.

connected with the angular dependence

. 2.

_ The scattered gamma response in
~data of Chilton (ref. 6) and LeLevier

. Monte Carlo treated the Compton and rhotoelectric effects, but

topics are covered in the appendix.

LEMP-2 SCATTERED GAMMA SOURCES

discussed below, both

LEMP-2 is based on the

(ref. 7). The LeLe#ier

Since this dependence is

ignored pair—production, Responses to a delta function of gamma

rays at the source are expressed in reference 3 as:

aj¥giPT

by + ug4er

-H,.pr : b.u'.pr
. . ti it ti
S _eRie 25Uy 0TE
® 5,7 2
r 4a7r
e_utipr a.u prebiutipr
_ "ail itti
Q (t,r) = 3
4nr

where r is in centimeters.

g(t) =

'E(T)i=

1,38
%1 %

The time dependences are given by:

-0, T —-nT\
(e'.l + Be 2 )

-0, T L =QaT
(e 1 + Be 2 )

(11)

(12)

(13)

(14)

The coefficients of equations (13) and (14) are energy. and range

time functions

independent in LEMP-2 and, for T in shakes, give the following
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3.47(6-0.4451 + 0.08 e-o.oeszr) (15)

i : | g(t)
([

—_, ' -0.331
g(1) 0.3311

8.795(e + 0.22 e

—0.03811) (16)

which are normalized to unit area. These response functions are
based on the data of reference 7.

The scattered flux build—up,.fB, is characterized as in
reference 6 by Chilton as ‘

b,y .pTr
_ itti o
fg = azu 40T © | : - (17)

.The parameters a; and bi (i is the enérgy index) are those for
water in reference 6. The variation of a; and b; with atomic
number is very well behaved, and it seems that the use of values
for water instead of air should result in uncertainties less

. than a 'factor of 3 (probably less 'tha.‘n 2) out to ranges of 10
ﬁean-free-paths for energies greater than 1 MeV. The uncertainty
for the 0.5 MeV bin is larger and the use of ai-and b; for HzoA
at 0.5 MeV instead of parameters for air may result in an over-
estimate pf the scattered flux, based on the data of‘Chilton.

LEMP-2 also includes a correction term for the Compton
current build-up factor
BiHgsPY

£, =1 - — | (18)
i by * ngyPT

_This factor was fitted from the data of LelLevier, which exten&ed

to a range of 1 kilometer. .
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It should be noted that Schaefer (ref. 13) and Pine (ref.
14) also completed Monte Carlo.calculations for gamma rays’'in
homogeneous air. Results of these calculations agreed vefy well
with those of LeLevier.
3. LASL MONTE CARLO SCATTEREDVGAMMA SOURCES

Scattered gamma SOurce fits based on Monte Carlo data were
recently reported by Malik, Cashwell, and Schrandt at LASL
(ref. 10). Calculations were completed using the MCNP Monte
Carlo code for a homogeneous air geometry.' Results were scored
for gamma energies of 1,:1.5,-2, 3,‘4 and‘6 MeV at radii of
400, 800, 1200 and 1600 meters. The outer cutoff radius of the
calculation was 2000 mefefsfand therfime cutoff was 6.33 micro-
seconds. Gamma rays were followed until théir energy was below
5 percent of the source gémma energy. |

Analytic'curve fits to the resulfing data were also
reported'in reference 10. These fits aré functibns of the gamma

energy; the range, and the observer time.

X | "SJtNJ- ' -
pnR e *BA; e '
J(E,r,t) = -2 e JzJ ‘ ( . electrons )
: 4qr cm” -shake-source photon _
_ (19)
% s
PH.E 77 ByAy e © ’ MeV |
Q(E,r,t) = 5 ( 5
4nr cm’ —shake-source photon
' - (20)

where E is in MeV, r is-in centimeters, and t is in shakes.

'p is the air density (g/cms) and
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X = nypr

WE = 0.0283E0 703
h R, = 0.00656E ;
1.0 + 0.0013E
u, = 0.06355 052
s, = 2.080-2 x~0-73
_ -0.85
S; = 2.6 X
N, = 0.5 - 0.3 ¢70-36X
N;=0.6 - 0.3 03X
By = 0.805"0-37 x
~0.15
B, = 0.405~0+033 x1.25F
o < NSy '
W 1
" (x)
W
1/N
| J
R
Ay (1
T N—)
J

where T is the normai gamma function. The factors BW and BJ are
the time integrated build-up factors for Q and J, respectively.
These factors are dlfferent for current and 1onlzat10n and are
lower than the build-up factors used in LEMP—Z, as would be

expected (section IXI.2. and ref.-lO).
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4. ANGULAR VARIATION

It is probable that a large portion of the difference
between the various scattered-gamma EMP source specifications
can be accounted for by the angular depeﬁdence ofrthe source.

The LEMP-2 and LASL sources are based on homogeneous air .
Monte Carlo and are thus most appropriate at angles near verti-
6a1 (farthest from the ground). SCX curve fits are to.TIG2 Monfe
Carlo data, whicﬁ treated the air-ground interface. The fit
actually used in SCXVis for the bin nearesﬁ the ground (2.87
. degrees). This bin is quite large at the far ranges (2.87 degrees
corresponds to é height of 50 meters at 1 kilometer range).
Figures 13-and 14 show the variations in Jr’ Je, and Q versus
angler(e meaSuréd from-vertical). These data points are taken
from the TIG2 Monfe Carlo data for 1 MeV at a range of 6.475
kilometers and 4 MeV at rangéé of 0.5 and 2 kilometers. The .
poiﬁts are for times of 10 and 50 shakes. It would be useful to
also have points at earlier times and time—integrated values, but
these are not obtainable with acceptable resoluéion ffom the
available Monte Carlo aata plots. |

The solid curves of figure 13 show the angular variation
of time-integrated data reported by Schaefer (ref. 13) for a
2 MeV sourcerat a range of 312.5 meters., From—figure 13, it
would-be expecfed that the LEMP-2 scéttered,sources are almost
a factor of 2 larger than those from SCX. Since this is one of
the larger uncertainties in the scattered-gamma source terms,

both SCX and LEMP-2 should include this angular variation, which
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neither treats at the present time. 1In general, this will be
height and gamma energy dependent, with possibly a weaker time
dependence (very early times).

The Je angular dependence previously used in SbX is (1 -
cos®), which is plotted as the dashed line of figure 14. This
variation gives larger values of Je at greater heights above the
ground than might be expected from the T162 data or reference 13.

Addition of the proper angﬁlar dependence to SCX and LEMP-2
will result in improved.#greement in the two écattered—gamma speci-
fications and improve the overall accuracy.

Due to the lack of very‘detailed Monte Carlo data, espe-
cially at.eafly times for small angular bins near the ground, a
stﬁdy of the once scattered gamma flux at various ranges and
angles was completed analyfically/numerically. This was done in
order to provide indiéations of the behavior of the multiply
scattered gamma source as a function of angie and time (for JB)'
This work is describedrin the appendix. The results of this
study are not incénsistent with those of figures 13 and 14, if
the timeé which the data points represent are considered.

Results in the appendix also show early time behafidr,'which may
be more important than the later times for some problems.
Recommended angular variations are presented. These variations: .
are used to scale the SCX data from 2.87 degrees above the
grouﬁd to 90'degrées‘above the ground for the foilowing compari-
sons. The single-scatter approximation of the appendik also |

indicates that the TIG2 fesults are not scored on a‘mesh fine
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enough to resolve the Je behavior near the surface. SCX curve
fits for Je probably underestimate the Je at the surfﬁce by -
20 to 50 percent. '
5. SOURCE COMPARISONS

The féllowing paragraphs compare the SCX, LEMP-2,-and LASL
scattered—gamma sources, both delta:functibn and convoluted
resuits, and discuss the relative éffects of the scattered
sources.on the total gamma;induced currents and ionization ratés.
All SCX results are based on data for the observer near the
ground (seétion IiI.l.) which has,been scaled to 90 degrees
(vertical) uéing the relationships given in the appendix. As
illustrated below for a pafticular case, code~code comparisons
can be useful for pointing out certain aspects of sourcé_calcula—
tions ahd for increasing the Eonfidence in the results. These
: comparisons teach little concefning absolute accufacies, how-
ever. |

Figures 15 through 18 give comparisons of the SCX, LEMP-2,
and LASL delta-function scattered-gamma responées at ranges of .
0.5 and 2.0 kilometers. The number of sourcé photons is held
constant as the energy changes. The SCX and LASL 1, 2 and 5 MeV
responses and the LEMP-2 0.5, 1.5 and 5 MeV responses are shown.
Agreement is genefally a factor of 3 or better. The LEMP-2
5 MeV values ére'smaller than the SCX and LASL results at early
times at 500 meters, but larger at a range of 2-kilometers.
The LEMP-2 0.5 and 1.5 MeV responses appear larger than would be

expected in relation to the 1.0 and 2.0 MeV SCX and LASL results..
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Function Response Comparison, Range =
2.0 Kilometers
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This ;a probably due to the build-up factor used, as previously
discussed. Other differencee in the time waveforms appear to
be aimost random. There are considerable differences in the
lower energy responsee at 2.0 kilometers. However, fhe high
energies dominate at large ranges so that these differences are
-usually not of great importance; This illustrates the need for
treating a spectrum of gamma energies and not just a single
average energy.

Time infegrated values of J and Q for various gamma ener-
gies and ranges are given by tables 6 and 7. For the gamme
energies of greatest interest at a given range, the differences
in the three specificatione.are usually a factor 2 or less. For
the 2 and 3 kilometer observers, the-iﬁtegrated:SCX 57MeV
results for J and Q are less thaﬁ the LEMP-2 and LASL 5 MeV
results. These differeﬁces are mainly at later times-and ﬁay be
due fo the neglect of the photoelectrie effect in TIGZ and the
increased absorption,by:the ground of photons which would contri-
bute at later times at these far ranges. _

It is useful to nete that approximately 15 to 25 percent
of the integrated current is generated on the time interval
0.1-1 shake and 40-50 percent on the interval 1-10 shakes, with
the remainaer at later times. Thus, even though the later time:
'magnltudes are small, the energy content -is appre01able. The
importance of this content will be determined by the observer
location, relative device gamma end neutron yields, neutron

- spectrum, etc. -
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Table 6

' -9
f J.at (10

SCX

1.00x10~2°

29
28

4.23x10
1.38%x10°

1.01x10~31

30
9

1.33x10"
1.18x1072

1.62x1073°

33
31

2.29x10‘
1.65%x10"

3.01x10" 3?2

36
33

4.71x10"
2.93x10"
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LEMP-2

4,22x10
4.04x10"

1.59x10"

2.44%x10°
9.72x10"

1.45%x10°

1.83x10°

- 1.20%x10°

2.47x10"

1.88x10”
2.00x10"

5.63x10”

30

29

28

32

31

29

36

33

31

40

36

33

LASL

2.73x10°
1.44x10"

- -3.13x107

5.05%x10"
1.56x10"

6.66x10"
1.77%10°
7.67x10"

©1.86x10°

1.49%x10°

5.46%x10"
4.,17x10"
7.77x10°

14,43x10°
- 2.56%10"

5.06x10"
1.15x10"
9.51x10"
1.30x10"
5,79x10"

30
29
29
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28

33.

31
31
30
29 -

38
35
34
33
31
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SCX

Table 7
<t < 10

9.19x10"

2.28x10"

5.20x10"

8.98X10_

6.70x10"

1 4,21x107

- 1.53x10°

1.16x10°
5.71x10"

3.25%x10"

.2.68x10"
1.08x%x10"

11

10
10
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12
11

16
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13

20
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14
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LEMP-2

5.35x10"
2.16x10"

5.54x10"

3.35%x10"
5.43x10"

5.13x10"

2.62x10"
6.87x10"

8.79%x10"

'2.74x10”

1.16x10°

2.01x10"

11

10

10

13

12

11

17

15

13

21

17

14
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1.30%10~
6.52x10"
1.28x10"
1.89x107
4.39x10"

2.15x10"
6.41x10"
2.72x10"
6.28x10"
4.18x10"

1.05%x10"

1.10x10 -

2.23x10"
1.29x10°
7.22x10"

7.23%x10°

 2.44x10°

2.32x10"
3.37x10"
1.62x10"

11
11
10
10
10

14
13
12
12
11

19

16
15
14
13

25
20
18
17
14



Variations of these delta-function responses at specific
times as a function of range are given by figures 19 through 26.
. These figures also illustrate the faster fall-off of the SCX
5 MeV responses at later tlmes (50 shakes).

It should be remembered that the data on which the LEMP-2
fits are based extended to approximately 1 kilometer (Lelevier,
ref. 7) and 10 mean-free-paths (Chilton, ref. 6). The LASL data
béée extended to 1.6 kilometers énd the SCX data to a range of
3 kilometers;' For_manﬁ calculations (e.g., smaller yieldé), the
differences in gammarsourceS'at the . larger ranges (~2-3 km)
would not be of great importance.

Since some of the differences in tihe of the delta func-
tions are smoothed when these responses are folded with the
weapon output time hlstory, folded responses for SCX and LEMP 2
are compared in flgures 27 through 30. The only direct compari-
son in figure 27 (0.5 km) is for S MeV, with the LEMP—Z cufve 7
not quite a factor of 2 smaller and with a slightly wider pulse
width. To illustrate variations with energy, SCX values at 1,
2, 3, 5 and 8 MeV for a range of 0.5 kilometer and at 3, 4, 5,

6 and 8 MeV for a range of 2 kilometers are shown by figures 28
and 29. The lower energies, for most spectra of interest, are
negligible at large ranges. This illustrates the importance of
treating the higher energy ﬁortionsrof the spectrum instead of
just-using a single averagervalué. Figure 30 shows that the
LEMP-2 5 MeV response is over a factor of 2 larger than'that of
SCX at 2 kilometers. Variations of the peaks of these folded

functions. with range are shown by figure 31.
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Figure 20.  Scattered Gamma Radial Current Delta
' Function Response Comparison, Time =-
‘1.0 Shake :
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When the prompt (direct) sources of seciion II (which were
in good agreement) are added to the scattered sources, the
differences due to the scattered sources become less appérent.
Figures 32, 33, and 34 give comparisons at 0.5 and 2 kilometers.
At 0.5 kilometer (figuré 32), the LEMP-2 curves show the greater
impoftance of the scattered sources by the way fhey smootﬁ the
sharp peak in the source curve. This is also seen in figure 33-
for the 2 kilometer, 5 MeV curve, which is nearly a factor of
50-percént larger for LEMP-2, almost entirely because of the
scattered source. Even for the lower energies at 2 kilometers
(figure 34), the SCX currents do not show this smoothing at the '
peak, but do have a much wider pulse width. The LEMP-2 results‘
~do not have a pulse width that is range dependent. SCX values
of Je are not givgn here since the homogeneous air models on

ﬁhich the LEMP-2 and LASL results are based cannof produce this

component.
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P . , SECTION IV
NEUTRON-INDUCED SOURCES

Neutron-induced EMP sources are implemented in both SCX
and LEMP-2 by the use of analytic fits. The following subsec-
tions describe the data on which the fits are based for-eéch
code and also comparisons of the sources computed by each.code.
1.  NEUTRON MONTE CARLO DATA

Curve fits for.béth.codes.are predominantly based on the
Monte Carlo results of Sargis, et al. (ref. 8). These calcula-
tions were completed using a late-time version of the Monte
Carlo code OSRNIES in 1972 using the latest available ENDF/B
cross section data. Results are available for 0, 200 and 300
meter heights-of-burst to local timesiof 1 second. Observer
Compton current and ionizatioh rate data for locations in the
air and ground, out to ranges of 5 kilometers, are on tabé,'
although the data for ranges greater‘than 3 kilometers have
large statistical uncertainties.

The interactions treated by the Moﬁte Carlo included air
and'gfound inelastic scatters, air and ground cgptﬁres, and
neutron recoil ionization.

- A comparison of results using new and previously available
neutron and gamma cross sectionS'is.given in reference 8.
Changes in cross sections, particularly those forroxygen,.caused
the predicted sources to increase approximafely a factor of 2

(at 1 and 100 microseconds) at a range of 480 meters. At farther
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ranges, a similar chaage in cross sections may result in an even
largef effect. Statistical uncertainties are usually on the
order of *50 percent, although they may be much larger (a factor
of 2 or more).

2. SCX NEUTRON SOURCES

Neufron—induced sources in SCX are computed using curve -
fits to the data bf"reference:S which were developed by Wood and
Fishbine (ref. 15). Theée curve fits were developed for use in
two-dimensional surface-burst EMP codes, with emphasis being
placed on émoofhness in time and range. This resulted in the -
sécrifice of some accuracy with.respect to thé data.

Figures 35 thfough 40, from referencé 15, compare thé curve
fits with the Monte Carlo at raﬁges of 0.5 and 2 kilometers for
the angﬁlar,bin nearest the ground.r This data is for the spec-
trum of table 8. Different curve-fit coefficients must be used
in ordef to treat a different spectrum. Current work for AFWL
is providing coefficients for just the 14 MeV grouprso that the
coﬁtribution of this group may be easily varied (réf.ﬂlﬁ).

Curve~fit values sometimes deviate é factor of '3 or more

3 microseconds, but

from the data, especially between 102 and 10
probably provide a better representation of the source. It should

be remembered that the smoothing of the data in range may pro-

vide a better representation of the actual values than the Monte
Carlo fesulfoat~a given spatial point due to the reduction of

' statistical deviations. - |

Also shown on these figures are the curve—fit values for

bins centered at 81.4 and 41.4 degrees from the Geftical.'
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Energy

ENERGY DISTRIBUTION OF NEUTRONS FOR A
GENERAL THERMONUCLEAR SOURCE

<.0290 keV

0.290 - .10. keV

.101 -~ .583 keV

.583 - 3.35 keV

3.35 -~ 110 keV

110 - 550 keV

0.55
1.11

. 1.83

' 2.35
2.46
3.01
4.07

4,97 -

6.36
8.19
110.0
12.2

1.11
1.83
2.35
2.46
3.01
4.07
4.97
6.36
8.19
10.0
12.2

MeV

MeV'

MeV

MeV -

MeV-

MeV

MeV

MeV

MeV

MeV

MeV

15 MeV

Table 8

Fractional

Number

- 0.0
.002
.024
.122
.365
.102.
.085
.062
.028
.005
.019

- .0260
.0170
.0180
.0147
.0141'

- .0256

.0706 _

In = 1.0

77

~

Energy/Source
Neutron (MeV)

1.
8.2 x 10~
2.

0.0
7

3 x 10
6

4 x 1074

.02069
.03366
.0706
.09114
;0585,
.012
.0520°
.002
;0768
.102

. 107
.128
.284
.960

tE

= 2,09 MeV



Variations in the fits over this angular range (41.4 to 88.6
degrees) can be over an order.bf magnitude. Variations in the
ionization are often less than thosé for the radial current.
Figure 41 shows the time integrated variafions at a range of
500 meters, with approximateiy a factor of 2 variafionrfrom 90 to
0 degrees. Only fhe valﬁes for 'the bin nearest the ground have
been used in SCX, with an angular dependence of (1 - cos6) for
the transvérse current cbmponenf, Je. This introduces a large
uncertainty in the source values, usually providing an under-
estimate for sources at angles above the grqund. Since most SCX
éalculations do not continue past 102 micrdsecohds, this problem
-méy not be of as great an importanéé as it would for later times.
Any extension of the problem time would: probably ﬁarréntAthe
:addition of the angular dependence to SCX. These comparisons
do not include data at times less than 1 microsecond which are
discussed below. A neutron source routine does ekist which
treats the neutron source anguiar dependence and this is being
added to SCX at the present time. This routine was used to gen-
erate the curves of figures 35 fhrough 40 for angles above the
ground.
3. LEMP-2 NEUTRON SOURCES

The LEMP-2 neutron sources are described by curve fits to
each of the major source production mechanisms: air and ground
inelastics, air and groﬁnd captures, and neutron recoil (ioniza--.
tion). By separating the treatmenf of various effects, portions

‘of the curve fits may be more éasilj understood in terms of the
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problem physics and also may be easily modified if better data

8 is not treated in LEMP-2.

Curve fits were based on the data of reference 8, with con-

" becomes available. J

‘sideration given to prévious fits and analytic studies (refs. 17
and 18). Sample comparisons of the curve fits with the Monte
Carlo are given by figures 42 and 43 which are taken from refer-
ence 3. Variations in theAfits and data are typically on the
order of a factor of 2 or less for observers near the surface at
intermediate ranges.
4.  CODE-CODE COMPARISONS

Figures 44 through 47 compare the SCX and LEMPfZ_neutronr
fits at ranges of 0.5 and 2 kilometers. Angular variations are
included in the LEMP-2 fits and LEMP-2 values at 6 = 0 (vertical)
and 90 degrees are presented. For the 90 degree case (that for
which the original-SCX'fits ére'valid), the SCX and LEMP-2 values
ﬁsually agree to withiﬁ-a factor of 2lor better. However, these
plots iilustrated the need for adding the angular dependence to
© SCX. |
| In LEMP—2,rone of the input quantities isAthe fraction of
neutrons which have energies above approximately 6 MeV;- If this
Iraction is taken to be the number above 12 MeV (table 8), the
compariéons with the SCX fits are improved for the surface
observer. |

for times less than 100-microseconds, the main chénge in
- 8CX due to the angular variation will be the addition of the
ground inelastic effects at early times. This effect can be quite

large (e.g., figure 44).
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5. NEUTRON RECOIIL CURRENTS

_ " A sburce term not treated by the Moﬁte Carlo of reference 8
or by SCX or LEMP-2 is the current generated by the scattering of
the neutrons by air atoms. This mechanism was noted by Longmire
(ref. 19) and was:calléd to the attention of the authors by
Gilbért* in connection with undérground nuclear test anélysis.

- For dry air, the dominant mechanism will be the productibn
of positively charged nitrogen atdms (probably with an average
éharge greater than one) by the elasfic scattering of the neu-
trons. Other processes, such és (ﬁ,a), (n,p) reactions may also
" contribute and should be studied in greater detail.

If the air is humid, there will be (n,p) scattering from
thé hydrogen in the water. qu 100 perceht relative humidity at
75°F, there will be 3 percent water vapor. The scattering of
14 MeV neutrons Will producé a current of approximately 10_23
amps/(neutron/s) which is lérger (by about a factor of 5) than
- and 0,.

2 2
Using energy dependent cross sections for 3 percent H

‘those presently computed for fhe scattering in N
_ 20;
the radial current due to neutron scéttering (not (n;y)) shown
1by figure 48 is obtained (ref. 20). These values are compared
withVMOnte Carlo results (same data as figure 35). These cur-
rents are about a factor of 2 less than those given by refer-
ence 19 and are sigﬁificantly less for the case of a surface .

burst than the (n,Y) produced currents. - The two currents do

have opposite signs so that neglect of this effect only tends to

*Gilbert,_J., private communication, July 12, 1978.
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provide a small overestimate of the currents. These values may
be in error by factors of approximately 2 to 5 but are not
likely to impact surface burst results. As noted in reference

19, these sources may be important for other geometries.
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SECTION V
CONCLUSIONS

" FProm the data of the previous sections, the followiﬁg

summary can be made: | |

1. Direct gamma currents and ionization rates are probably
cbrrect to within a factor of 2 or better for most ranges of
interest. For the early times where these sources are important,
the'aécuracy for fast pulses could be improved by treating finite
electron lifetime effecté. This uncertainty is not so ‘important
for sloWer pulses and is range ihdebendent.

2. Scattered gamma sources are probably accurate to within
a factor of 2 or 3. SCX, LEMP-2, and LASL curve fits generally
agree to within a factor of 2'or befter even at ranges of a few
'kilometers (for energies of importance there).r The main discrep-
ancy appears to be the lack of a treatment of angular variations
in either SCX or LEMP-2. This results in LEMP-2 overestimating
the scattered gamma flux near the ground by approximately a fgctor
of 2, and SCX underestimating the sources at significant distaﬁces
above the ground by the same factor. The TIG2 data used in SCX
treats the presence of the ground and the resulting transverse
currents, which may be important for some problems.

3.A Neutron sources are typically accurate to within
factofs of 3 or béttér near the ground, although lérger érrors
may be present. The lack of a treatment of the angular depen;

dence in SCX probably results in the underestimation of sources
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by one to two orders of magnitude for observers high in the air.
One of the effects which is underestimated by not treating.the
angular variation is the effect of ground capture sources at
early time.

'The gamma source variations‘caﬁ be implemented in EMP
codes in a relatively straightforwafd manner. Addition of the
neutron source angular vafiation into SCX is being completed
using availabie roufines, and comparisons-of results withraﬁd
without the source angular Variatioﬁs are being made.

An effect which potentially applies to all soufces is
self consistency. .This can cause a reduction in peak Compton
currents of more than a factor of 2 and is very dependent on-the
time ﬁistOries of the electric and hagnetic fields. It is not
practical to track individual particles in codes such as SCX
in order to evaluate this effect. Thus table lookup schemes
have been developed for SCX and LEMP-2 in order to include self
consistency in the simulations at a reasonable cost. For most
applications, these treatments are probably'accufate~fo within
50 percent or'better, as shown by comparisons with one-
dimensional particle codes in the'close—in region. The effects
‘at farther ranges on radiated fields such as Eg may be larger
due to the infegration of non-linear effects over a significant
range. _ | |

This discussionAhas not included treetmentsrof electron

scattering and absorption by the ground. Electron and gamma
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scattering by systems which may be in the source region has also
been ignored. These are more scenario dependent and therefore
more difficult to treat than the sources needed to compute gen-
eral EMP envirqnments.‘

The effects of the shock wave are also not included in the
results presented here. Increases in density dueﬁtd the shock:
wave will cause a local increase in deposition and a decrease in
the soﬁrce strength at more distant ranges.. There will be
decréased attenuation in the rarefied regioh behind the shock
front. Increases: in temperaturé will also cause an increase in
the ionization density, especialiy at closer ranges. Thése
effects are normélly not inéluded in EMP calculations at the

present time, although some work is being done in this area.
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APPENDIX A
ONCE-SCATTERED GAMMA FLUX ANGULAR VARIATIONS

The angular variations of the‘scattered—gamma sources
described in section III have oﬁly been approximately described
by available Monte Carlo data. Statistical variations in the
simulations{ especially at early times, and_the large scoring
'bin‘sizes often tend to mask these variations. While not giving
a complete description of the scattered gamma source, the compu-
tation of the once-scattered flux descrlbed below should prov1de
useful data for scaling laws which may be applied to more accu-
rate Monte Carlo data.

The once-scattered flux reaching an observer'at location r

due to one source gamma ray is

-0pT - + >
F (e = e T'°1 pdo (rl,r -1y e-c%p[r—rll
1 vV 4qr? de|r - T [2
- 1 1
x §C(|F| + et - [Fy| - | - F,]) av (A1)

where § is the Dirac delta functibn: dcc/dﬂ(?l,? - ?1) is the
differential Compton scattering cross seétion and ?1 is the veétor
from the.source_to'any given location of the first gamma scatter.
Primed quantities are for the scattered photon and'unprimed
quantities are for the unscattered photon froﬁ the source. The
volume of integration, V, will extend over all space in the air

for which a gamma can scatter at an angle for which do/dQ is
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non-zero and for which {I;ll + |7 - ;1| - |¥|}/c is less than the
maximum time of interest. For a surface burst, scattering loca-

tions in the ground need not be considered.

Set A -0,.pT
' 6 () =& — ° (A2)
- T P =
11 4nri
] -O’,i,p]-lt—.{'ll L > > >
TN one e §(|lr] + et - ]rlf - |r-rq1)
GZ(T,r - rl) = -~ — :
jr - r1| |
(A3)

The ionization rate and Compton current components due to inter-

action of the once-scattered gamma flux may then be written as

| : do (T, ,T - T)
> > > > 1°7 T Ty MeV
Q(r,t) = I G,(r{)G,(t,r - ry) pE! 4V (-—————) (A4)
y 171772 1 “an e m3-sec
5
J (F,7) I G, (¥.)G.(T,T *)da(;l’;—;l) - %) -;R' av
» = » - T
T v 11772 et aa |’I'. _‘I*.ll I‘I*,I e
(eliftrons) _' ) (A5)
m —-sec
+ > > A .
: do(r,,r - r,) 8 * (r - 1ry)
> _ - -+ > 1’ 1 1
Je(r,T) = I Gl(rl)Gz(T,r - rl) d e e Ré av
(eli;trons) ' '(A6)
m--sec
" where
v = r2 sine dr, do d¢ o - (A7)

-

and § is a unit vector perpendicular to T and defined to be upward

-

. " yertical (¢ = 0).
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AN

The ¢ dependence may be evaluated analytically for each
(r,0) point in thevnumerical integrations of equations (44), (A5)
and (A6), excluding regions in the ground. This permits the eval-
uation of these integrals in a short time on the AFWL CDC CYBER 176.
The forms for the differential cross section and the relation of
electrbn range and average electron energy as a function of scat-
~tered gamma energy make complete analytic solutiéns almost imprac-
tical. Extensions to treat the second-scatter are straightforward
and may be performed in the future. The major additional compli-
cation in treating the'second scatter is the necessity of including
séattering locations in the'groﬁnd. This is. conceptually easy but
very time consuming numerically.

The results obtained using the relations described above
agree to within 40 percent or better with the Monte Carlo for
reasonable ranges at early times. Variations in time also agree
well with the Monte Carlo to times of a few shakes when higher
order scatters would be expected to bécome important. The numeri-
'cal results thus appear to have the proper behavior. |

Figufes Al, A2, and A3 show numerical results at a rangé of
500 meters for various obsefver distances above the ground (con-
stant slant rangej. The behavior at_other ranges is very similar
with decay rates being.faster for closer fanges, and larger for
farther ranges, as would be expected;'

Using physical arguments, the values of Q and Jr at the air-

ground interface (6 = 90°) would be expected to have a value of
/7 - .

0.5 the value at 6

0° (vertically upward) at early times. The

- results are consistent with this reasoning. In addition, the
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results for a given height'(angle 8 above the surface) cannot be
affected by the presence of the ground until times governed by
causality.

Given the values of fhe sources at the surface, the values
at higher angles-may be éppfoximated by using fits to the varia-

tions of figures Al, A2 and A3.

Q(0) = Q(0°)[1.01 + 0.644 tan™? ((8 + 0.00256) 17.45)]  (A8)
J.(8) = J3_(0°)[0.88 + 0.747 tan"l ((6 + 0.015) 12.25)]  (49)
| | 3 ,.2.5 -
B -402 |
T6(®) = 350 [rrsme 5y ° | (410)

where 6 is in radians, R is in meters, and

B = 18 (1 + 2 ¢n ——-T——_g) ~ (A11).
: 2 x 10
with T the time in seconds. Comparisons of the behavior of these
fits and the first scatter results are given by figﬁres A4, A5
and A6. Considering the uncertainties in this treatment, éspe—
cially for times greater than a few shakes when the many- -
scattered contribution dominates, the accuraéy of thése fits
éhould be sufficient for evaluatingrthese angular variation
effects in an EMP fields codersuch as SCX, in which their imple—

mentation will be straightforward.
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