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ABSTRACT

The frequency variation of the electrical parameters of a sample of Nevada tuff is modeled
by a Debye relaxation model, Less success occurs for similar modeling of a dry granite sample,
Data from R, L. Ewing are used to estimate the secondary electron mean lifetime in the dry
granite sample as 2 x 10~ 10 gec with 2 mobility of 111 esu, Difficulties with similar estimates
for tuff are mentioned, together with resulting uncertainty in calculated electromagnetic fields
close to an underground nuclear explosion., Appendices show that the model obeys the Kramers-
Kronig relation and contain discussion of an interpretation of large dielectric constants.
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MODELS FOR ELECTROMAGNETIC PULSE PRODUCTION
FROM UNDERGROUND NUCLEAR EXPLOSIONS, PART IV:
MODELS FOR TWO NEVADA SOILS

INTRODUCTION

During typical underground nuclear bursts in Nevada, numerous instrumentation cables
extend very close to the explosion center, Often these cables are embedded in concrete, soil,
rock, or other filler materials. Near the burst a close-in electromagnetic pulse (EMP) will be
produced in the surrounding materials, The EMP then scatters {rom the embedded conductors
and induces currenis which may interfere with the measurement of such quantities as weapon
diagﬁostics or system hardness. In this report the two extremes of Nevada-type soil are treated
in an attempt to bracket the variation of the parameters considered as the soil type changes.
Samples of tuff and granite are modeled with Debye relaxation parameters to account for frequency-
dependent properties. The Compton electron current provides the driving force for the EMP.
Properties of the material determine how Well the EMP couples energy into the cables and other
nearby conductors. Radiation-induced conductivity is also discussed, since it must be included

in the electric field calculation,

THE GROUND MODEL

In this section the soil is physically modeled in an attempt to account for the frequency-
dependent electrical permittivity and conductivity. A model treated by Longmire and Longleyl
has the advantage of allowing a time domain solution for the current density in the soil after the
applied electric field intensity is given. The Debye relaxation model treated next is shown to give

the same frequency variation with additional freedom in the choice of sign for some of the parameters.

Following Longmire and Longley, 1 1et us model the ground by the electrical circuit in

wt

Fig, 1. With an applied voltage of the form V, e , the current I is given by
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Here, the Ri are allowed to vary with time to account for changes in the earth that might be
produced by nuclear radiation, Changes in the capacitances are not expected to occur, Such
capacitances are caused by cracks and holes in the soil. Under irradiation for short times, the
dimensions are not expected to change. However, the electrical parameters of the lossy dieleciric
may vary. Radiation dose rates must be extremely large to change the number density for a
particular type of molecule in the soil, Hence dielectric consiant changes are not expected (see

Appendix A). However, the soil conductivity will vary with radiation :ose. In fact, the radiation



is likely to produce resistance in paraliel with each of the capacitors and, hence, augment the
shunt resistance caused by their lossy dielectrics which is accounted for by RO. This latter

shorting should depend upon the dielectric material which might be air or water.
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Fig. 1 Frequency-dependent electrical model of the
ground (Longmire & Longley).

Let us assume that the voltage V in Fig. 1 is applied to a length L1 of a cube of the soil by
means of a parallel plate capacitor as indicated in Fig. 2. Division of Eq. (1) by I_,1 then converts
V(t) to E(t). If the area of the plates is A (or, equivalently, consider the volume of cross-sectional
area A in a parallel plate capacitor of infinite area), division by A converts the current to a current

density. Equation (1) can then be written as
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Fig. 2 Extension of the circuit model to a cube of lossy material
inserted as a dielectric in a parallel plate capacitor.

Equation (2) may also be written

it = g B + ——= E) +Zn: a J (®,

where, for each frequency component ¢ in the applied voltage,

Ew(t)
aanw(t) i 1 + 47
E, o,
Witha_ = ¢ , Eq. (3) becomes
n n
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aanw(t) = Bn—_'_m Ew(t) .

Since each frequency component yields aEwl at = inw, this becomes
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Multiplication of (5) by Bn and addition of the time derivative of (5) yields
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- 3 = 0, the equation simplifies to
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Thus, outside the radiation region where resistances and capacitances are independent of time,
the explicit frequency dependence drops out and summation over the frequencies in the applied

electric field gives the time domain result obtained by Longmire and Longley:
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Since, for short irradiation times the capacitor dimensions, dielectric permittivities, and hence

capacitances do not change,
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One of Maxwell's eqguations yields:

vxH = (10)

If the curl of the magnetic field can be neglected, no driving current is present, and harmoni¢

time dependence is assumed, then the total current is given by

§= [c, +iw_<] B . (11)
4 4 (=

A material is classified as a good conductor if the conduction current density (gE) in (11)
is large compared to the displacement current density (% E) . A poor conductor is one in which

the displacement current dominates. For the soils treated here, the two terms are of comparable
size over some portion of the frequency range of interest. Consider a sample of Nevada fuff from

0.02 mho/m (= 1.8 x 108 sec™) and ¢ = 30,

near the Diamond Mine site. With f = 107 Hz, ¢

dmo oy 5,
we

Thus the tuff becomes a poor conductor for frequencies greater than 10B Hz and a good conductor
for frequencies lower than 108 Hz. A better insulating ground material with ¢ =~ 10 and g = 10'4
mho/m is a poor conductor for frequencies greater than 2 y 106 and a good conductor for

fec2yx 10% Hz, Comparison of Eq. {11) with the real and imaginary parts of Eq. (2) produces

the frequency variations
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Following the suggestion of Longmire and Longley, 1 let us assume that -

B = 2mx 1071 geol , . O (14)

with
7, = £ (15)

and
€ ° N, . 7 (16)



Forms similar to (12) and (13) with N = 1 were derived by Debye, 2 with a more concise
method indicated by Jones. 3 Following Jones, let the electric field intensity and electric displace-

ment be given by their Fourier transforms:

DW=[ @ e au,

E(t) = f slw) e ay

Then

DO = [ elwietw ' dy . (17

In general, ¢ is a complex function of frequency that is here assumed to approach a real, positive

constant (qm) as |w| - . Therefore,

[ e Mt aw=2, .50 +att)] , (18)
where
oft) = 21—‘” [c(w) - em] gtwt dw . (19)

Substitution of the transform of E(t) into (17) and use of (18) gives

DO = ¢ E® + [ E(talt - 1) atr. (20)

In the special case when ¢ = 0, no dispersion occurs and the more usual dielectric constant is
obtained. When it is assumed that at t = 0 a disturbing electric field intensity is applied, the
relaxation processes associated with @(t) do not occur for t < 0, Hence, g{t <0) = 0, This
changes the upper limit of integration in (20) to t. If we generalize the treatment by Jones?d and
assume the relaxation is caused by a series of distinct processes (such as damped motion of
various types of free-charge, damped reorientation of polar molecules, and possible electro-

chemical processes), the g{t) can be represented by a series

=

alt) =2 o exp(-t/r ) 21)

n=1
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for t > 0. If the material has a conductivity at zero frequency, this can be represented by the
separation of an n = 0 from the summation and the,assumption that wr = o for all . Then the
complex dielectric constant includes the DC conduction term as well, In that case, the transform

of {19) gives

o - e - N o _411100 ' 22)
€ €o = 1 +iwpr w

Separation into real and imaginary parts gives

N T . :
efw = e+ 2 —of“—l‘z—z _ (23)
n=11+¢w %
N war 2 4 : L
o . .
. 11 _ o ) .
Gl =3 > —2, | 7 (24)

n=1 1+ Tn2

where elw) = cr(w) + iei((q). The imaginary part may also be written in a form in which the con-

ductivity is better specified:

' ' : 2 2

() = - 27 .,.N 1 %@
g w |% 2_3141, Z 2
n= 1+(_._)»'rrl

For the case N = 1 and o, = 0, Egs. (23) and (24) are known as the Debye equations and have been
found applicable to dilute solutions3 and some earth mai:eri.:-:.ls.4 (Appendix B indicates that the

usual dispersion relation is satisfied by this form of the dielectric constant.)

The o represent the amALplitude of physical relaxation pfocesses and must be real.‘ Sihce
damping is expected, the T, are required to be real and positive. However, the o, may be negative,
Because of production of damping by inertial, interatomic, and intermolecular forces, some processes
may occur which induce an electric polarization oppc‘>site to the applied electric field intensity. For
example, a polarized molecule might interact v'vith its neighbors to induce a polarization.in the 7
direction opposite to the applied field. Such a reaction might be mq.re probable at_low frequencies

where reaction with.neighbors could be more important.

Wait and Fuller5 have used a form similar to Egs. (23) and (24) in modeling the éérth's_

dispersive quantities by"l:)ebye relaxation processes. Their equations have the forms (MKS units):

o 3w |
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M wer (6 -4 )
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With the substitutions

B =1/7m:

m ° 'Bm€o(5m B 'ym) !
and conversion to a consistent set of units, the Wait-Fuller results are easily shown to be equivalent

to those of Longmire and Longley in Eqs, (12} and (13).

The standard treatment for dispersion theory assumes that each charged particle of mass
m, interacts with a harmonic electromagnetic field. Various degrees of sophistication may include
a restoring force (—mwiz(zi - iio)) , a damping force (-midigi) proportional to the particle velocity,
the electric field contribution to the force (%Etotal)' and perhaps magnetic forces on the particle
in addition to the radiation reaction terms. Where the latter two forces are neglected, the

displacement of the charge is

. - %E otal

= m(z_ 2, i)
1 R B ]

Thus the induced polarization can be positive or negative, depending on the relative sizes of the
various parameters. For an atom the natural frequencies wi/ 2q of the electrons range from
visible to ultraviolet. For molecules there are additional terms because of the vibration of the
nuclei about equilibrium positions and because of molecular rotdtions. These frequencies are in
the infrared part of the spectrum. 3 Small crystals in a material may interact with an electro-
magnetic field, giving still smaller natural frequencies that would produce anomalous dispersion

at radio frequencies.

In fitting experimental data to evaluate the parameters in Eqgs. (12) and (13), the a might
be restricted to positive values sixice they represent the inverse of a resistance per unit length,
However, negative allowed values of o, in Eqgs. (23) and (24) indicate the a_ can indeed be negative.

This might be treated in the circuit model as an interaction between neighboring capacitors.

12



.MODEL FOR NEVADA TUFF
6
Data on a sample of Nevada tuff have been collected by the USGS, and by Grubb. The
dielectric constant variation with frequency is illustrated in Fig. 3. Part of these data is listed

in Table I,

& .
10 T T T T T

& USGS, Dec 1970
105 o Grubb, 150 ft depth -
© Grubb, 100 ft depth

10 Relative dleiectric constant
at Dlamond Mine site

1 Dﬂ 1 1 1
12 g 10t 0 10 0 1
f (Hz}

Fig. 3 Dielectric constant of tuff as a function of frequency. The crosshatched
area indicates.the variation with various core samples chosen,

TABLE I, Early USGS Electrical Parameters
for Nevada Tuff Sample*

f(Hz) € (mho/m) (107 sec™h
102 35100 0.0124 11.2
108 . 4110 0.0128 . 11.5
104 620 0.0131 11,8
10° 166 0.0138 12.4
108 45 0.0158 14.2
107 25 0.0214 19.3
108 22 0.0555 50.0

#*See Appendix C for additional comments concerning large
permittivity values.
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Data for these seven frequencies were substituted into (13) to obtain the seven coefficients
€, and a forn=1, ,,., 6. Substitution back into (13) yields reasonable agreement with data in
the range 24 x 102 < w< 108 sec”l, Using these same coefficients in (12) with an estimate for
o, gives less satisfactory agreement with Fig, 4. In view of the spread in data, the coefficients
are still a reasonable representation of the tuff conductivity, Solving the problem in the reverse
order is not nearly so satisfying. The variation of ¢ over about four orders of magnitude gives a
better determination of the coefficients than the conductivity data which vary only within a factor of

two over the ¢ range plotted.

L) Yy [ ] LU l T TT ' T LI ) ] T LELELA | T T
A USGS, Dec 1970
B O Grubb, 150 ft depth
OGrubb, 100 ft depth
100 Diamond Mine resistivity —0.01
80 ’ -
- K Jo.os_
£ E
T 60 - ~=
g —Hoe 3
40K -
~Ho.®
20 FA samples from B sensor drlll 005
- KN samples trom dipole arill
n L I | & el i raary | A Al " Aol ' AL )
1 0 10 1 10 W 18

f(Hz)

Fig. 4 Measured resistivity of tuff as a function of frequency. The cross-
hatched areas indicate the variation with sample chosen,

A somewhat better fit is possible to the frequency variation of ¢ and o if the Bn are also
allowed to vary, A program has been developed by Biggs and Lighthi117 which will use Eqgs, (12)
and (13} and find coefficients €, O Bn,and a . This minimizes the square of a normalized
difference between a set of (w, €, o) data points fed in and the calculated values of ¢, g. The fit
may not be the absolute minimum to the fitting parameter but is at least a local minimum, The
coefficients from this Program are listed in Table II with the resulting curves illustrated in
Figs. 5 and 6. These results are consistent with the data, indicating that Debye relaxation
processes properly account for the frequency variation of the electrical properties of tuff within

the frequency range of the data.

14



TABLE II, Coefficients for a Sample of Tuff
n an Bn ew 0.0
1 3.02 x 10° 7.74 x 102 9.72 1.13 x 10° sec™?
2 2.88 x 10° 8.25 x 103 or
3 3,90 x 106 8.68 x 10% 0.0126 mho/m
4 1.28 x 107 1.07 x 108
5 2.63 x 107 1.50 x 107
6 8.14 x 108 7.07 x 108
Ix 1005 Run No. =21
04
1x10
| -
o 03
2 1x10
[~
L
02
1x10
1
10’ 02 o4 06 08
1x10 1x10 1x10 1x10
Omega

Fig. 5 Permittivity variation with angular frequency predicted
by fit to data for Nevada tuff sample.

15°



09 " RunNo. =21

Ix10 AL AL B Rl

Cond
|

1x 1008.—U-LMNLLuuml_1.Luud_uLumL_u.umL|_mm

1x10%  1x10® 1 x10%

‘Omega

1x 10%

Fig. 6 Conductivity (sec—l) of a sample of Nevada tuff as predicted
by fit to ¢, ¢ data.

MODEL FOR DRY GRANITE

As an example of a better insulating ground material, G, A, Kinemond of Sandia

Laboratories has furnished some data on dry granite. The data are listed in Table III,

TABLE OI. Electrical Parameters for Granite Sample

f(Hz) € oclmho/m) o(sec-l)
102 10.20 7.00 x 1077 6.30 x 10°°
103 9.95 2.21 x 1078 1.99 x 10%
‘ 10% 9.70 7.30 x 1078 6.57 x 10%
10° 9. 46 2,40 x 1079 2.16 x 10°
108 9.11 7.84 x 107° 7.06 x 10°
107 8.71 2.62 x 1074 2.36 x 108
108 8. 30 8.80 x 1074 7.92 x 108

16




Straightforward substitutiqn into Eq. (12) yields values of a, which produce oscillations in
¢{lw). The UNFOLD programB has the unique capability of least square fitting theoretical curves
to data with added requirements such as constraining the function to be = 0, or having bounds on
higher derivatives in order to reduce oscillations. Accuracy of the data is one of the input
variables which limit the variations forced by the added constraints, Substitution of the data into

{13) with ﬁn =27 x 10n+1’ as before, yields the coefficients

ew’8.39’

a, =1.34x 100,

1

a, =1.26X102;

2
3 B

33=1.21x10 ) . (25)
4

a4=1.32x10 R

a5=1.84x105,

a6=2.81 >(106 .

The agreement with ¢ data is excellent as indicated in Fig, 7. However, the condgctivity predicted
by Eq, (12) is too low., This might not be too serious a difficulty if the function %"Eg for the granite
sample were small over the limits of interest. Unfortunately, the data from«Tabl_:e I1 indicate that
the function is small only at the upper end of the frequency scale, f > 10 MHz, Thus, underestimates
of the conductivity can be tolerated only at high frequencies, In like manner, und:erestimates of ¢
appear to be tolerable for frequencies helow 102 Hz, since the granite is a ''good éOnductor" in that

region,

Substitution of the data into the conductivity equation (12) produces coefficiénts which cause '
the ¢ to vary over nearly an order of magnitude, as seen in Fig. 8, and thus is a poorer fit to the

data.

- - Figure 9 shows the results when the coefficients are estimated from the separate ¢ and 6-
results and after processing with the Biggs-Lighthill program7 mentioned earlier; and indicates
that these dry granite data do not fit the model treated here, For further calculations with this
material, the coefficients in Eq. (25) are recommended if the signal propagation speed is to have
the correct frequency variation. The coefficients in Fig. 9 are recommended if conductivity

effects are to be emphasized,
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4

Wl 25c10' Loy 10: -
- 6.5x10  196x 10
B amxi'  234x10° -
X0 68ax10® A e
- Lz2xwe®  9.80x 108 4
100 smx1®  1sox 10 o

€= 6.08 4 -
G = 118 x 10" sec

Fig. 9 The conductivity and dielectric constant for a dry granite
sample. A indicates coefficients estimated from separate
fits to ¢ and ¢; B indicates coefficients after processing
for better estimates of a, andg.

CONDUCTIVITY ENHANCEMENT OF TUFF CAUSED BY GAMMA RADIATION

Solution of specific problems would be greatly simplified if Eq. (9) could be converted to the
form of Eq. (8), For Nevada tuff, the a, (~ ll'Rn) were found to be on the order of 3 x 106 to
3x 107 sec”! except for n = 6, while 6 ~ 1.13 x 10° sec”™ . Hence R_ is the smallest resistance
in the circuit and dominates the current flow except for frequencies > 10'3 Hz where then = 6 term
is significant. In a typical nuclear radiation environment the Compton current density and induced
voltages initially follow the y pulse, with e folding times near 1 shake (10-8 second). The highest
frequency contributing significantly to the source is then expected to be less than 10B Hz. Recall
that

33 _ 1 aRn_ 2 aRn (26)
at Rn2 at n pt

With the assumption that the initial resistance Rn is large compared to any changes that occur in
~ 10'B second, neglect of the time variation of a, is justified and Eq. (9) may be replaced by
Eq. (8).

20



As the Compton electrons slow down, secondary electrons are created and the ground con-

ductivity is enhanced. The conductivity of the ground is given by

05 * >_§ B9 - (27
i=1

where 0,1 is the ambient value and the summation is for the N species of charge carriers formed
by the radiation. Because of the relatively high To1 expected (~0.01 mho/m) and the larger
mobility of electrons corapared to ions, only electrons are included here, i.e., N = 1, The
chemical composition of tuff is assumed to be SiOz, 70 percent; HZ.O’ 10 percent; A2203,
12 percent; and KZO’ 8 percent, For crystalline SiOz, Van Lintg' suggests an increase in con=-

ductivity given by ‘
-29
Ag = 4 x 10 @ mho/m , (28)

where Q is the energy deposition rate in MeV mn3 sec_l. In terms of the gamma-ray flux 5
-2 -1
(MeV m ~ sec ),

Q--g-2, (29)
-29
_4x10 { MeV
Acg(mho/m) = ) y( ) .
m~ sec
or
-14
-1, 36 x107'% [ wmev
Ag (sec 7) = X(em) -y( 5 ) (30)
cm” sec

Data indicate that other materials have changes in conductivity varying as y to some power, 10
The exponent, however, always appears to be close to one. Such a formula neglects the specific
electron depletion processes that would be expected to introduce a time delay in the conductivity

decay after the 5 peak has occurred.

In the soil the secondary electron number density might be approximated by

dne 2
at Se * %1 % * ﬁolne ’ (1)
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where

o, = -109 sec-1 s
ol

_ -7 3
By = ~10  cm”/sec,

Se - Efe !

e
]

number of electrons produced by each primary electron
R s

= p(1.23 x 10° cmzlgm) ,

vre
H

and 33 eV are assumed to produce each secondary electron. The Compton electron flux in the soil

(fe) can be approximated by

f =kf , (32)

where k is in the range 0, 005 through 0.01. The proportionality constant is the ratio of the mean
forward range of electrons to the Compton interaction mean free path of the gamma rays. This
equation also assumes steady state conditions; i, e., the gamma flux does not change significantly
in the time difference between a Compton electron and a gamma ray traveling the Comptoh
electron's mean forward range. The mean forward range of the latter in air is approximated by

0, 312T2

“10.30+T)p * (33)
where p is the density (gm/cms), T is the electron kinetic energy in MeV, and R is the electron
range in centimeters. 1 Extension of this to Nevada tuff with p=1.91 gm/cm3 and T = 1 MeV gives
R = 0,126 cm. An electron speed of 0.9¢ indicates that 4 x 10-12 second is required to travel R.

Thus the quasi-static approximation is reasonable for the Compton electron flux.

The parameter ﬁol is an order of magnitude estimate obtained from Bates. 12 In sea level

. +8 -1
air %1 would be -10 ~ sec

, Mmainly because of three~-body attachment to 02 molecules, In the
tuff the aolmight be assumed to attach more quickly because of the higher density. It might also
be argued that the value should be lower because of the lack of proper molecules for attachment,

Data for parameters o

o1 and ﬁol are necessary to improve the electron number density determination.

If dneldt << gt‘e, the steady-state approximation is reasonable and (31) may be solved for n,-
In the solution of the resulting quadratic equation, the ambiguity concerning the two solutions is

resolved by requiring n, to be positive.

22



If the Bol term can be neglected (consistent with the data for SiOZ) and dneldt can be
neglected, a form equivalent to van Lint's is obtained:

£kf

Ao = pen_ = -pe —EO-'IZ- . (34)

Thus in this approximation, equating to van Lint's expression gives a result for crystalline SiOZ:

—-E(is—“)_—l-z 1.8x107%, (35)
|°‘01 (sec )I

In the next section it can be observed that this relation applies reasonably well to granite; a
following paragraph indicates that it may apply to tuff also. The large SiO2 content in these

materials may account for this behavior.

An estimate of the eleciron mobility is now required. Modeling of the tuff as condensed

air and neglecting possible electric field variation give the electron mobility

6
7 l p=10" esup ; /pere (36)

where

3 % 10° esu of mobility = 1 m® v} sec” . (37)

Such a formulation oversimplifies the problem and is only justified by the lack of data for a better

estimate.

An additional difficulty occurs because of the pressures which may be present. For example,
a gamma flux of 2 x 1011 r/sec incident upon an SiO2 sample will deposit about 4.8 cal per gm of -
material for a pulse width of 10_8 sec. Assumption of a density near 2 gm/cc and a Griineisen
coefficient near one results in a pressure increase of 0.4 atmosphere. At larger flux rates near
a weapon cavity in Nevada, proportionally larger pressure increases are expected simply because
of the deposition of gamma-ray energy. 13 Shock waves typically travel at around 20 cm/psec.
Hence these pressure increases arrive much later in time. Such pressure effects are expected

to change the electron mobility and attachment parameters.

Equation (36) gives p~ 644 esu for the assumed tuff, Back substitution into (35) gives an

estimate for oy

10 -1
-0y (est) = 3.6 x10~  sec
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This attachment rate is somewhat larger than expected, and may not be reasonable for Nevada tuff.
. ~12 .
However, secondary electrons live about 10 ! second in Water14 and the tuff sample is estimated

to be 10-percent HZO‘ Thus the above estimate is conceivable,

CONDUCTIVITY ENHANCEMENT OF GRANITE CAUSED BY GAMMA RADIATION

Preliminary results are available for an experimental measurement of the conductivity of
a dry granite sample subjected to the photon beam from the Hermes II accelerator. 15 At a flux
of 2 x 1011 v MeV/(cm2 sec) the measured value was 1.045 X 10-3 mho/m+20 percent. The
conductivity pulse had a full width at half-maximum of less than 5 nsec wider than the v pulse.
Field intensities up to 6 x 105 V/m were applied without producing breakdown as the pulse
traversed the material, The van Lint expression for pure SiO2 would predict a peak conductivity

of 1.01 10_3 mho/m in this situation, in excellent agreement!

An analytical estimate of the Hermes gamma pulse shape is given in Fig, 10, Use of the
parameters "oy = S5 x 109 sec-1 and -,301 < 3 x 10_6 cmalsec results in the secondary electron

density in Fig. 11. Since the n, only rises to 1,76 x 1014 electrons/cms, the . term dominates

ol
the secondary electron attachment in the differential equation. For comparison, -, values of

109 sec—1 and 1010 sec-1 have results as indicated, Experiments at larger dose ratles are required
to better define ﬂol for granite. Thus the shape of the conductivity pulse is an aid to determination
of the electron attachment parameters. The magnitude of the conductivity can also be used to
estimate the mobility of the conduction electrons in the dry granite. Where it is assumed that the

conductivity is attributable entirely to the electrons,

Ag=uene = 1.045x10“3 mho/m=9.4x106 sec-l. (38}
.IIIIIIIIIIIIIIIIIII|Illl[lllll_.
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Fig. 10 Equivalent point source of gamma rays for Hermes pulse.
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-3,

Eden (electrons cm

Equation (31) gives us the estimate for n, illustrated in Fig. 11, i.e., a peak value of

1,76 x 1014 cm-s. The estimate for electron mobility in granite is, from Eq. (38),

- 2 - -
u=111esu=3.7x105m Vlsecl.

The y and o, are reasonably consistent with the earlier prediction in (35). Equation (36) would
. . 3 - .
give a value of 490 esu for granite {p = 2.5 gm/em"), suggesting that the model of granite as

condensed air leaves something to be desired.

Since the water displaces any air in the granite, addition of water would be expected to

increase the absolute value of o and decrease the electron mobilitj,'.

1

Run No. = 22 Run Nlo.I =|2;2
]lllllll]llilll|||Il|l|||l| —llllll!llllllllll| |
uF . 1x 100 -
4x 107~ -] — N
- . -0l 9 -
- - 8x10 — 10 —
3x 104 10 ] o ¢ o 0]
L 4 B -01F 5x10° 107 4
- 4 Eexw | -
o 9 1¢ N N
C J < axlo =
14 10'° ] . .
1x100 '+ (N ]
- @ 2x10 ~ ]
0_ Gl g 0_ vl et ]
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‘ T(nsec) r{nsec)
(a) ) (b}

Fig. 11 (a) The electron density variation with time for
three electron attachment parameters ¢ 3 (sec‘l)
and (b) normalized to unit amplitude.
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DIFFICULTIES WITH TUFF PARAMETERS

Experimental conductivity data as a function of dose rate for tuff appear much more
difficult to obtain, Typical grain size indicates that the sample should be 1/4-inch or more thick.
The machined surfaces are somewhat rough, making electrical contact more difficult without
trapping air. Presence of about 10 percent of water by weight and possibilities of air pockets in

the tuff make extrapolation of results from other materials less dependable.

Let us consider briefly what limits can be placed upon the tuff parameters. Under the
assumption that tuff is composed of molecules like those in granite, with a litile more space for
air or water, and that the electrons dlsappear by interactions with the molecules, the presence of
air suggests a lower bound of 108 sec” for oy A high concentration of water would increase
this to values larger than 5 109 sec 1. The shape of the conductivity pulse is reasonably
invariant for To 2 109 sec-l; thus 109 sec-1 appears reasonable. The electron mobility would
increase sharply in air and decrease in water pockets. Hence, effective raobility might either
increase or decrease from the granite value, Matching the induced conductivity also depends upon

the ¢ . value chosen.

ol

In order to predict successfully the electromagnetic fields close to an underground nuclear
explosion and the associated coupling of that electromagnetic energy into instrumentation cables
that may be buried in the Nevada tuff, more information is required concerning the surroundmg
material properties, Conductivity measurements as a function of gamma-ray dose rate would
allow the electron attachment parameters and mobility to be determined. With order-of-magnitude
uncertainty in these parameters, a correspondingly high uncertainty must be expected in the

calculated signals.
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APPENDIX A

Effect of Gamma Radiation on Dielectric Constant

Delinitions:

€ = 14-4nye

Ne = Electric susceptibility

Ni = Number of molecules of type i per unit volume

T)’i = Average dipole moment of each molecule of type i
n = Number of charge carriers of type i per unit volume
u. = Mobility of charge carriers of type i

g =Z qi‘uini

1

The dipole moment per unit volume is given by

P = er=iZNiPi .
Thus, in the case of a scalar permittivity,

- 4q =
€_1+|EI ZNiPi .

i

For the dielectric constant to change significantly, the Ni must change, Large radiation doses are
required for even one in 106 of the molecules of a certain type to be affected. Hence dielectric
constant changes are not expected. The ionization does create new species such as secondary
electrons with zero dipole moment and many types of ions. Relatively high mobility of the

electrons causes conductivity to be affected easily by the radiation environment.
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APPENDIX B

The Dispersion Relation

The Debye relaxation model of the electrical properties of the ground led to the complex

dielectric constant

2 2
N arT . N T w
. nn 4qi 1 “nn
= n2 7 +) e —_—
elw) ew+211+‘2.2 = |% nz=:14"1+ =% (B. 1)
w T w T

given in Eqs. (23) and (24). Landau and Lifshitz16 have shown that, as a result of causality, the
real and imaginary parts are required to obey the Kramers and Kronig (or dispersion) relation,
Following Landau and Lifshitz (with only the change in time dependence from 'e-]'e'Jt to elwt), the

dispersion relations are.

o ¢ (X) - ¢ 470
1 €p @ [
ei(w)—-;P_[w o dx - —2 (B.2)
L e.(x) .
er(w) e --:; Pf x1+w dx . . (B.3)

Here, €, ig the real limit of ¢ as ¢y — =, o, is the limit of the material conductivity as ¢ — 0, and

P indicates the Cauchy principal value of the integral,

Landau and Lifshitz define () by the equation
el = 1 +f f(r) T dr . (B.4)
0

--Such a definition immediately yields

e-w) = o) , o (B. 5)

or that the real {(imaginary) part of ¢ is an even (odd) function of w. Such an approach qmits the
physical basis for thig limitation. The term 3 must be an odd function of ¢ to insure decay of an
electromagnetic wave when its direction is reversed by the transformation @ — -w. The real

part of the displacement vector D should also bear the same relation to the real part of ¢E when

this transformation occurs, This is insured by €. being an even function of . The Debye relaxation

model is easily seen to satisfy these criteria,
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Direct substitution from (B. 1) into (B.2), (B.3) yields

and

with proper treatment of the poles at x = -y, and x = :ti/-rn. Helpful identities in the analysis include

% = dx
pf dx:szf — -9
-wx-l-w 0 x2_w2

and
® 1 . ® dx
Pf ——dx=2Pf ———F=0.
e x(x + @) 0 'xz_wz

Hence the Debye relaxation model of the electrical properties of the ground gives a complex dielectric

constant that is consistent with the Kramers-Kronig relation.
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APPENDIX C

Large Dielectric’Constants

Experimental values of dielectric constant sometimes attain values of 104 or 105. Such
large values may be caused by layering of the material being measured. As an example, consider
a parallel plate condenser composed of two parallel layers of material, One layer is assumed to
have permittivity € zero conductivity, and thickness d. The other layer has negligible ¢(¢ = 0},
conductivity o9 and thickness gd. Simple analysis indicates that such a condenser behaves as if
the space between the condenser plates were filled with a homogeneous dielectric having the com-

plex dielectric constant

El(l +q

€71+ iwe,a/4ma, :

This effect was reported in 1914 and is referred to as the Maxwell-Wagner mechanism in Kittel's
work . 17 The equation suggests that this effect could be interpreted as one of the Debye relaxation
mechanisms in Eq. (22). Kittel indicates that large permittivities may imply a thin dielectric
layer (large q) and are only associated with materials that have large conductivities (02). Such an
effect can cause significant difficulty in the attachment of electrodes to a sample of Nevada tuff

for parameter measurements. Such layering may also be present in the material itself.

As an example of the effect of this mechanism, consider the following parameters which

may be appropriate for a measurernent of Nevada tuff:
8 -1
0q = 0.0126 mho/m = 1.13 x 10" sec ~,

g> 1,

For glq = 103, the real part of ¢ rises four orders of magnitude as the angular frequency decreases
from 107 to 102 sec“-}_. This variation is shown in the following illustrations for two choices of o,,
Figs.C-1 and c-2,
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