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1. INTRODUCTION

Compton electrons generated in the air by
gamma rays produced by nuclear explosions are
known to cause transient electromagnetic fields
called the electromagnetic pulse (EMP) or radio-
flash. The average forward range of the Compton
electrons in the air is a principal factor governing
the strength of the EMP caused by bursts in the
lower atmosphere within about 10 km of the earth’s
surface. For bursts at high altitudes, a different
treatment of the trajectory of the Compton elec-
trons is necessary.

For low-altitude bursts, previous estimates! of
the average forward range of Compton electrons
produced by collimated monochromatic gamma
rays were based on the use of an energy-indepen-
dent electron transmission factor for the Compton
electrons. The transmission factor represents the
cumulative effect of small- and large-angle scatter-
ing of the electrons, causing the electrons to
straggle. Use of an energy-independent transmis-
sion factor neglects both the true average Compton
recoil energy and the recoil energy dependence
upon the scattering angle.

In this investigation, the average forward
range is computed using an energy-dependent
transmission factor in connection with the Comp-
ton angular scattering distribution. This is done for
a range of gamma ray energies from 0.3 to 10 MeV.
Simple numerical fits to the results are included.

2. METHOD OF CALCULATION

The well-known Klein-Nishina differential
scattering cross section for Compton scattering is

1
d(oe) = 27 sin 0 d0 rz[m]
_(1+cos 0) (1+ (1 —cos 8
2 (1+coe? O)1+a(1—cos 6)]
per electron,

where
0 = gamma scattering angle,
a = gamma energy in units of 0.511
MeV, and
ro = classical electron radius.

The electron recoil angle ¢ is given by
cot ¢ = (1+a)tan (6/2) .

The scattered gamma energy E  is

Ey = Eyll+a(l—cos )] .

where Ey = 0.511a is the incident gamma en-
ergy (in MeV). The electron recoil energy E is

= Ey—-Ey.

The range of the Compton electron is commonly
givenintwo alternative forms: (1) the practical or
extrapolated range or (2) the maximum or CSDA
range (i.e., continuous slowing down approxima-
tion). The former is obtained from experiments
and the latter from slowing-down theory. The
extrapolated range is commonly estimated to be
about 0.8 of the maximum range. The difference
is attributed to multiple scattering of the elec-
trons. Results were obtained in this investigation
for an example of each form for electrons in air
of density p:

(1) R, = 0.368EA, A = 1.26—0.064 LnE (cm).
(2) pR, = 0.61E¥/(E+0.26) (cm),

where the first formula is a frequently used
approximation and where the latter formula is due
to Longmire as cited by Malik.' As suggested,

R = 08R, .

The electron transmission factor (also called
“transmitted number fraction”) has been mea-
sured by Ebert et al,? who suggested the following
expression for the transmission factor T(x):

'P.J. Ebert, A. F. Leuson. end E. M. Lent, L Rediation Leb
UCRL-71462 (December 1968), as cited by J. A. WMDC.M
hmmbﬂmw‘ ses, Proceedings of the Neti

"John S. Matik, The Compton Curren, Les Alamee Scientific Laboratory,
Defense Atomic Suppert Agency, 1882.1 (5 November 1965).
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on Ne ! and Menmede Redistion in Spece, E. A. Worman, od.,
Nmﬂm-‘&.«‘m T™ X-2440 (Jonwary 1972).




T(x) = exp{—A(x/Re,)B] ,
where
A= (1-1/B)!-B
387E v
= . and
B [ Z(1+7.5X10° ZEY) ] an
Z = the atomic number (7.2 for air).

The following integrals define Compton total
cross section (0,), average Compton recoil energy
(E), average forward direction cosine of the Comp-
ton electron (cos ), and Compton electron aver-
age forward range (R):

S 0=n
=0

O, = d(o) .

- 1 S 6=n E

E= % Y o=0 d(o,) .
] =n

cosp = — S cos ¢ d(o,) .

e o 0=

R=l S R

= ;e o (E) cos ¢ d(a,) .

The average electron range R is

R(E) = —R,,Sw x dzi") dx ,

x=0

which, using the Ebert form for T(x), is easily
found to be

R(E) = R..aT(2-a) ,
where
a=1-1/B.

The ratio R/R., is tabulated for a few values
of electron energy E in table 1. Energy-

TABLE 1. AVERAGE ELECTRON RANGE
R AS A FRACTION OF EXTRAPOLATED
RANGE R,,, USING EBERT'S FORMULA

Electron energy E

(MeV) Ratio R/R,,
0.03 0.7488
0.1 0.6243
0.5 0.6404
1.0 0.6650
1.5 0.6812
2.0 0.6932
2.5 0.7027
3.0 0.7104
3.5 0.7170
5.0 0.7320
7.0 0.7458

10.0 0.7597

independent values of 2/3 and 0.63 have been
used previously as cited by Malik.'

It will be convenient to express the Compton
electron average forward range R for a gamma
energy Ey as

R= ¢(Ey) R, (E)coso .

where the extrapolated range R,, is determined
from the average Compton electron energy E, the
Compton electron average forward direction cosine
cos @ is determined from the gamma energy, and
the factor ¢ is determined from the gamma energy.
Once R, E, and cos ¢ are known, { is readily
found.

3. RESULTS OF CALCULATION

The integrals for 0., E, cos ¢, and R were
integrated numerically for a range of gamma ray
energies from 0.01 to 10.0 MeV. This was done
both for the extrapolated range R,, and the esti-

‘John S. Malik. The Compton Current. Los dlamos Scientific Laborators
Defense Atomic Support Agency. 1882- (5 November 1965).




mated extrapolated range 0.8R,, since expressions
for R,, and 0.8 R, yield somewhat different values.
Results are shown in table 2 for R,, and in table 3
for 0.8 R,,. Inaddition toE, cosg,and R, the results
include the factor ¢, and also the value for R that is
obtained if an energy-independent ratio

R/R.x = 2/3 is used.

Comparison of R with R(R/R., = 2/3)
shows the effect of neglecting the energy depen-
dence of the transmission factor. The difference is
negligible for a gamma energy of 1.5 MeV, and
increases the more the energy level differs from 1.5
MeV. For example, the difference is 7 percent for
gamma energies of 0.3 MeV, 5 percent for 0.7

MeV, 5 percent for 3.5 MeV, and 10 percent for 7
MeV. The value for R(R/R,, = 2/3) is too low at
higher gamma energies and at very low gamma
energies. This is understandable since (1) at high
gamma energies most recoil electrons are scattered
nearly forward with energies so high that
R/R,, = 2/3 is an underestimate, and (2) at
very low gamma energies for which Compton
recoil energies approach 0.02 MeV, the Ebert
formula for the transmission factor begins to fail
(predicting an increase in R/R,, to a value 0f 0.749
at E = 0.03 MeV, for example). The failure in
the Ebert formula is due to the quantity 1/B
approaching and exceeding unity. For this reason,
the computation cannot reasonably be applied to
gamma energies less than about 0.3 MeV.

TABLE 2. COMPUTED RESULTS USING ELECTRON EXTRAPOLATED RANGE"

Ey L E R, cos & pR pRfor R/R,, = 2/3

(MeV) (MeV) (g/cm?) (g/cm?) (g/cm?)
001 2181  0.188(-3) 0.666(—7) 0.656  0.953(~7) 0.635(—7)
0.1 1.461 0.0138 0.516(—3) 0.654 0.492(—3) 0.383(—-3)
015 1137 00272  0171(-2) 0658  0.128(-2) 0.122(—2)
0.2 1025 00433  0.374(-2) 0.663  0.255(—2) 0.261(—2)
03 0937 00809  0.0103 0.677  0.655(—2) 0.699(—2)
0.4 0.897 0.124 0.0200 0.692 0.0124 0.0133
0.5 0.873 0.171 0.0325 0.707 0.0200 0.0214
0.6 0.857 0.221 0.0473 0.721 0.0292 0.0309
0.7 0.844 0.273 0.0643 0.733 0.0398 0.0418
0.8 0.834 0.327 0.0831 0.745 0.0516 0.0539
1.0 0.820 0.440 0.125 0.766 0.0787 0.0811
1.5 0.799 0.742 0.251 0.807 0.162 0.162
2.0 0.787 1.062 0.397 0.835 0.261 0.257
2.5 0.781 1.393 0.555 0.856 0.371 0.360
3.0 0.777 1.732 0.721 0.872 0.489 0.468
3.5 0.775 2.077 0.893 0.885 0.612 0.580
5.0 0.771 3.140 1.431 0.911 1.005 0931
7.0 0.771 4.597 2.167 0.931 1.556 1.412

10.0 0.773 6.836 3.273 0.948 2.399 2.133

%Symbols are defined as follows.

Ey = gamma energy

Cx = correction factor obtained for pR = {ozpRex(E) cos ¢

E = average recoil electron energy

pR., = extrapolated range for electron energy E, air density p
¢os @ = Compton electron forward direction cosine
pR = Compton electron average forward range for transmission factor T(E), air density p




It is emphasized that these results for the
average forward range of Compton electrons are
valid only for incident collimated monochromatic
gamma rays undergoing a first scatter. Subsequent
scatters would occur at lower gamma energies and
in different directions than for the first scatter.
However, accurate Compton electron current scores
could be obtained from multiple-scatter gamma
transport calculations if the Compton electron
average forward range presented here were used to
score each Compton scatter.

The expression

R = {(Ey)Rex (E)cos ¢

uses the fit to the extrapolated range R, (E) in air
for the average Compton recoil energy E: in this
expression, the factor {(Ey), a function of the
incident gamma energy Ey (in MeV), is approx-
imated to within 0.003 on the interval 0.3 MeV <
Ey <10 MeV by

Lex = 1.22/(1+1.2065x—0.626x?)
where
x = Ey/(Ey+0.7) .
When the extrapolated range is estimated as
O.BRO(E'Z) where R, is Longmire’s fit to the CSDA

range, the factor { is approximated to within
10.003 on the same interval by

TABLE 3. COMPUTED RESULTS USING ELECTRON CSDA RANGE’

(MeV) ’ (MeV) (g/em?)

pR pRfor R/R,, = 2/3

0.01 1.877 0.188(—3) 0.660(—7)

P (gem) (g/em?)
0.656  0.813(=7) 0.542(—7)
0.654 0.348(—3; 0.272(—3)
0.658  0.102(—2) 0.984(—3)
0.663  0.222(—2) 0.229(—2)
0677  0.635(—2) 0.678(-2)
0.692 0.0127 0.0136
0.707 0.0210 0.0224
0.721 0.0310 0.0328
0.733 0.0425 0.0447
0.745 0.0553 0.0577
0.766 0.0841 0.0866
0.807 0.170 0.171
0.835 0.269 0.265
0.856 0.378 0.366
0.872 0.492 0471
0.885 0.612 0.580
0.911 0.991 0918
0.931 1.528 1.387
0.948 2.375 2.111

0.1 1.569 0.0138 0.339(—3)
0.15 1.234 0.0272 0.126(—2)
0.2 1.112 0.0433 0.301(—2)
0.3 1.000 0.0809 0.937(—2)
0.4 0.940 0.124 0.0195
0.5 0.900 0.171 0.330
0.6 0.872 0.221 0.494
0.7 0.851 0.273 0.0681
0.8 0.835 0.327 0.0889
1.0 0.813 0.440 0.135
1.5 0.786 0.742 0.268
2.0 0.775 1.062 0.416
2.5 0.770 1.393 0.573
3.0 0.768 1.732 0.735
3.5 0.767 2.077 0.901
5.0 0.769 3.140 1.415
7.0 0.773 4.597 2.123

10.0 0.779 6.836 3.214

%Symbols are defined as follows.

Ey = gamma energy

{, = correction factor obtained for 0.8pR =

£,0.8pR,(E) cos ¢

estimated extrapolated range from CSDA range R, for electron energy E, air density p

E = average recoil electron energy

0.8pR,=

cos @ = Compton electron average forward direction cosine
pR =

Compton electron average forward range for transmission factor T(E), air density p




& = 1.7664/(1+3.0899x—1.8462x?) ,
where x is defined as before.
The average forward direction cosine cos ¢ is

approximated to four significant figures on the
nterval 0.1 MeV < Ey < 10 MeV by

_ 0.660362—0.089254+0.098517 1%
€05 ® = 70— 0.183651 + 0.105445°

where

p = tnl0.5+3.7 E3/(E4+0.05)]

The average recoil energy E is exactly
calculable as

E = Eyo,0/0, .

where 0,() is the Klein-Nishina Compton ab-
sorption cross section.

4. CONCLUSIONS

In this investigation, an energv-dependent elec-
tron transmission factor has been used to evaluate
more accurately the Compton electron average
forward range, for incident gamma energies from
0.3 10 10.0 MeV. The results were compared with a
popular previous approximation using an energy-
independent electron transmission factor. The pre-
vious approximation shows in comparison essen-
tially no error for a gamma energy of 1.5 MeV,
7 percent error for 0.3 MeV, and 10 percent error
for 10.0 MeV.

For a typical gamma spectrum hardened to an
average energy of about 3.5 MeV by atmospheric
attenuation of lower energies, the previous approx-
imation would give Compton currents 5 percent
smaller and electric fields perhaps 10 percent
smaller than for the more accurate treatment
presented here. Although the differences are small,
the more accurate estimate of average forward
range presented here could be incorporated into
EMP environment prediction codes at virtually no
cost. Simple numerical fits to relevant parameters
are given.
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