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SUMMARY,

The attenuation per unit path length, phase shift per unit path
length and reflection coefficient at the boundary ere derived theoreticelly
for a medium containing free electrons, in texrms of the electron density,
electron collision frequency with heavy molecules and the applied radio
frequency.

Numerical results are tabulated over wide ranges of the three variables,
and these results are elso presented graphically.

Useful approximalions to the complete theory are derived and the
regions in which these may be applied in praclice are indicated.
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1 INTRODUCTION

The purpese of thils paper is to present as simply as possible the
generally acoepted theory of cleciramagnetic wave prepagation in an ionized
gas, together with tables of computed valucs for the attenuation, phase
shift, and reflection at the boundary of such a medium.

The emphasis is placed on the practical use of this theory and to
facilitate this, approximations are derived.

It may appear that the treatment in places iz oversimplified and
perhaps incomplete but as the final aim is the presentation of equations
and data of practical importance anything not directly bearing on this or
of use in obtaining an understanding of the processes is amitted.

Throughout it is assumed +that a free eleotron concentration exists
and no mention is made of the probable source of these electrons.

2 ELECTROMAGNETIC PROPAGATION IN A P:.RTIAL CONDUCTOR

There exists for an ionised gas an effective clectrical. conductivity
and dielectric constent due to the presence of free ions. The medium may
therefore be considered as a partial conductor. Consequently the general
equations for propagation in a partial conductor are derived before pro-
ceeding to the specific case of an ionised medium.

We assumc that the medium is homogeneous and isotropic and that in
any given volume, due to equal amounts of positive and negative charge, the
net charge density is zero. Maxwell's equation1 may thus be simplified to

div@_ = 0

divH = 0O

" oH
curl_Z[E:_: - Ha?

c
1 H e 2 VR

ux 2 e e

© - c ot t ¢ *

From these the following wave equations may be derived:

a2E Lrop OE
VE = B S
o ot c a3t
o2 . en 621_-}_ hmop OH
= ST T .
- 2 2 2 dt
¢ ot c

The ebove equations have many soluticns. We shall confine ourselves to
the simplest, but probably most important one, the pleane wave. In general
the behaviour described by this solution may be carried over to cases not
so simple.



For a wave having its electric vector conf'ined solely in the plane
(¥, z)}, constant over this plane and parallel to the y axis we have for its
camponents :

o A
EX = EZ = 0, a = a = 0
z y
and thus
2% a5 3B
= B _ ¥y hmom __y 2.1
2 2 2 2 ot
ax o It c

This is a scalar wave function and describes a plane wave propegated
along the x axis. A similar equation may be derived for Hz. The electric
vector will be a function of both distance (x) and time (t) and because of
the finite conductivity will be attenuated with increasing values of x.

If we assume the commonest case of a wave sinusoidal in both distance and
time we may describe it in a general fashion by

Ey = E_ exp (5wt - vx) . 2.2

Substitution of equation 242 in 2,1 leads to the condition that 2.2 is a
solution of 2.1 if

2
v o= g M L ose 2.3

[4]

The constant ¥ is therefore, in general, camplex and may be written as
Y = a+ B . 2ol

Conf'ining curselves to a wave propagated in the positive direction of
x we have

Ey = B exp (- ax) expj (wt - Bx) . 2.5

The equation 2.5 describes a sinusoidal wave progressing with a velocity
V = o/B, of wavelength A = 2x/B and angular frequency & rad/sec. The
term in o represents a falling off in intensity with distance, a therefore
being known as the attenuation coefficient. The phase constant of the
medium is PB. The constant ¥ describes campletely the propagation
characteristics of the medium and is known as the propagation constant.

It is useful at this point to meke a change in our parameters by
inserting

,a.'ﬂdn = _ Y 2.6



Substituting 2.6 in 2.4 ond using 2.3 we obtain
2 2
(21-{-4.39-1}-) :sjk—li—-—ﬂgw H_LJ.L_:J__BZ
c o

c c

Equating real end imaginary parts, we get

kz - n2 = = EU
2.7
m o= K
v
where v 1s the frequency in cycle/sec = w/2x .
Solving for k and n gives
2
n2 = %(\/sz p2+l"=E-2;"2+ ep) 2.8
v
2 2 2 !H;Z 0'2
k =;(Sp+ 5 -ep) . 2.9
v
It follows therefore that
1
a = 2':—;- (e u &E————-z- - au):r ; 2,10
e“ v

2 :
B = —2-[%(9 p2+£hl12—d—z +ep)I . 2.11
& V¥

The signs of the roots are to be selected in every case such that
@, B, k and n are all real numbers.

It is important that the physical significance of the real numbers
n and k be fully understood. Substituting 2.6 into 2.5 leads to

E. = E exp[:;jw t-L——Ll>:| . 2.12

y

For a plane wave in a dielectric (o‘ & 0) we have

,.Ey,‘: E exp[gm( - —-*):I

end re.memberlng tha.t the velocity of such’ a wa.ve is given by v = w/B = o/n,
we see that a,part:.al coMuctor"mﬂjbe cons:uiered to have an effect:.ve com-—

plex refractive’ ihdex given by n - jk. The real part is commonly texmed the
refractive index and the imaginary the damping coefficient.

-6



An equivalent wey of considering the medium is in terms of a complex
propagatlo%. constant (cquation 2,4). Further, Ampere's rule states that

curl H = --E:: where i is the total currcnt flowing. Camparison with the

last of Maxwell's equations shows therefore that the total current flowing
is given by

;:(c+ji"—§)g , 2.13

and thus another possible way of describing the medium is in terms of a
camplex conductivity, the real and imaginary parts being given by

(0]
c = 0o, Gi=1:73(1"8) 2.1

respectively.

3 EIECTROMAGNETIC PROPAGATION IN AN IONISED GAS

Let us assume a free ion of charge "e" and mass "m" under the
influence of an electromagnetic oscillation. The ion will vibrate in
sympathy with the applied electric field but will lose such directed
mamentum that it acquires on collision with a heavy molecule., (Ion~ion
collisions are relatively infrequent.) In the equation of motion of the
ion we represent this randomisation of the momentum, when averaged over a
large nunber of impacts, by & frictional dsmping force proportiodal to the
velocity of the ion. The equation of motion beccmes

2
md—%+g%% = eBy = eE_exp (jwt) 3t
o
dt
or
du

may+ 8 = eEoexp(;jmt) ’

where u is the ion velocity at time t., In an ionised gas the current
density is lleu, where N is the ion density, and thus

di 2 .
ma% + gl = Ne” E_ exp (Jwt) . 3.2

The steady state solution to 3,2 is

Ne? B exp (Jwt)
i = ,

m (jo + &/m)

which becomes

Nezg N32 mo
i = - j E . 50 3



Te obtain the total current flowing we must add the displacement
current due to the time-varying field which is

l: 11—“- is the vacuum capacitance of the unit condenser] .

Finally we obtain for the total current density

2 2
. Ne“g W ( LNe“m )]
1l = + J 1 ~ E . 5.l|-

Camparison of 3.4 with 2.13 leads to the following values of the
effective conductivity and dielectric constant

F = Nezg
m (wz + g2/m2)
B = 1 - llﬂtNe2m L]

m2 (wz + gz/mz)

So far we have retained the frictional domping term g but in order to proceed
further we need to know its value, which at the present time is the subject
of considersble speculation. However, published experimental evidence
supports the assumption g = mw 4 where 1 is the collision frequency of ions

with heavy molecules. Consequently

N62w1
0 =™ 3-5
m(w2+m12)
. 2
€ = 1- l'”éNe = . 3.6
m (w +w1)

Both the dielectric constant and the conductivity are functions of 1/m
80 that the lighter ions will hayve. the major effect. In practice, where
electrons are present, the overall effect will be due to the free electron
population. In all that follows therefore it will be assumed that N and w

1
refer to the free electron.



Substituting into 2,8 and 2.9 and assuming p = 1, as is nearly always
the case for a gas, we obtain

= - %(\/‘: ) m(w * Uy :' I:m(lu:ﬂN: w1) Zl:|2+l: ) m(w2 +e§12):|>

3.7

< - (/[ (o +w1):l l:m(w v o) _] - n(s? +02:2) )

The above equations may be used to describe completely the propagation
of radio waves within an ionised gas in terms of electron density, electron
collision frequency and angular radio frequency.

The physical picture of electrons vibrating in sympathy with the
electric field and subsequent collisions rendamizing the momentum demands
two assumptions. First, that the strength of the electromagnetic field is
such that it does not upset the collision frequency of the electrons and
secondly, that several oscillations of the electron may occur slong one
free path., The former assumption is generally valid, but the latter is not
and together with the assumption g = mw 1 involves an erroncous averaging of

electron velocities, The energy distribution of the electron must be taken
into account. This has been done by MargenauZ,

For Maxwelllan distribution of electron velocitiies Margenau derives

eth

o = gt P K, (x,) 3.8
2—)\1 N 1
4 = %’ Ei"ﬁ;}%’ %) Ky (2y) 349

where \' is the mean free path of the electroens, and

2
Kz(x1) = 1-x, - x% exp (x,l) Ei(—x1)

(% - x_‘)'m% + mc?/z exp (x1) (1 - exf (x_'%)) .

K3 /5(x,)



Eil and erf represent the exponential integral and the error function
respectively.

In Figet are plotted the conductivity and dielectric constant, as

8 -1

determined by the simple theory and Margenau's, against w for w, = 10 sec ,

1
N = 1010 cm-j. It can be seen that there is little difference between the

two when considering the electromagnetic properties of rocket exhausta,
The simple theory is adequate and easier to apply.

Before leaving the camplete theory of Margenau there are two special
cases of interest:

(a) Where the ionised medium is ot high pressure and the radio

frequency is low. Under this condition we have X, = 0 and

LimK, = 1, Limxj/z.—.‘fg .
X, -0 X, =+ 0
Therefore
2.,2
ZA'N we A'TN
o, Garg) = & 22N o (rg o AN
o > (onmkr)Z T 3
Substituting the value of A' from gas kinetic theory
Ry
W am !
1
2 2
& Ne & New
O'r(MaI‘g)z-B—n-—", Ui(MDIg):}’th .
1

The same condition on the simple theory is described by wz << W 12, whence

2 2
. Ne s Ne"w
O-r (Simp) = -!I;:J: ’ di (SmP) = ™ )
1
and therefore
o, (Marg) o, (Marg) 8
o (Simp) ~ o (Smp) - 3w - WS

- 10 -



(b) At low gas pressures and high radio frequencies, we have x g

and thus

. 2 . ﬂ'n
Lim s =, Lim X = .

X, Xy 3/2 bx,

x,i -2 w JC1 -+ o
It follows that
2
Ne 2
_ & L vy . Ne_
v, (Marg) = 5 7 oy (Marg) = o .

On the simple theory this condition is described by w 12 << w2 and thus

2
Ne w1 Ne2

O'r (SimP) = 5 3 Gi (SimP) = E— ’

m

o, (Marg)

. (Simp)

N L

N

O-i (Ma-rg)

o‘i Simp

L ATTENUATION IN A PARTIAL CONDUCTOR

Let the peak powers at two points x,, x, on the x axis be P1, P2

1% 72

respectively. From 2.5 we may write

P

n

i P, exp (—2&::1)

P, P exp (-Zaxz)

where Po is the power at some erbitrary point x = 0.

The attenuation experienced over this interval is by definition

P, exp (-ax,)
D = 10 log,lo-ﬁ‘- = 20 10g10m daB

= 20 log,, exp (ax1 - axz) dB .



Putting X, =X, = 1 we obtain as the attenuation per unit path length
200 20 kw -1
8 = = %533 = " 735 0 W
with ¢ = 2.998 x 100 com sec”
§ = £.897.10™0 1w ap cn”’ bt

In Tables I to XIII values of &, as computed on the simple theory, are
tabulated against the variable w for the two parameters N and Wy The same

information 1s presented graphically in Fig. 2 -8,

5 PHASE SHTIFT IN A PARTIAL CONDUCTOR

We have (equation 2.5)

E, = B, exp (-ox) exp (jlwt - Bx)) .

We may write from equation 2.6

where n is the refractive index of the medium given by 3.7 for an ionised
gas., The phase constant for free space is BO = -g- and thus the phase shift

experienced by the electromagnetic disturbance with respect to the wave in
free space is

ﬂo-ﬁ =5;-('1—-n)radcm"‘I . 5.1

When n < 1 the phase of the wave in the medium is retarded; when n > {1 it is
advanced with respect to the wave in free space.

Velues of f — B, computed by the use of equations 3. 7 and 5.1, are
tebulated with thd varisble w and parameters N and Wy in Tables XIV - XXVI.

The same information is presented graphically in Fig. 9 -15. PFor convenience
they are plotted on a logarithmic scale and the curves therefore appear dis-
continuous; this however is not the case, as can be seen in Fig.2; where

B ° " P is plotted on a linear scale.

6 REFLECTION AT NORMAL INCIDENCE TQ THE BOUNDARY OF A PARTTAL CONDUCTOR

The detemmination of the voltage reflection ceefficient normal to the
boundary of an ionised medium demands a knowledge of the relative magnitudes
of the magnetic and electric vectors within the medium.

- 12 =



For a plane wave we may write Maxwell's second equation as

ok oH
—L - . B2 . 6o 1
ox o t

We shall assume a solution to this equation to be some function of (x = vt)
v being the phase velocity, in the medium., Therefore

E = £ (x-vt) .

From the wave equation of section 2 (equation 2.1) we kmow that H, will
have a similar dependence on x and t. Therefore let

o
il

af(x-v-f;+'b) ’

where a and b are constants yet to be determined.

The sbove is a solution of 6.1 only if

b = 0
c
&a = Ev"_' - 6‘2

Iet us for the moment consider a dielectric medium (o = 0) so that the
wave equation Z.1 becomes

In this case the velocity of propagation of the wave in the medium is
given by

8]
v o= v

and thus 6.2 becomes

m
It
=91

and we immediately have

6e3

Fh
n
2

- 13 =



As shown previously (section 2) a partial conductor may be considered
to have a complex refractive index (n - jk). Therefore, in order to put
643 into a form immediately applicable to a partisl conductor, the
refractive index =

Theref ore
H .
2z n - jk 6l
Ey K

Having derived 6.4 we may now proceed.

Consider an electromagnetic wave incident normally on a vacuum/partial
conductor interface of infinite extent. The boundary condition is the
camnon one of tangential B and H continuous across the interface. Remenmber-
ing that the reflected wave reverses direction of travel and that therefore
either Er or Hr must undergo phase reversal, we have

Hi --'Hr = Ht

(the subscripts "i" refers to the incident wave, "t" to the transmitted wave
and "r" to the reflected wave) and thus

E, -E .
i r _ n-=jgk
Ei+Er i

The voltage reflection coefficient may be defined by

Therefore

AP e Bmns+jk 6.5

- 1 -



The voltage reflection coefficient is therefore complex, indicoting & phase
change on reflection. The magnitude of {he coefficient is given by

2 2
!I‘lz = R = (l-'-"n)z"'kz 6.6
(0 +n)° + X

As before, p = 1 and thus finally

R = (1= )% 412

. ' 6.7
(1 + n)? 412

The phase change on reflection may be determined fram 6.5 as follows:

r oo (B ~n) + 3k - (u - n)2 + k> SXP (j61)
(4 +n) - jk (4 + n)2 . k:2 exp (—392)
where
k
tan 61 = m—
k
tan 92 = m .
We may therefore write
' = A exp (j6)

where A is the modulus and 6 the argument of the complex nunber I'. We have

B, =T B = AEiexp(jB) .

N

If, as we have so far assumed, Ei may be described by

E

n

g = Ejexp (Jut) ,

then Er

n

AB  exp (Jut + 6) .
Thus the phase change is given by

0 = 91+02 2 tan-1 5 2}]1; > radian .
B ~-n -k

The power reflection coefficient R is tabulated in Tables XXVI « XXXV
and graphically presented in Fig. 16 =21 for a practical range of values in
N1, w and w1.

- 15 -



7 APPROXIMATIONS TO TIHE SIMPLE THEORY FPOR_A GASEQUS MEDIUM

7.4 High values of w,

The genorsl complication of equations 3.7 makes it difficult to
determine immediately the effect of changes in the variable N, w and @ 4 on

the final result., This difficulty may be overcome by a consideration of
the relative magnitudes of the conduction current and displacement current.
Such a course is doubly useful in allowing the derivation of a good approxim
mation and in presenting a clear physical picture of the controlling pro-
ceases,

The total current density in the medium may be written as

i o= (o‘-pjl%%)‘_ﬂ_ .

The ratio of the conduction current to the total displacement current is
therefore described by the term %Lt—o- = é%- . Reference to equations 2,10 and
2.11 ghows that it is Just this ratio which predominantly controls the
values of o and B, and thus the oversall properties of the medium. There
are two cases of interest. First, where the displacement currcnt predomi-~
20

B < 1, and secondly where the conduction current

nates, described by

predominates, described by %:-' >> 1.

(a) -g%— << 1

This arises when the medium is a poor conduclor or when it is a good
conductor with a high applied radio frequency. We have from equation 2.10,

with 4 = 1,
2 Lo® %
(o= =)
v

Expanding by means of. the binomial theorem,

i (-

There are two solutions;
1
P
P 2 _
2
EV

) 1,
L8l 207\ |7
i)

- ey

L

=]
]
o]
f =

according to which sign oﬁrﬁ_}lg};is,_q‘i;are root is to be taken. The choice is
determined by the fact that « is defined as being real and positive.

- 16 =



Where £ is positive

@ = & 2 1 _ 2ro 7o 1
¢ Ve e
Similarly, spproximating from equation 2,11,

If we further assume that the dielectric constant differs little
from unity, as is generally the case under the conditions being considered,
the attenuation now becomes from equations 3.5, 7.1 and L.1

2
-9 Ne w1 _
5 = - 1.82.10 5 5= dBoem |, 7.3
m(w + @, )
and the phase shift from equations 7.2 and 3.6
[0} W 2':LNe2
ﬁo - = s (1 - 1/5) - ———— . Tels

C m(w2 + (ﬂ12)

The regions in which 7.3 and 7.4 are good approximations are shown shaded
and labelled on Fig. 2-8 for attenuation and Fig., 9~ 15 for phase shif't.
As may be seen, both attenuation and phase shift are proportional to

electron concentration. Where w " is large campared to w the attenuation

is independent of radio frequency but where W, is =small compared with w the

phase shift is independent of the electron collision frequency. This
behaviour is well illustrated in the figures.

20
(b) = >> 1

This condition arises when the medium is a good conductor or when it
is a poor conductor with a low applied radio frequency.

We now obtain from equations 2.10 and 2.11

a:ﬂz'@=g"12ﬁ0m. 705

/v

It is to be noted that o and P are now equal and independent of the
dielectric constant of the medium. Cambining equations 2.6, 3.5, 4.1 and
7.5 the attenuation becames

6 —_— - 7. 26. 10-

- 17 -



2
When applicable at low radio frequencies we generally have W, >>u2 and

therefore with little error

2— P
b = - 7.26.10_10 Ne o, = - 1.15.10-5 /EQ' . 7.6
From equation 7,5 the phase shift becames
”—.Nm
Bo - = %-(1 - 3.99-10h “_—E——J*-Er‘) . 77
w(e® + w, )

The regions in which 7.6 and 7.7 ore good approximations are shaded and
lgbelled in Pig. 2-8 for attenuation; Fipg. 9= 15 for phase shift.

T2 Low values of Wy

Inspection of Fig. 7, 8, 14 and 15 for attenuaticn and phase shift at

electron collision frequencics less than 108 sec_1 shows an interesting
phenomenon. Almost at a unigue value of w, the attenuation changes in value
by several orders of magnitude., At this value of w, the phase shift has a
sharply defined maximm, almost coincident with the value ﬂo -8 = w/c. This
value of w is known as the critical frequency.

It is to be noted that where the critical frequency is clearly defined
the reflection coefficient (R) is effectively unity for w < w (wc = critical

frequency).
Trom the figures we sce that in the region of the critical frequency we
may safcly place w12 << wz and obtain the possibility that the dielectric

constant becames zero. This condition is described (from equation 3.6) by

The condition € = 0 defines the critical frequency sc¢ that

2
W 2 = &._'KN_G__ 708

c m

The position of the critical frequency depends therefore solely on the value
of the electron concentration and is independent of Wye

Values of critical frequency are tsbulated below:-

N en™? 10! 108 10° 1010 1ot 1012
w_ red seo”’ 1.8.10° | 5.6.10% | 1.8.10° |5.6.10° | 1.8.10% | 5.6.10™

- 18 -



At the critical frequency, since & = 0, the current is canpletely
conductive and thus the equaticns derived in (b) apply at this point.

For w > W, the dielectric constant differs little from unity but for

W< it becames negative and decreases rapidly with decreasing w until

w=u, whereupon it reaches o constant value with further decrease in w
given by
gﬁNez
[ = -~ 2 -

In general we may write for w < W, |s| >> 1.

The conductivity (equation 3.5) initially lew at high w increases as

the radio frequency is reduced davlg until once again w = w, whereupon
)
it also reaches a steady value given by

as & is still further reduced,

Thus both £ and o become independent of w for w < W, and we obtain a

ratio of the conduction current to the displacement current in this region
of

2
E P Sl I S|
EV nm1 hﬁNez w

Since w < w1 the conduction current predominates in this region of very

low radio frequencies. The equations to be applied in determining attenua~
tion and phase shift are therefore equations 7.6 and 7.7 and we note that
o« = B. In the region w1 <w < W, we obtain once again

and thus the displacement current predominates.

Remembering that € is now negative we have, af'ter taking the appropri~
ate root and approximating in equations 2,10 and 2.11,

a:%\[ﬂ;‘l 7.9

B = eng ] 7,40
e/ el

- 19 -



The attenuation now becomes (cambining equations 2.6, 3.5, he1 and 7.9)

5 . =20 o fimNe® 20 Yo
T 2,303 ¢ \ mm2 = 2,303 ¢

and is thus dependent only on criticel frequency. More specifically,
substituting for uc from equation 7.8,

1

8 = = 1.63,107° VN dB cm 7.11

The phase shift is given (from equations 7.10 and 3.6) by

2R0

o8 = £(1- )

which becames, where w is high enough to make w12 negligible with recpect

to wz,

w,w
= u S -1
B -p = (} - 35 = ) rad cm .
In general, the second term in the bracket is negligible compared with
unity, at the highest radic frequencies in the regicn W, <w< e Thus,

immediately below the crilical frequency the phase shift approximates to

W
BB = = . 7,12

(o]

The line described by 7.12 is drawn in on Faig. 11 -15 which show the phase
shift at low electroun collision frequencies,

The equation 7.42 indicates that the phase constant in the medium is
zero and that therefore the phase velocity (v) is infinite. The group
velocity, that is the velocity at which energy is propagated in the medium,
will therefore be zero. In other words if 7,12 described the true state of
affairs the medium would no longer be able to maintain an oscillation and
all the power would be reflecied at the bocundary. In practice this is very
nearly the case, There remains the region w > W Here the dielectric

constant is effectively unity. The ratio-%% is =mmall, since the radio

frequency is high, and thus once again the displacement current predominates.
It follows therefore that equations 7,3 and 7.4 may be used.

With w12 << wz they become

-9 Nezw -1
e
2
27N -1
30 - = p— rad cm

and therefore both attenuation and phase shift decrease with increasing

ratio frequency.
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7¢3 The reflection eccefficient

As seen 1in Fig, 46 -21 showing the reflection ccefficient at normal
incidence the behavicur with N, w, and ® ’ is generally simple., In fact,

for high Wy the coeffl.'éicjient may be described by means of a single curve
of R plotted against — . This is shown in Pig.22 snd tebulated in
Table XXXVI, The regions in which it may be used are shaded in Fig. 16 -21.

At low w 4 and radio frequencies above the critical frequency, a plot

of R against N/w2 is nearly a straight line and describes the behaviour
well, the reflection ¢cefficient being independent of the electron collision
frequency. This is shown in Fig.23 and tabulated in Table XXXVII. The
regions in which it may be used are agein shown shaded and labelled on the
curves for R plotted against radio frequency. Between them, these two
approximations cover most of the practical range of N, w and w 4° Where a8

critical frequency is clearly defined, R is effectively unity for w < W,
8 DISCUSSION

It is first necessary %o know the electron collision frequency to
be expected.

The classical kinetic theory of gases, assuming point electrons,
leads to

.

w—dz\/ﬂ
1 = P4 OomKT

where p is the pressure (dyn,/cnnz) and 4 the molecular collision diameter,
derived from viscosity measurements.

Right now there is no satisfactory quantum mechanical evaluation of
the collasion frequency end although the classical theory may be expected
to be near the truth, it must be in errcr in treating the electron as a
point and applying data obtained from viscosity measurements at room
temperature to flame gases.

Belcher and SugdenS, have, however, determined by means of attenua-
tion measurements that the electron collision frequency in a coal-gas air

flame iz 8.8 x 1010 seo"1 at atmospheric pressure and 2200%K. In the
classical equation this leads to an effective collision diameter (d) of

24 10“‘8 cm for flame-gas molecules. Thig is in good agreement with values
derived from viscosity measurements. Taking this value of Sugden's we
cbtain

_ 8.8.10° vIImo p
L 10° VT

L1, 10° »7% . 8.1

]



Although the above value for wy is dctermined for a coal sas/air flaue, the
products of cowbustion in this flame and for a rocket are similar. It may
be applied with a fair degree of confidence to rocket exhaust gas condations.
Ve ses therefore that wy is dependent on the pressure, the temperature
dependence being of second order.

A good average temperature for rocket exhausts is probably of the
order of 1800°K, At atmospheric pressure this leads to

w, ¥ 10" geo! .

Thus in the microwave region, taking X-band in particular

(v = 6, 1010 rad sec_1) we cbtain for the attenuation and phase shift
(equations 7.3 and 7.4 respectively),

2

Ne " w
B = - 1,82,1077 --—--§———-1—
2
m(w + W, )
or
5 = - 5.35.10'12 N aB cm™ ! 8,2
[30 -4 = 6.9.10"1} N rad cmm-1 . 8.3
It is interesting to note that within this region we have
5 Yy
W = - 8-69 E}— 8J+

Equation 8.4 is of practical importance in that the attenuation is often
known and the phase shift required.

The particular application of the thecry presented here is to the
propagation of radio waves through rocket exhaust jets. Although necessary,
it is not sufficient for a complete solution of the problem.

An important application of rocket engines is to high altitude flight
and as has been shovm, the greater the altitude, the lower is the electron
collision frequency. There is also a lowering of the free electron density,
It is not easy to determine in detail hew these varisbles are influenced by
flight conditions, particularly forward velocity and smbient pressure.

A rocket exhaust is not a homogeneous medium; it has regions differing
markedly in temperature and pressure, Therefore a radio wave may be
refracted and diffracted, complicating the analysis of wave propagation,

The true distribution of temperature and pressure within the exhaust jet of
a supersonic rocket missile is not known accurately. Assuming, however,
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that a true plot of these variables were knovm, then the propsgation problem
is still not solved, because of the unknown electron density and collision
frequency. We do not have sufficient knowledpe available to enable us %o
determine these quantities with certainty. Perhaps the largest gap in our
knowledge relates to the kinetics of the reactions occurring in the gas
during its rapid expansion and hence to the electron density existing at

any given point and time,

A complete solution of the radio prepagation problem in rocket flight
to high altitudes must therefore await further knowledge on all these
PO:.Lr.ltSQ
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LIST OF SYMBOLS

Symbol Tille and Units

@ Attenuation coefficient (om-1)

p Phase constant (cm—1)

¥ Propagation constant (cm_1)

g Frictional damping coefficieat for the free electron
oscillating in sympathy with applied electric field
(gm.sec_1) =,

b Attenuation per unit path length (dB cm-1)

By Phase constant.of free space (c.m-1) = /g

e Dielectric constant of the medium

n Refractive index of the medium

k Damping coefficient of the medium

7 Magnetic permesbility of the medaium

.. Real part of electrical conductivity
(statmoh, om ! = 1.11.107 "2 ok ! )

c‘i Imaginary part of electrical conductivity
(statmoh, cm_1)

E (vector) Electrostatic f'ield {e.s.u. em ! = 299.8 volt.cm-'1)

H (vector) Magnetic field (e.msc.g.8.u. = 1 gauss = 1 cersted =
1 gilvert. em )

i (vector) Current density (e.s.u. e = 1 statamp.cm > =
3.336 10-10 amp. cmnz)

w Angular radio frequency (rad. sec-1)

v Radio frequency (cycle. sec_1)

u, Eleci:i'cn coliision frequency with heavy molecules
sec

w, Critical radio frequency of the medium (rad. sec-1)

N Electron density (0!11_3 )

T Voltage reflection coefficient

R Power reflection coefficient



LIST OF SYMBOLS (Contd)

g 0l

P

Title and Units

Electromagnetic power
Gas pressure (ci;)rn.cm-2 = 9.870 x 1077 atmosphere)
Absolute gas temperature (°K)

Electronic charge (= h.803.10"10 £.B.U.)

~28

FElectronic mass (= 9.107.10 gm)

-16

Boltzmann's constant (= 1.380.10 erg. deg._1)

Velocity of light in vacuo
(= 2.998.10™° cm. sec™)

The square roct of minus one (= V~1)
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APFENDIX

Explanation of the Tables

Values of attenuation (aAB cmf1), phase shift (rad. cmf1) and power
reflection coefficient at normel incidence, are shown tabulated for a range
of values of the electron density (N), electron collision frequency (w1)

and angular radio frequency (w). Each table corresponds to a particular
electron collision frequency. The electron density and angular radio
frequency are tabulated as their logarithms to the baze ten for convenience.
Each vertical column corresponds to a particular value of the electron
density, the actual value heading the colum. Each of these columns has to
its right a sub-column giving the power of ten by which the figure in the
main column must be multiplied. In the case of phase shift the value is
marked negative or positive according to whether the phase is advanced or
retarded with respect to the wave in free space.

For example, given that N = 1010 cmrj, W, = 1012 sec-1, o = 108 rad aeo-1

we obtain:-

Fram table I, & = 4a55.40"° dB cm™

From teble XIV, B -B = 4.09.107° rad ca!

From teble XXVII, R = 6.10.107°> .

It is unlikely that any great sccuracy is required or for that matter
is merited in most cases and therefore it should be possible to obtain a
reascnable value from the tables directly. Where interpolation iz required
ref'erence should first be made to the appropriate figure and, if one of the
pessible approximations is appliceble, interpclation becomes a straight-
forward process,

- 26 -
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R
TABEE Xv

;
' ( electron collision frequency (w1) = 10115 sec'1
logigN| 14 13.5 13 12,5 12 11,5 11 10,5 10 9.5 9 8.5 8 7.5 7 6.5
logq g
& ~ou36l-2b 4 332l 7 sl -3 - 47 §-31-2,33) 31130 (-3 |-7.15 | -4 |-3.88 |-L |-2.04 |-4 |-1.02 |4 |-4.53 |5 (<1 .58(=5 {~3.33|-6 {-4.10| -7 |-4.21 | -B|-k.22| -9
6.25 |-3.15|-2~1.77! -2 -9.92] -3{-5.55(-31-3.10t-31-1,721 -3} 9,391 -4 {-5.03 |4 -2.59 | -4 |~V .23 |4 |-4.96 |5 |-1.39{=5|-2,17]|-6 |-2.35 | -7|-2.37| -B]-2.37| -9
6.5 |-4.20|-2]-2.36]-2|-1.32{-2|-7,38]-3]-4.10{-3]-2,26]-3|-1.23]-3 {646 [~k |-3.22 (-4 }-1 L3 {~L |-4.98]=5|-1.05(-5}-1.30|~6|-1.33} -7|-1.33) -8)-1.33) =9
6.75 1-5.59]=2|-3.14] =2} =1.76] =21-9.79]=3{-5.43|-3[=2.97{=3|~1.59|-3{-8.19 -4 |-3.89 |=4|-1.57 <L |-k b1 | -5 [-6.86 =6 |-7.43|-7 {-7 .49 | -8(-7.48] -9 {-7.Lk2{-10
7 _7.551-2] -4 17| -2{-2.33( -2]-1.30|-2]-7.15{-31-3.88]-3|-2,04{-3)-1.02 |-3 |-4..53 |-k |-1.58 | <4 [~3.33 | =5 |~4.09]~6 [-4.20| -7 |-4.20 | -B|-4. 17| =9 |-4.06|-10
7.25 |-9.92|-2(-5,55]-2|-3.10|=2|~1,72{=2|-9.39{~3[-5.03|-3{-2,59.(=3 |-1.23 {-3 [-4. 96 -4 |-1.39 |~ 1-2.17 | -5)-2335 ~61=27361=7 |=2.3% | -8]-2,28| -9 {-2.08|-10
7.5 <1.32{-1]=7.38]|-2|-L.10| -2{~2,26 |-2{-1.25]-2]|-6.46{~3|-3,22|-3 |1 .43 [=3 |-4.98 |-4[-1.05 =4 |-1.29 =5 [+1,33[-6 |-1.32(-7 {-1.28 -B]-1,17} -9 |-8.05)-11
7.75 |-1.761-1{-9.79{-2l.5.42{-2}-2.971-2{-1.59|-2{-8,19{-3|-3.89{-3 |-1 .57 |=3 |-k 40 |-k |~6.85 =5 |-7.41 [=6 [ -7 .41 | ~7{~7..21 -8 |-6.57 | =9 (-4.52|-10 +1.93 ~11
8 -2.33]-11=1.30}1{~7.45|-2[-3.88]-2|-2,04|-2[~1.02[-2]-4.53(-3 {-1.57 |-3 |~3,32 |-l | -1, OB |5 | -1, 16 | =6 |-1..05| =7 |~3.69[=B |-2,5% [ ~9[+1,08|-10|+1.26 -10
8.25 |-3.10]-1{-1.72]|-1[-9.39[-2]-5.03|-2[-2.59|~2|-1.231=2|-4.56 {-3[-1.39 -3 |-2.16 [-4|-2.32|-5 |-2.28 (-6 |-2.08{-7 {=1.43]|-8 1+6 .10 [-10{+7.06 }-10 |+2.75 -0
8.5 |-h.10{-11-2.26]-11-1.231 =3 {6.46[=2]-3.22|-2{-1 .4,3|-2[-4.98]{=3 |-1.05 [~3|-1.28 |-L|-1.28{-5 [-1.17 |6 [-B8.05{-8 [+3.43{-9 [+3.97 | =9{+1 .54 -9 (+5.17|-10
8.75 |-5.42]-11{=2.97|-1(-1.59|-1]-8.18]-2|-3.89 (-2 {-1,57!-21-4.,39 |-3{-6,78 |~L |=7." k|5 |-6.56 |-6 |-L..52|~7 [+1.93|-8 [+2.23 |8 +8.69 | =9 |+2.91 | -9 +9,36 [-10
9 <740 |1 ]-3.87] -1 |-2.04] -1 |-1.,02 |4 {-4.,51 |-2}-1.57 (=2 {=3.28|-3 |-3.93 |4 [-3.68 |~5 | -2.54 | =6 |+1,08|~7 |+1.26 -7 |+4.89|-8 |+1 64| -8 1+5,27 ) -9 +1.671 -9
9.25 |-9.37{-1|-5.02}-1{-2.58]=1 |-1.23|-1 |-4.93 (=2 |-1.38(-2|-2,09 |-3 [~2.06 |~4 [-1 .43 (-5 |+6.10|-7 [+7.06 |=7 [+2.75|~7 (+9.20({-B [+2.96 | -8 |+9.41 | -9 +2.98] -9
9.5 |-1.22] 0|-6.43|-1{-3.20-1 |-1,42{-1 [-5.,91 {-2]-1,01|-21-4 ,413]-3 |-B,02|-5 p3.43[-6|+3.97|-6 [+1.54|-6 |+5.17|-7 +1.66|=71+5.29| =8 ]+1.68 | -8 .5.31 | =9
9,75 [-1.58| 0]-8.10|-1 |-3.,84 -1 |-1.5% |1 {«b. 23 [-2 |-€.01 |=3 {4 48 <k |+1.,93 (=5 +2.23 |=5{+8.69 {6 1+2,91 |6 [+9.36|~7 [+2.98|-7 |+9.43) -8 +2,98 | -8 [+9.4k4| -9
10 22,00 | 0]-9.96]-1 |-k.501=1 )-1,501=1 |-2.91 {=2 |-2.47 =3 [+1,09 |4 [+1.26 |-k }+4.88 [=5 |+t .63[=5 [+5,26 =6 [+1.67 [-6 [+5.30{-7 }+1.68 | -7 +5.30 | -8 1+1.68| -8
10,25 2,50 ol-1.18) 0[-L.65]-1|-1.21 -1 {~1.30{-2 }+6 A1 | < [+7.05 j-k 2. 74 | =4 |#9.17 |~5 |+2.95] -5 |+9.39 =6 +2.97|~6 1+9.41 |=7 |+2.98 | -7 +9.11 | -8 +2.98] -8
10,5 -2.99] 0{-1.30{ O [-4.20{-1 [-6.23|-2 [+3.45 -3 |+ 3.9 =3 [+1.53 |-3 b5 .13 [ [+1.65 |~b {+5.24|=5 1+ .66 =5 |+5.25] =6 |+1,66 =6 1+5.26 | -7 +1,66 | «7 [+5.26| -8
1C,75 3.33] 0|-1.24| O |2, 46|t +1.95(-2 [+2,18|~2 [+B.46 (-3 +2.82[-3 P9.08 42,89 |=4 |+9.14 (=5 [+2.89(=5 [+9.15 |6 [+2.89{-6 +9.15| -7 +2,89 | -7 1#9.15| -8
11 -3.10} 01-7.361-1 r1.11 A b A7 1 hh.500=2 41,50 =2 44,79 1-3 #1.52 |3 |+4.,82 | <L |+1.53 | -4 [+4.82] <5 |+1,53| =5 [+4.83 |6 [+1.,53 | =6 [+4.83 | =7 [+1.53| -7
i i
TABLE XVI
Value of phase shift (rad/cm) for electron collision frequency (w1) = 10! sec
tog, N1 4y 13.5 13 12,5 | 12 1.5 11 10,5 10 9.5 9 8.5 8 7.5 7 6.5
1og,mw
6 =4, 20|-2=2.36(-2]-1,33]=2 ~?.45‘—5 L A71-31-2.331=31-1.30|-3|-7.15|-4[-3.88 |-k |-2.04 -4 |-1.02 [<4 |~4.53] ~5{=1 .58 =5 [~3.,33 -6 |-4,10{-7 |~4.,21 | -8
6.25 {-5.611=21~-3.15{-2]1,770-2{-9.92] -31-5.55|-3|-3,10} =3 1-1.72|=3]=9.39| -k |-5.03| -4 |-2.59 -4 |-1.,23| =k |4, 96| =5 | -1 . 39| =5|-2.17 |-6 [-2,35|-7 |-2,37 | -B
6.5 1-7.47(-2|-4.20]-2]-2,36|-2]-1.32-2]-7.38[-3|-4.10{-3[-2.26 [-31-1,23{~3|-6. .46 - {~3.22 |~} -1 13|~k |-4.98] -5|~1.05|-5]|-1,2G)-6|-1,33|~7 [=1.33] -8
6.75 1-9.96(-2|~5.59]-2|-3.44]-2]-1.76]-2|-9.79|-3|-5.42] -3 [-2,97 {=3{=1.59|~3|-8.19| =4 |=3.89 |-l |-" .57 |~k |-l b1 | -5 {~6.86]=6|-7.431=71=7.47|=8 -7 .41 | -9
7 A4.330-4{=7.451-2|-4.17]-2]-2.33]-2|-1.30]-2]-7.15| -3 |-2.88|~31-2,04] -3| =1 .02{ -3 |4.53 | -4 |1 .58 |-k [-3.32| -5 | 4. 09| =6 | -4, 19{-7 {-L4.17 (-8 |-4.06 | -9
7.25 |-1.77(-11-9.92|~2{-5.55|-2{-3.10[-2]-1.72|-21-9,39|-3{-5.03|-3}-2.59] =3[ -1.23|=3|-4.96|-4|-1.39|-b|-2.17|-5{-2, 34 |~6-2,34 -7 ]-2.28 /-8 [-2.08 | -9
7.5 1-2.36]-11-1.32]{-11-7.38] -2| -k.10[-2{-2.26 [-2|-1.23|-2|-6.46|~3|~3.22]-3| -1 . 43|-3[-4.98 1< {-1.05[-4 {-1,29}-5|-1.31}-61-1.28-7)-1.171-8]-8,05|-10
7.75 [=3.441-1]-1.76]-11-9.79| ~2|-5.421~2]-2,97 [~2[-1,59(-2{-8.19 -3 |~ 5.89|-3|-1.57| -3 |-4. 40|~k |-6 .84 |5 |-7 . 3k| -6 }-7.20|-7 -6.57(-8{-4.52|-9 |+1.93{-10
8 A7l =203l e 30t -4 {748 | —2|-3.68 -2 {-2. 04 -2 -1 .02 |2 |<4.52} -3 | -1.57| -3 |-3.31 | =& | =40l =5 [~b.Ok| -6 |~3.69 (-7 |-2.54 -8[+1.08|-9 +1,26 | <9
8-25 "5-55 "'1 "_3.09 -1 -1 .71 -1 -9.38 -2 -5.03 =2 -2.59 -2 "1.23 -2 -14..95 -3 "1-59 -3 ‘2-1’4- '14- "'2026 "5 -2-07 "6 - .}-I-} -7 +6 |1O -9 +7006 "9 +2-75 "9
8.5 |-7.37]|=%=k.10]|-1]-2.26]-1]|-1.23]-4 |-6.45[-2|-3.21{-2|-1 . 43{=2|-4.96]=3]|~1.,04|=3|-1,24|=b|=1,16{-5 [~B.O0k[~T7{+3.L31-81+3,971-81+1.54]-8+5.17| -9
8.75 |-9.76{-11-5.01111-2.96| =4 {-1.59]-1{-8.46[~2{~3.88]=2|~1.56]=2|=4.35|-3|~6.59| =L |-6.50[-5]-Lk.,52]-6 (+1.93| -7 |+2.23(-7 +8.69)-8[+2.,91|-8+9.36| -9
g 21.29] 0f=7.111-1]-3.86]-1{-2.03[-1|=1.01 |1 |-4.49{ -2{-1.55|-2|-3,20} -31-3.58] -k |-2.5k| =5 | +1.08] -6 |+1,26]| -6 | +4.891-7 |+1 .64 =7 145,27 -8 +1.,67] -8
9.25 1-1,70| 01-9.30[~t|-k.98|-1]-2.56]-1]~1.22]~% |-4.87{=2|-1.34|-2|-1.90[-3|-1.42| <4 [+6.10(~6 [+7.061-6 1+2,75]-61+9.201-7{+2.96]~7 |+9.41|-B1+2.98) -B
5.5 1-2.220 ol-1.241 ol-6.3u] <1 ]-3.25]-1|-1.391-% [~ 74| ~2{=5.20(~3]-7.80] -k |+ 3,43} =5 [+3.97 =5 | +1.54[=5 (#+5.17| =6 |+1.66(-6 |+5.,29]-7 |+1.68(~7 |+5.30 | -B
9.75 1-2.88] O|=1.54| 0[-7.90{ -1{-3.73{-1[-1.47 |1 {-3,82} =2]-h.12{-3144 .95} -4 {+2,23) ~4 [+B.66 | =5|+2,90| =5 [+9.33| -6 |+2.97{~6|+9.40] -7 |+2.97| -7 [+3.41 -8
10 23.66] 0f=1.92] 01=9.46] =% |-k 1111 [=1.33[-1|-1.97]-2]+1.09{=3|+1.25|-3[+4 . 8L|-L [+1.62! -Li+5.21[~5 |41 ,66{-5]+5.25]-61+1 €6} -6 |+5,25)|-7 |+1.66 -7
10.25 {<h.48) 01-2.28] 0]-1.05] 0{-3.91]|-1]|-7.781-2{+6.18] =3]+6.91|~31+2.67|-3|+8.93| -4 |+2.87] -4{+9.13{=5 [+2.89[-5[+9.15(-61+2.89| -6 |+9.15|~7 |+2.85 | -7
10.5 (-5.08| Ol-2..4k| 01~9.81|-11-2.331-1 |+3,5% |-2 |+ 3 70| ~2]+1 .42} 2]+, 72| -3 |+1 .52 =3 |+4.B2) <4 +1 52| b (+4..82] =5 1+1,531-5]+L.83 -6 [+1.53|-6 [+4.83] -7
10.75 1-4.84| 0{=1.99] O|-4.63]=1|+1.,90|-1{+1,82 -1 |+6.83| -2|+2.24|~21+7 1L{-3 +2.26|=3{+7. 470 -4l 2, 270 b 47 A7) =5 1+2.271=51+7.17) =6 |+2.27 | =6 [+7.17 | =7
41 -2,86) 013,311 -1|+8,55| -1 [+7.48]-1 [+2,63 (-1 [+8.39| =2[+2.65|-2+8.39 -3 +2.65/ -3 [+8.39| -4 +2.65! =4 [+8,39]-5+2.651-5(+8.39] -6 (+2.65(-6 |+8,39| -7
1 I e
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TABLE XVIT

4
Value of phase shift (rad/cm) for electron collision frequency (w1) = 10105 sec"1
log, Ni 14 13.5 13 12,5 12 11,5 11 10,5 10 945 9 845 8 745 7 6,5 |
logyo®
6 ~7 W48 [ w2 =l 201 =2 =2,36 =2 [-1,33| =2 | =745 =3 |- 17 | =3| =2.33| =3]=1,30] =3{~7 15| =l [=3.88] <l |~2.04 | L1 02| =l | =k .53| =5 |-1.58) =5 |~3.33| =6 |~L.09| -7
6025 [=9.97 [=2] =5460|=2[w3415]=2{-1,77|=2]|=9.92[=3[{=5,55|=3|=3.10]=3]|=1.72| =3{=G 57} < |=5,03| 4 |=2,5G ] wl) =1, 23| <k | -4 56| =5 [-1 35| =5 {=2,17[ =6 |=2,35|=7
6.5 |=133[=1]| =747 ~2|-4e20]-2|=2,36(~2{-1,321-2|-7,38|-3| -4e10{=3]-2,26| =3{=1,23} =316 16| =f|~3.22{ =l | =1 3| =l | =498 | =5 |=1.05|=5]-1.29 =6 [=14,33]-7
6,75 |=1.77[=1]=9.96{=2[=5.59{-2 =314 <2[~1,76{=2|~9,79|=3| =5.42|=3]=2.,97| =3{-1.59] =3 |=8,19| < {=3.89 =l |1 57| b |~Lo kO | =5 |6 85| =6 [=T b1 | =7 | =7 418"
7 =2,36 =] =1,33| =1 | =7 45| =2 [~L4a17| =2{=2,33]|=2 |~1,30|=2] =715 |=3{=3,86| =3 =2,04 =3{=1,02| =3 |=b..53} =L |=1.57| =4 |-3,32| =5 | -4, 08| =6 |-L16| =7 |-4.. 05| -8
7125 -3-15 :‘1 ""1 -?7 -1 _9-92 -2 "5-55 -2 "'3-10 -2 |1 072 -2 '9-39 "5 _5 -03 "3 “2059 "3 "1-23 ';3 "zl-c96._"ll- =1 -39 "ll- "2016 "5 "2-32 '6 "2428 ""? "2008 "8
7a5 | =h20]=1{=2,35|=1[=1,32{=1 [=7,37| =2} =La10|=2 |<2,26 | =2 =1,23| ~Z{~6,46] =3|=3,22) =3 |=1 43| =3 |-l 98] =& | =1 .05 | =4 [-1,28]| =5 |=1,281 -6 |=1 .17} =7 |=-3,05| =9
7.75 [=5.59(=1|=3.13{=1{=1,75{-1|=9.78]«2}=5.42{=2]<2,97]|=2] ~1.59|=2|=8.18] =3|=3.89] =3 [=1.57| =3[=Le 39|~k |=6.78| =5 | =T 14| =6 |~6.56]| =7 |~4.52| =8 |+1.93| -9
8 =7 bk | =1 | =ho 7|1 [~2.330 <1 [<1,30] 1 [=7,404) -2 ]~3.87 =2 ~2,00| =2 [-1,02) =2 |<k,51} =3 |~1.57| =3|=3.28| <L |~3.93| =5 |=3.68|=6 | ~2.54]~7 [+1,08|-8[+1.26|-8
8025 "9-89 ""1 -SISZF ""1 "'3.09 ""1 "1 171 "1 “9037 "2 "5.02 "2 "‘2l58 "2 "1 .25 —2 ‘14-.93 "3 "1038 "‘3 "2.09 _}+ _2|06 "‘5 "1 -16-3 "6 +6-10 ""8 +?.06 "8 '1‘2.75 "8
8.5 A Olw73h| =1 [l 08 =1 [=2,25) =1 |=1,22| =1 |~6 .43 ~2]=3,20]|=2]|-1,42] <2l ,91] =31=1,01|=3|-1 .13} =4 |-B.02| =6 [+ 3., 43| =7 [+3.97 =7 |+1 54 =7 +5.,17]-8
8.75 -1 -7’-{- 0 "'9.70 -1 "'50.37 -1 "2l91" =-1(<1 .58 -1 —8.10 -2 -508)4- =2j-1 -SLI- -2 -&-25 "'3 "6001 ")-l- “)-I-cll-a "5 +1 095 "6 '.'2-23 “'6 +8.69 "'? +2091 ""7 +9036 -8
9 «2,29| Of=1,281 0f=7,03 e [=3,81]=1[-2,01]|=1]=9,96|=2]|=4,40|=2]-1,50{=2{=2,91| =3{=2.L47| =4 |+1.09! =5 +1,26]|=5 [+4..88 =6 [+1 63] =6|+5,26[=7 |4+1,67| =7
9,25 {=3,00] 0l=1,66! 0{=9,10|-1 j=4,B7/=1|=2,50]=1|=1,18|=1|=ke65] 21,21 =2|=1.30 =5[+6,11[=5{+7.05} =5 [+2,74({=5[+9.17 -6 [+2,95]-6{+9.39|~7 |+2.97| =7
9.5 [=3.88] O]|=2,14| 0|=1.16| 0[=6.06]=1{=2,99]-1|=1,30|~1]=4,20|=2{=6.23| =3 ]+ 3, 45| =l |+3.94 | =L |+1 .53} =l |+5,13]| =5 |+1,65]=5 {+5 . 24] =6 | +1 66| =6 [+5,25 |7
9,75 =487 0[=2,66| O|-1,42| 0|=7,20{~1{=3,33|-1[=1,2L|=1]=2,46|=2|+1,05|=3[+2,18] =3 |+8.46|=4|+2,82{ =L [+9.06|=5[+2,89|=5 [+9.14 -6 [+2,89) =6 [+9,15| =7
10 =5.78] O|=3,11! 0]=1,61| 0|=7,70=11=3,10]=1 |=7,36{-21+1, 41| =2(+1,17| =2 |+4.50] =3 |+1.49| -3 |+L.79 -L1+1.52 <l 40,82 =5 |+1.53{ =5 |+4.,82! =6 [+1 53] -6
10,25 [=6,07| O!=3.,16! 0|=1,53| 0|=6.29|=1|~1.46{-1 |[+6.01|=2}+5,77|=21+2 16| =2|+7.,07] =3[+2,26| =3+ 716 =l i+2,27 =L i+717{=5|+2,27{=5|+7.17 6 [+2,271=6
10.5 |[-5.01| 0{-2,37] 0!-9,0%4|=1|=1,05]=1[+2,70] =1 |[+2,36| -1 |+8.33{~2[+2.65| =2 |+8,39] =3 |+2.65|=3[+8,39| ~L{+2,65| L [+8,39| =5 +2,65|=5 [+8.39| =6 [+2,65 |-6
10.75 |=2,60, 0{=6,731-11+3,81 (-1 +8,95! -1 {+7.46]-1[+2,36 "1F+?’26 w2 k2,28 =2|+7.18] =3[ +2227 =3[+ 7 47 | =l [+2. 27 | =l [+ 7,17 | =5 [+2,27]=5 [+ T 17| =6 |+2.27 | =6
11 +4.,85 (-1 +1.6?| O+2,26] 01+1,87] 01+5.,181-1 141,561 =1 +L.861=2{+1,53| =2 |+4,83| =3 |+1.53|~3 |+4.83|-4|+1.53 -4|+h.83 =5 [+1.53}=5 [+4.,831 6 [+1 .53 ~6
| ! X | I i : |
TABILE XVIII
Value of phase shaft (rad/cm) for electron collision frequency (w1) = 1519 gec™!
logy Ni 1, | 13,5 13 12,5 12 11,5 11 10,5 10 9.5 9 8.5 8 7.5 7 6.5
10g10w
6 w1033 |t |=7 48| =2 |4, 20| -2 =236 =2]|=1.33| =2{=7 45| =3| <k17|=3{=2.33{-3|=1.30|=3|=7.15| -4 |~3.88| -4 |-2,04{ L [-1,02| -4 |-4,53( =5 | -1 .58| =5 {=3.32 |~6
6425 |=1.77|=1[=9497|=2|=5.60[=2[=3415]|=2{=1.77|=2{-9492|=3|=5.55|=3|=3410|=31=1.72|=3{=9,39| =L | =503 |~k |=~2,59] =l |1, 23| =l |~ 96| =5 |=1,39 =5 |=2,17 =6
6.5 |=2436|=1|=1.33|~1{a7 k7 |~2|=5.20[=2]=2,36]|=2[=1.32]=2|=7,38} =3 |~k 10| =31=2,26|=3|=1,23| =3 |=6.46 |~k |~3,22] =4 |-1 . 43| -L|-4.98|=5]-1.05|-5{-1.29 =6
6475 |=3,15|=1 [=1.77] =1 [=9.96 [ =21-5,59| =2 1=3414]| =211 .76] =21 =9,79| =3|=5 42| =3{=2,97 =3 {=1.59[=3|~819 | =L |=3.89] =k |[=1 57 | =k [ =l liO| =5 | =6 o Bl | =6 | =7 {7
7 5 20| =1 [=2,36 e |=1,33]=1 [~7.45 | ~2{=ka17|=2[=2433]=2|=1,30[=2|~7.15|=31=3,88| =3 [-2.04| =3 |=1.02|=3 [=4,52} b [=1 57| =L [~3.31 | =5 |-b Ob| =6 | =404} =7
7-25 ".5.60 "'1 _3015 "'1 -ﬁ -77 "‘; -9091 "'2 "'5-55 "2 -3009 "2 "1 !72 "2 -9038 ""5 "5003 -3 "2059 "3 "1 023 —3 "'Ll--95 "1-1- "1 -39 "‘L}- -2¢1I+ '5 "2026 "6 "'2107 -?
7e5 [ =T obf [t |=ho19] =1 [~2,35 ]~ |1 32| =1 [<7.37! 224,10} =2|-2,26{=2|~1,23|=2|-6.45|=3=3.21] -3 |1 43|-3 |-4.96| <L -1 Ok -4 |-1, 24| ~5]-1,16|-6|-B.04 -8
7.75 "9093 -1 "5-58 -1 "'5-15 -1 "1 -75 "1 "9.?6 -2 "5010-1 -2 -2.96 -2 -1 -59 -2 '8.16 "'5 "'3-88 "'3 -1 056 "3 "4-35 "’-#- "6-59 "5 "6050 "'6 "11--52 "'? 4"1 093 "8
8 1.32| 0-7.04 [ =1 =415 |=1 [=2,32] =1 [1,29] =1 {=7.11 | =2|~3.86|-2[-2.03| =2 [~1 .01 | =2 |- k9| =3 |=1.55|=3|-3.20| =L |~3,58| =5 [~2.54] ~6{+1,08|~7 [+1.26|-7
8.25 {-1,75| 0]-9,83|=1|=5.50|=1[=3,07| -1 [1.70] =1 [=9,30(=2|=4.98|=2]=2,56 |~2 |=1.22|=2|=L.B7| -3 |1 34| =3 {-1.90| =k |-1,42[ =5 [+6.10|=7]+7.06| -7 {+2.75 |-7
8-5 ""2032 0] -1 -30 0 -?.26 -1 "24—005 -1 "2.22 —1 -‘1.21 "1 "6-5‘!4- -2 -3015 -2 =1 -59 -2 "‘"—I--?li» "3 "9-20 "‘l{- -7-80 -5 +301+'3 "6 +309? ""6 +1 05}4— -6 +5-17 ""7
8075 "3.01{- c -1 -70 0 "'9.50 -1 "‘5026 -1 "2.88 =1 -1 .514- -1 _?l90 -2 —3-73 -2 |=1 011—7 -2 "3082 "3 'h-o12 -}+ +1 -95 "‘5 “'2.23 ""5 +8066 -6 +2090 "6 +9035 -7
9 ~3.95| 0[-2.21| C|=1.23] 0|=6.75]=1|=3.66{-1[-1,92[{=1|-9,45]{=2|~L 11 |=2]|-1,33]|=2|~-1,97|~3 +1,09 =4 141,25 =4 [+4.,8h] =5 |+1,62] <5 +5,21 | =6 [+1 66 |=0
9,25 |=5,00| 0[=2.78| 0|=1.54| O[=8,41|~1 [~4.48{ -1 [-2,28]«1|-1.05 3,91 [ =2 |=7.78| =3 [+6 48| =L i+6.,91 =L 1+2,67| =k [+8,93| =5 [+2.87]-5|+9.13 ~51+2,89|-6
9.5 ~6,00| 0|-3.33| 0]-1.83| 0[-9.82]~1|=5,08]-1[-2.44]=1{-9.811-2|-2,33]=2[+3.51|=-3|+3.70|=3 +1 42| =310 72] =L +1.52| =4 |+4..82| =5 |+1 .52 =5 [+4.82 -6
9,75 [=6.461 0|-3.55 0l-1.92| 0]=9.99]~1 |<h.84f~1]{=1,99|1|=L.631=2|+1,90(-2 [+1.82|=2(+6,83|=31+42,24 |3 |+7 14| =4 1+2.26| =4 [+7,47| =5 [+2.27 =5 |+7.17 |-6
10 5,721 01-3,07) 0]=1.59| 0]=7.51i=1[-2.86{-11-3,31|=2[+8.55}=2|+7.48|-2 [+2.63|=2|+8,35|=31+2.65|~31+8.39| =L 1+2,65| -4 [+8.39|=5[+2.65|~5|+8.37 |-6
10,25 |-3.86] 0|-1.91] O|=B.22|=1{=2,131-1[+1,21]=11+2,83|~1[+2,36 27 U612 [+2.30]=2(+7,20|=3[+2,27 [ =3 [+7.47 | <4 [+2,27| =k |+ 7.47|=5{+2,27 | =5 [+7.17 |-6
10,5 [-1.75] 0[-5.30] -1 |+1.54 =1 [+5,28] =1 |+7.131 -1 |+5,91| =1 |+1.64 #4.,93] =2 |+1 .50 =2 |44 8| =3{+1 53] =3 [+ 4. 83| <L [+1.53| ~b |[+4.83]{~5]+1.53| =5 [+4.83 |-6
10,75 [+2.27]~1 [+9.38]-1 |+1.33| 0[+1.52] O[+1.28] O[+3.15|=1{+9,38] -2[+2,92 =2 [+9.17|=3|+2,90[=3[+9.15 -4 |+2.89| -4 [+9,15|-5 [+2,89|-51+9.,15 -6 [+2.89 |6
11 +2,39) O +2.78| 01+2.58] 0(+2.58] O{+5. 74 =1 |+1.70| =1 {45,301 =2]+1 .671=2 [+5,20 |«3|+1,66|=3{+5,26 | =L |+1,66| =L 1+5,26| =5 |+1,66|=5|+5,261=6 +1.66I—6
t : . A ! ;




LABLE ALA

1
~ad/em) for electron collision frequency (w1) = 1092 566-1
—"510" b4 " e (] 1 &) o -:.5 11 10.5 '10 9.5 9 8.5 8 7-5 ? 6-5
10g10w
6 ~2,37]-1]=1.33|-1| =748 (-2 |-4.20]-2)-2.36|-2[=1.33|-2|-7.45 {=3|~k.17 [-3|-2.33 (=3 {~1,30{=~3|=7.15 (=4 |-3.88 {-4[-2,004|-41-1.02|-4|-4.551-5{=1.57|~5
6.25 [ -3.15|-1[-1.771-1] -9.971-2{-5.60]-2]-3.,15| =2/ =1.77[-21-8.92|~3{~5,55|=31=3.10|=3|-1,72|-31-9.39 |~ [-5.03 =4[ -2.59 |~k |-1.23 | -4 |-4.96 |~5| =1.39|-5
6.5 =20 (=1 [~2,36[-1] ~1.33|-1[-7.47|-2|-4.20|-2]-2.35|-2(-1,32[-2|-7.37 |=3|~4.10[-3]-2.26 }-3{~1.,23[=3[-6.46 |-} | ~3.22 |4} -1 .13 |-4|-L.9B|=5}-1.05 -5
6.75 | -5.60]|-11~3.45]-1| =1.77|-1]-9.95|-2]-5.59|-2|-3.13|-2|-1.75|-2|-9.78|-3}{-5.42|~3|~2.97 |-3[-1.59 [-3[-8,18 <L [ ~3.89 |-4&|-1.57 | -4 |-k, 39 |-5| -6 .78| -6
7 ~7.47 (-1 -4.20] 1| ~2,36|~1[-1,33]|-1 |~7. 04| -2| -4 17 (=2-2,33]-2]-1.30(-2|-7,24|-3[-3,87 [-3|-2,04|-3|=1.02 |3} - 51 [-L]|-1,57|-4|-3.28|-5|-3.93| -6
7.25 | =9.94 |1 |=5.59[-1| =394 =1 [-1.76|~1[-9.89|-2|-5.5L|-2|-3.09 ~2[-1 .71 |=2[=9,37(=-31~5.02|-3[-2.58|=3|-1.23 (=3 |~L4.93 |-k|~1,38]-4|-2.09|-5{-2.06-6
7.5 | -1.,32] O[=7.43|-1-L.18 =1 |=2.34{=1 |-1.31 |1 ~7.34|-2]<4.08{-2[-2.25 =21 ,221=2 |-6 .43 |=3|-3+20(-3 |=1=h2{=3 [=l= 91 =4 | -1 .01 | =4 {-1.13|-5[=-8.02| -7~
7.75 1 21,76 0-9.87(=1}-5.54]-1|=-3.111-1 [-1.74| -1 ~9.70|-2|-5.37|-2|-2.94 [-2]~1,58]«2[-8,10[-3|-3.84 |=3|-1.50 |~3 | -b. 23 |=4|=6.01 |~5| -k 1B {=6|+1.93[-7
8 -2,321 0(-1,31| 0[-7.33{-1 |=h.11{-41{-2.29]-1}-1,28]-1|-7.03|-2|-3.81 |-2}{-2,01 |-2]-9,96 |-3]|~L4.40|=3[-1..50{=3|=2,91 |-L4{=2,47-5[+1.09 |-6|+1 .26 -6
8.25 | -3,06| 0(-1.72| 0{-9.63|-1|-5.39|-1(-3,00|-1|-1.66{-1|-9,10}-2|-4.87(-2({-2,50({=2|=1,18|-2]=4,65[=3|-1.21 }~3{-1,30 =4}+6.11|-6{+7.05|-6]+2.74]=6
B.5 | -3.97) 01-2,23| 0]-1.25] O|=6.98[-11-3,88|-1[=2.14|-11-1,16{-1[=6,06|~2(-2,991-2]=1.30 |-2[=4.20 [=3|~6 23 |k [+ 3.45 {=5 |+3.94|=5]|+1 .53 =5]+5.13|-6
8.75 | ~5.04| 0|-2.82] 0|-1.58| 0|-8.81 (-1 |-L.87|-11-2.66[-1]-1.42|-1[-7.20(-2]=3,33]-2[-1 204 |-2|=2.465 |=31+1.95 |-L|+2.18|-4|+B.46|-5|+2,82|-5|+9.08]-6
9 =6.07| 0]-3.40| 0|~1.90[ 0(-1.05{ 0[=-5.78|-1|=3.11{=1[~1.61[<1|=7.70]=2|=3,10(=2[{~7.36 [-3|+1.11 |=3[+1.97 |=3 | +4.50 |~k [+1.49 |-k |+4.79|-5[+1.52]~5
| 5.25 [ -6.59| 0{-3.68]| 0]/-2.04| 0|-1.12] 0|-6.07(-1[-3.161-1|-1,53|-11-6.29 |-2|-1 46 =2 }+6.04 |-3|+5.77|=-3|+2.16 |-3|+7.07 |-4|+2.26 |-4|+7.16 |-5 [+2.27]-5
9.5 |-5.95] 0]-3.30| 0f-1.81] ©[-9.72]~1[-5.01|=11~2.37[=1]|=9,0%|~2|<1,05 [~2|+2,7C|=2 [+2,36 -2 |+8.33 [~3[+2.65 |-3|+8.39 |-k [+2.65|-4i{+8.35|-5[+2.65{~5
9.75 | =k.26| 01-2,32| 0{-<1,22} 01-6.,05=1{=2,60]-1]=6.731=2]+3.811=2]+8.95|-2|+7.46{-21+2,36|-2|+7.26 |=3|+2.28|=3"+7.18|-41+2.27|~L|+7.17-5|+2.27|-5
10 =2.47] ol-1.24| O-5.54 -1 1=1.67]-1 +4.85|-2{+1.67]|=1|+2.26|-1 |+1.87 |-1|+5.18]|=2[+1.56 {-21+L.86 {=3]|+1 ;53 ~3|{+L4.B3|-L1+1.53 ] -] +L.B3]-5|+1.53]|=5
10.25 | ~1,05] 0]=~3.31 |1 |4+7.16|~2|+2.971 -1 |+4.20 |1 | #4..81 |=1|+L4.,06 | ~1|+9.95 |=2[+2.96 [~21+9.22 (-3 |+2.90 |3 {+9.16 |- |+2.89 {~4|+9.15|-5{+2.89|-5|+9.15|-6
10,5 | +1.18(=1[+5.26 <1 |+7.54 |~1 {+8.80] -1 |+9.42|-1[+8.,15|=11+1 .82 4 145,39 <2141 ,68|-2145,27 | -3 1+4 .66 |~3 |+5.26°]< | +1 .66 |-L|+5.26 | ~5|+1 .66 -5 |+5.26 -6
10.75 | +1.35] 0l+1.57| 0l+1.70| 0|+1.76] 0[+1.57| 0{+3.26|-1|49,66|~2[+3.00[-2[+9.43|-3[+2.98|-3|+9.41 |-4|+2.98 |-4|[+9.41 |-5{+2,98{-51+9.41 |-6{+2.98|-6
11 +3.030 01+3.16, 0l+3.220 01+2.95] 0[+5.81 j~1]+1.72|-4145,35|-21+1 .68 |=2|+5,31 | -3 |+1.68|-3{+5.30 |=k [+1.68 |~4{+5.30 [-5|+1.68]|=5]+5,30]-6 |+1.68|-6
L | i
TABLE XX
Value of phase shift (rad/cm) for electron collision frequency (w1) = ’109 secJ'
logyNi g 13.3 13 12.5 12 11,5 14 10.5 10 9.5 9 8.5 8 7.5 7 6.5
10g10w
6 =421 [-1(-2.36(-1)-1.33(~1]| -7.481-2]-4.201-2]-2.36{~2[-1.33|-2|-7.45|~3{-4.17|-3{=2.33| ~3{-1.30{~3|~7.15 |~L| ~3.88{~L|-2,04] -4 -1,02] -&4] -4.,52( =5
6,25 |-5.611-11-3,15)-1] -1,77|-1]-9.96 |-2|-5.60|-2{-3,15|-2|~1,77[~2[-9.,91|-3|-5.55 |-3[-3.09|-3|-1.71 |~3]-9.38 |-4|-5.03 | -4 |~2,59| =k {~1 . 23| 4| -L.95|-5
6.5 |=7.47|-1|-4.20[-1[-2,36|-1|-1.33]-1[-7.46|-2|-4.19{=2|-2.35|-21-1,32|-2}-7.37 |~3) =410} =3|~2.26 =5 -1.23 |=3]| -6.45 |=L|-3.21| =] -1 43| =L| =4 .96 | =5
6.75 |=9.95|-1|-5.59|-1]-3.1L|-1|-1.,77[-1]-9.93|=-2|-5,58]-2|~3.,13|=2{=1.,75|~2{-5.76 |=3|-5.41|=3|-2,96 |~3| 1,59 [-3|-8,16|~Lk|-3,88(-L|-1.56|~4!|~4 35(-5
7 -1,320 Of=7.441-11-L,18]~1|-2,35 |-1 11,32 |1 |-7 44 | =2] =415 |-2]-2,32|-2]|-1.29 |-2}~7.11[~31-3,86 {-3]|-2,03|-3} 1,01 |~3|-L 49 |-L{-1,55|=4{~3,20|=5
7.25 [-1.76] 0(-9.88|-1|-5.55(-1]|-3.12|-1:-1,75|-1|-9,83]-2|~5.50|-2{-3.07|-2|-1,70 (-2|-9.30{ -3 |-4.98 |~3[~2,56 |-3{-1.82]-3|-4 87| «L|-1 . 34| =k|-1.90]~5
7.5 |-2.33) Op=1.31 ) O1-7.35]-1|=4.13|-1]-2.32|-1 [-1.,30]~1|-7.26 |-2]|-4,03|-2{-2.22 [-2|-1.21 (=2 =6, 34 |-3]|-3.15 [-3|-1.39 -3 |-4.74|-L[-9.20|-5|~7.80|~6
7.75 |=3.06| O|~1.72| O|-9.67|-1|-5.43[-1|=~3.04(-1]-1.70|-11-9.50|-2{~5,26|-2|-2.88(-2|-1.54]-2{-7.90 [-31=3,73|-3|-1.47}=-31=-3.82 |-k |-4,12|-5]+1.93|-6
8 -3,98) 01-2,24| 0]-1,26] 0{-7.05=11-3,95|-1[-2,21}-1|~1.23|~1|-6.75(-2[-3,66 |-2|-1.92}-2[-9.46 |-3{=-L.11 [=3[=-1.33|=-3(|-1.97|-4[+1.09[=5]|+1.25|~5
8.25 |~-5.05] 0[-2,84} O{-1.59] 0|-8.93|-1[~-5.00(~11~-2.78]=1{~1.54{-1{-8B. 44 |{-2!-L. 4B |-2}=-2.28)~2|-1.05|-2]=3.91 |~3|~7.78 |~k |+6,18|=5 |+6,91|=5|+2.67|=5
8.5 |-6.10! 0|-3.42| 0|-1.92] 0/-1,08| 0{-6.00|~1]-3,33|-1]|~1.83|~1[-9.82|~2|-5,08 [-2]|=2.44|=2|-9.81 |=3]|=2,33 |=3|+3.51 |~L|+3.70 =L [+1 . 42| <l |+, T72]~5
8.75 |~6.63| 0{-3.72| 0!-2.08] 0l-1,16] O}|-6,46|-11-3.55|-1]~1,921-11-9,99 (=2 |-L.84 |-2|-1.99]|-2 [~4.63 |-3|+1.90 [~3[+1.82|~3 [+6.83|-4 |+2, 24 =k |+7 .14 {~5
9 -6.02| 0|-3.37| O|-1.88] 0}-1,04} 0|-5.72]-1[-3.,07{~1]|-1.59|-1|-7.51|-2]-2,86 |-2{=3,31[=3 [+8.55 [~3{+7.48 -3{+2.63{-3{+8,39|~L|+2,65|=4}+8,35|~>
§.25 |=4.39] 0]-2.44} O]=1.35) 0)-7.32|-1|-3.86 |-1)-1.91|-1|~8,22|-2]-2.13]-2]+1,21 |-2|+2.83|-2[+2.36 |-2|+7.46 |-3|+2.30|~3(+7.20|-4 [+2.27 |-L|+7.17|=5
9.5 =2,70] O|-1.47 [ 0|-7.81|-11-3.93|-1{-4.75 |-1|-5.30|-2[+1 .54 -2(+5.281-21+7.,131-21+5,91 -2 |#1 .64 |~2144.93 |-3|+4 54| -3 +4. 84 |-k |41 .53 | -4 | +4.83 |5
9.75 |-1.45] O|-7.35 |-1|-3.32|=1|=1.05|-1[+2.,27 -2 +9.38|=2(+1.33]-1 [+1,52 -1 |+1.28 |1 [+3.15]|-2[+9.38 |-3]+2.92 -3 [+9.17 -4 [+2,90 | -4 |+5,15|-5|+2.89 |=5
10 -6,02|-1 |=1.93 =1 [+3.704{-21+1.66 -1 [+2.39 (-1 [+2.,781-11+2,98 (-1 |+2 5811 1+5,70 -2 |+1.701=2+5.30 |~3|+1 .67 |-3{+5.26 | =4 |+1 ,66 -4 |+5,26 |-5|+1,66 |-5
10,25 |+6.49 (=2 |+2,96 |-1 [+4..25 | =1 [+4.98 (-1 |+5.38 |-1 [+5.57 | =1 [+4.96 -1 [+1,03 (-1 |+3.05 |-2|+9.48|-31+2,98 |-3{+9.42 |~4 [+2.98 |-4 [+9 .41 |~5 142,98 |-5[+9 .41 |-6
10.5 |+7.57[-1 [+8.87 |-1 149,59 -11+9.99 -1 |+1.02| 01+9.33|-1 |#+1.84 |-1 |+5.4% |-2|+1.69 |-2|+5.32|=3|+1.,68 |-3 |+5,30 [~4[+1 .68 |- |+5.30 (-5 |+1,68 |-5|+5,30|-6
10,75 [+1.71| 0+1.78 | 01+1.,82] Ol+1.81! 0«1.73] 0[+3.27|-1 [+9.69(=2{+3.01 |-2[+9. 46 |-3|+2.99 =3 '+9. 44 [~ 142 98 1=l [+ UL [=5 |+2,98 -5 |+9, 4. |-6 | +2.98|-6
11 +3.28 | 0]+3.30] O[+3.16] 0[+5.81 -1 +1.72|-1 [+5,35 ]-2|+1.68 |-2[+5.31 |-3 +1,68(=3|+5.51 |=4 [+1.68 |-4|+5.31 |=5 [+1.68|-5+5.31 -6 (+1.68]-6
! ! - i ;

T




TABLE XXITT

ad/em) for electron collision frequency (u1) = 10?2 sec
Tog, N 44 10,5 10 9.5 9 8.5 8 7.5 7 6.5 6 5.5 5 4.5 L
10gqg"
6 =7.36]-2|-4.1L]-2|-2.32] «2]-1.31| =2|~7.33| =3[ =4 A1[ =31 2.29(=3|~1,28]~31.7.03] «L|=3.8%| =4 =2.01| =4|-9.96] =5 |-4,40| -5 [-1.50[ -5[-2.91 | -6
6.25 1-9,68)-2|=5 k)| -2|~3,06|=2|~1.72|-2|-9.63]| =3-5.39| -3{~3.00(=3[-1.66]-3[-9.10[ -4 ~4.87! =1,{=2.50| <b| -1 .18 =l | =4.65] =5]-1.21| =5 [~1.30] =6
6.5 |-1.26]-1[-7.07{-21-3.97|-2{-2.23|-2].1,25|-2{-6.98]-3|-3,88|=3]1-2,14]-3]|-1,16] =3| -6.,06] ;.| ~2.99| «l| -1.30| =l { =L, 201 =5 {=6 .23 =6 |+ 3.45] =7
6.75 | -1.60]-1]-8,97(-2|-5.04|~2]-2,82] =2[-1.,58] =21 =8,81] =314, B71=3]=2,66] ~3|-1,42|-3]=7.20]| 4] ~3.33] =4 | =1, 24| ~L{-2 46| -5]{+1.95| -6 |+2.18] -6
7 ~1,93|-1]-1.08|-1|-6.07|-2{-3.40|-2|-1,90{-2{-1,05{=2{-5,78{=31-3,11| =3]-1 .64 =3} =7.70] =L|=3.10] <4| =7.36[ =5 [+1.11| ~5{+1 .17 =5 [+4.50] -6
7.25 1-2.10|=1]-1.18|-1|-6.59)-21-3.68| -2[-2,04) =2{~1,12[-=2]-6,07|-3[-3.16} ~3{=1.53| «3|=6729| L |=V. 46| =L|+6 .01 | =5 |+5.77{ =5 [+2.16{ -5 [+7.07] -6
-705 ‘:1790 1)1 -07 -1 “'5 -95 -2 '3-30 w2]-1 081 "‘2 -9o72 "'.3 "5 001 -3 -203? -.3 "9-014-' "Ll- -1 005 "li- +2l70 “ll- “'2-36 "14- +8.33 "5 +2-65 "5 +8039 —6_
7.75 [-1.391-1|=7.73}-2}-4.26] -2]|-2,32| 2| -1.22]| 2| ~6,05{ ~3|~2,60]=3|=6,73] ~L|+3.81| = +8.95| ~4 |7 b6 =4{+2.36| =L |+7.26] -5142,28] -5 }+7.18] -6
8 -8753(-2]-4.65{-2|-2.47] 2|1, 24| -2} 5,54 =3| -1 ,67 ] ~3[+4.85] <L |+1.67] -3|+2.26] -3{+1.87) -3|+5.18] =L |+1 .56 =& |+4.86] =5 [+1.53] =51+4.83| -6
8,25 | =4 60]~2[=2,33|=2|~1,05]=2{=3.31|-3{+7.,16] =4 +2.97] =3{1+L.20} =3|+4. 81 =3|+L.06) 3] +9.95| ~L| +2,96] ~4|+9.22{ =5[+2.90| =5 |+9.16( -6 |+2.89( -6
8.5 |-1.90{-2]-6,09]-3|+1.18]~3{+5,26|=3{+7.5 ~3{+8.800~31+49.42! -3{+8,15} =3{+1.82) ~3]+5.39]| =4 | +1,68] =k|+5.27} =5|+1.66|=5|+5.26( =6 |+1,66{ =6
B.75 [+2.05{=31+9.35]|=3|+1.35|-2{+1.57|-2{+1.70[ ~2}+1.,76[=2(+1.57[=2{+3.26] =3{+9,66] =4 €3.00| =4 | +9.43} =5 |+2.9B! =51+9.41 ~6 +2,98] =6 |+9.41 | =7
9 +2,391-2142,80{~2]|+3,03] ~2|+3.16|=2]|+3,22| =2|+2.95]| =2 [+5.81[=3141.,72| =3145,35] =l [+1.6E( =L[+5.51 | =5]+1.68]|=5]45,30! =6 |+1 68| =6{+5.30| =7
.25 [+5,40[=21+5.63[-21+5.76| =21+5,82| w2{45 46| =21+1.03]|~2)+3,06] =3]4+9.51 | =4.|+2,99] <L) +9 . 44| -5|+2,98( =5 |+9 .. L[ -6 |+2.98| -6 [+9 . h4| -7 {+2.98| -7
9.5 |+1.02)=1[+1.00 (=1 [+1.04] =1 149,99 -21+4 8L =21+5.45] =3 {+1 .69] =3|+5.32| 4 |+1 68| -&|+5.31] =5|+1.68| <5 |+5. 31 [ =6 [+1.68({=6 |+5.31 | -7 [+1.68[=7
9,75 1+1.86]-1]+1.86]-1[+1.81]-1[+3.27[-21+9.69[ =31+3.01 1 =349, 48] <L.{+2.99] =L |+9 . bh| =5]+2,98| =5 | +9. 44| =6 |+2,98| =6 |+9. 44| ~7 {+2.98| =7 |+9 .44 (-8
10 +3.32|~11+3,27[ -1 {+5.811-2{+1.72]-2{+5,35| =3|+1.68|=3[+5.31] -4 [+1 .68 <L [45,311 5141 6B] ~5]+5.31 | =61+1.68|=6[+5.31| -7 |+1.68]|-7[+5.31]=8
10,25 [4+5.87|=1[+1.03]-1{+3.060=2]+9.52]{=3{+2.99| =3{+9.45 | -4 [+2.99] =4 [+9. L] =5|+2.98] -5 {+9. .44 [ =61 +2 ,98| =6 |+9 . L1, | =7 {+2,98] -7 |+9.44] -8[+2,98| -8
10.5 |+1.84 =1 145,051 =2141.691=2]+5.32|=3+1.68]~3|+5.31 |l [+1.68] -l [+5.31[=5[+1.68{-5[+5.31{-61{+1.68|-6(+5,31|-7!+1,68]-7]+5,31]-8}1+1.68|-8
10.75 [+9.69[-21+3,01{-2149 46! ~31+2,99 =3 |+9.44] =1|+2.99 | =k [+9 . bL| =5 [+2,98] =5 |+3 .44 | =6 [+2,98{ ~6 | +9 .44 [ -7 [+2.98] ~7 |+9 L4k -81+2,98] -8 |+3. 441 -9
11 +5,35 (w2 i+1,68[-2[+5.31[~31+1.68{-3[+5,31 | =3|+1 .68k 1+5.31| 5 )+1,68)=5|+5.31 | =6 |+1.68]{=6]+5.31|=-7 [+1.68[=71+5.31|-8+1.68]=-8|+5.31 [~5
TABIE XXTV
Value ol phase shuft (rad/cm) for electron collision frequency (w1) = 107 sec™
log, NI 11 10.5 10 9.5 9 8.5 8 7.5 7 6.5 6 5.5 5 4.5 4
logy ¥
6 -1.26]-1[-7.08]-2(-3,58{-2|-2.24|=2]-1.26{=2|~7.05|=3-3.95] ~31-2.21|=3|-1.23{=~3|=6.75|=b{=3.66 )=k |-1.92} <k )-9.b6|=5 |4, 11| -5]-1,.33]|~5
6.25 |-1.,60}-1]-8,99]-2]|-5,05]=2]-2.8|-2]-1,59|~2|-8,93]-3[-5.00] =3[=2.78| -3|-1.5k|=3|~8.41| -4 -4 . 4B| =4 |-2.28| <l [ -1 ,05] =L |=3.91]|~5]{-7.78|~6
6.5 -1.930-1]-4,08]-11-6.,10]-2{-3,42|-2]=1.92|-2]|-1.08[-2{-6,00{ -3{-3.33]=3]|-1.83(=3|-9,82| =4 |~5.08(-4|=2. 44| -1{-9,811-5-2,331 =5 +3.51|-6
6,75 |-2.10{=1|-1,18[-11-6 63| -2{~3.72]-2{~2,08]-2}-1,16|~2|-6 . 46{ -31-3.55|-3|~1.92|=3|-9.99( =& | Lo Bl [ =k [~1.99| -4 -L.63]-5 [+1,90{-51+1.83]=5
7 “1.,91{-1]-1.,07|-1|-6.02[~2]-3,371=2[-1.,88|-2}-1,04}-2{-5.72) -3|-3.07|=-3|=1.59)=-3|=-7.51| ~4 ~2,86 (=4 [=3.30{~5|+8.55|=5 +7.48{~5|+2.63]-5
7.25 {~1.40]11-7.85]|-2|-k.39|-2|-2.4{~2[-1.35(~2|-7.32]-3]-3.86} =3|=1,91{-31-8.22] -4 =213 -4 |+1.2V | =L [+2.83 [~ |+2.36| -k [+7 .46 |=5|+2.30|=5
7.5 |~8.76|-2]-4.88]|-2]-2.70|<2[-1,47]-2|=7.81]-3(-3.93|=3]-1.75]| =3|=5.29 -4 |+1 .54 |-4[+5.28] -4 [+ 713} =L [+5.91 [-L|+1 6L -4 144,93 ]-5 [+1 .5k |~5
7.75 [-5.000-21-2,731=21-1 45| ~21-7.35]-3{=3.31 [-3|-1.05[-3]+2.27| =4 [+9. 38| =L [+1.33[-3(+1.52] - 3[+1.,28|-31+3.15 -4 [+9,38]-5 |+2.92]|-5+3.17|-6
8 2.62=21-1.33(-21-6.01|=3]-1.92{=3+3.75 | -4 |+1.66 |~3142,39] =3]+2.78|=3[+2.,98[~3[+2,58| ~31+5. 7k | -4 |+1.70 |-k [+5. 30! =5 [+1 .67 {~5 {+5.26 | -6
8.25 1-1.08{-2-3.46(-31+6.49|-L [+2.96|-3 484.25{~3 |+4.,98 -3 1+5.38] ~3|+5.57 | =3 |+4.96 [=3]+1,03|=3|+3.05 -4 [+9.48|~5 [+2,98]~5 [+9.42|~6 |+2,98 -6
8.5 |+1.15|-3+5.26[-3]+7.57|-3(+8.87|-3[+9.59|-3+9.99|-3 |+1.02] =2[+5.33| =3 {+1 .84 |=3]45 bli -1 +1 .69 [ =L |+5.32| =5 [+1.68]-5 [+5.30 | ~6 [+1.68[-6
B.75 [#+1.35|-2[+1.58]-2]+1.71|=2 [+1.78(-2[+1.82[-2+1.84 -2 [+1.73] -2[+3.27[-3149.69 -1 {+3,01 | -L|+9.46 =5 |+2.99 |~5 |+9 .k |~6 |+2,98|~6 |+ .4k |-7
9 23,00 =2 143,47 =2|+3.24|-2+3,28|-2 [+3,30|-2[+3.16 -2 [+5.81| =3{+1.,72[=31+535 | =L (+1,68]-4[+5.31 |-5 141 B85 145,31 | =6 |+1.68|~6 [+5.31 |=7
§e25 {45476 12145 ,84]=21+5.88|=2+5.90|=2 [+54 74| -2 |41 .03 [<2[+3.06] «3{+5,51 | =k [+ 2.5 [~L {49,455 [+ 2,99 | =5 [+9 bk =61+2,981-6 [+9 4 | =7 142,987
9.5 [+1.051=11+1,05]-1141.05{«1 |+4.03|-1 |#4 .81 =2 4545 {~3 [+1460] =31+5.32| <k |+1 .68 |4 145,31 [=5[+1.68 |5 [+5.31 | =6 +1.68|-€ [+5.31 {7 1+1,681-7
9.75 [+1.871=1]+1.87|=1141.05{-1 [+3.27 (-2 49,69 |-31+3,01 =3 |+5.46] <4 [+2.95| b |+9 .14 |-5 142,991 =5 |+9 b =6 [+2,98 |6 |+9. 441 -7 [+2,98 -7 [+9 .44 | -8
10 £3.33]=1 [+3.3111]45,81( -2 (+1.72[-2[+5.35 [=3 [+1.68 =3 [+5. 31| =4 |+1 .68} -4 |+5.31 [~5141,68]-5}+5.31 1—6 |+1.68 -6 |+5,31 |-7 +1.68|-7 |+5.31 [-8
10.25 | +5.91 =1 [+1.03]~1 43,062 |[+9.52|-3 #2,99 | =3 1+9.45 |~k [+2.99 <k [+9.44| =5 [+2.98[=5149 L[ <6 |+2.98 =6 (+9. 1y |~7 142.98]-7 149 .44 |-8}+2,98(-8
10.5 | +1.840-% [+5.55]-2]+1.69]-2 [+5.32|=3 [#1.68|=3 1+5.31 | |+1.68] =4|+5.51 | -5 |+1.68(=5 |+5,31 |6 |+1.68|-6 +5.31 [-7 141.68(-7 1+5.31 |~B|+1.68,-8
10.75 |+9.691-21+3.0%[-2{+9 . 46{ -3 [+2.99 =3 }O Lk |~k +2.99 |-L [+9 bk =5 |+2.58] =5 |+ b4 |6 [42,98[ =6 [+9 Lk | =7 [+2.98 |7 [+9 Lk [-8 1+ 2,98 |~B [+9 4Ly |9
11 +5.35(=2 [+1.,68[-2{+5.31 =3 +1,681=31e5 .31 =L j+1 ,68 -4 1+5. 3| =5 +1.681-51+45.31 |-6 [{+1,68]-6|+5.31 [=7 |+1.68(-7 [+5.31 |-8 |+1 .68 |~-8[+5.31 |=9
i
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TABIE XXI
1
1ft (rad/om) for electron collision frequency (w1) _ 10%2 sec™!

togy o 1y 13.5 13 12.5 12 11.5 11 10.5 10 9.5 9 8.5 8 745 7 6.5
1og10w

6 =707 P-4 20111 -2,36 12111033 |4 | =T o7 | =2 |=4e 20 (<2 (=2, 36 (=2 =1 33| =2 [ =T olids | =3 |=b 17 |3 |=2.33 (=3 [-1.30 <3| <700 |~ [~3.87 | =4 ~2.00 |~4| =1 .02 =L
6425 [=9495 p1|=5.59 |1 [=3,15 |« | 1,77 |=1] «9.9L =2 {=5,59 |=2| 3,11 [-2 [~1.76[-2]=9.89]~3 =504 =3|=3,09|=3 <171 [=3|=9.37 |«4 [-5,02 [-4| =2,58 =k | =1 ,23 [~}
6ub | =132 [ Of=7altds |1 |19 |1 =2,35 |1 =1,32 |1 [~7083 2] by 18 [=2 |2, 30 =2 |1 34 {2 |7, 30 |w3 | =Ly 085 [=2025 [w3 |l 0 22] w5 |oa6 oLi3 [ =li| =30 20 | ool =1 1.2 |ty
6475 | =176 | 019,89 =1 [=5.56 |=1 [=3,13 =] w1,76 | =1 [«9,67 [=2[~5 5k |=2 [=3411 [ =2 |1 .78 [=2 [<3,70 |3 | <5 4 37 [we3 =2, 9k [<3 | =1 .58 {3 |84 10 [=k| =380 | b}t 50 |4
7 ""2033 -0 "'1-031 0 "'7036 -1 "'4011}' -1 "‘2032 -1 |=1 031 <1 "'7.33 -2 "14-011 -2 "2029 -2 "'1a28 2 —7-03 "3"’"3.81— -3 -2.01 -3 -9.96 -'L|. '-‘ll-.ll-o -J-l- -1 050 -—rp—
7625 23,06 | 0]=1,72| 0|=9,68|~1 {544 |=1|=3,06 |~ |=1,72|~1 ~9,631=21=5,39|=2[=3,00|=2 [«1 66 [=2 =910 (=3 [l 87 [=31=2,50]=3 =1 ,18 [=3| =465 |-k|-1.,21 [=4
Ted |=3498 | Q=2.24} 0|=1,26| 0|-7.07 [=1]=-3.97 |-1 [-2,23 }=1 21,25 |~1 |=6,98| =2 [=3,88 =2 [=2.14 [=2 [«] (16 |2 |6 ,06 [«3]=2,99 |=3 |=1 430 |= 3| =lte 20 |ty | =6 .23 |5_
7a75 [=5405 [ 0|=2,8L| Of=1.60| 0{=8,97 |=11=5.04 (=1 [«2,82|-1[=1,58 =1 [~8.81|=2 =L ,87|~2[|=2,66 |2 |1 .22 |-2|-7,20 =31=3433 (=3 [=1 24 |=3{=2.46 |<L|+1.,95 |5
8 <610 | 0]=3.43| 0f=1,93] 0|=1,08| 0]=6,07 |~1 [=3,L0[~1{-1,90 |~1 [<1,05]{~4 |=5,78[~2 [=3.11 }=2 |1 .61 =2-[=7,70 [=31=3,10 (=3 [=7.36 [=L[+1.11 |=L|+1 .17 |=4-
8425 | =6465 | O]|=3.73| C|=2.10| 0[=1,18| 0[=6,59 =1 [=3,68 =1 |=2,04 [=1 [-1.12]=1 =6407 | =2 [=3,16 [=2 [=1 .53 | =2 |=6 429 [=3 |~ L6 [=3 [46,01 [=4 145,77 =L [+ 2,16 |wbk
8.5 | =640L [ 01=3,39| 0[=1,90| O[=1.C7[ 0[=5.95 =1 [~3,30]=1 [=1,81 [=1|-9,72[=2|=~5.01 [=2 [+2,37 |=2 [=9 Ok |3 [=1,05 |3 |+2,70 |3 |+2,36 =3 [+8,33 |4 [+2.65 |4
8075 ""ll—c)-l-j 0 "‘2024-8 0 "'1039 0 "7-73 -1 "‘Ll-¢26 -1 "2t32 ~1 "1.22 ' -—6.05 -2 "'2.60 -2 —6-?3 "5 +3-81 "3 +8t95 "3 +70166 '5 "'2'36 "‘5 +7026 ""-I- +2.28 -'Ll-
] =277 § Of=1.54 | O]=8.53 |=1 [=ka65 |=11=2.47 (=1 |=1, 2% |t [=5,54 |=2 |=1 .67 | =2 |[+4¢85 | =3 [+1 .67 |-2 [+2,26 |-2 +1.87 1=2[45,18 [=3[+1 .56 [=3 |+4486 | =k |+1 .53 |-l
9425 | =158 | 0|=8.63 =1 |=L.60{=1]|=2,33]|=1}=-1,05|-1 |-3,31 [=2[+7.,16 ~3142,97 =2 [+4420 =2 w4 81 (=2 [+4.06 [=2 [+9,95 [=3[+2.96 |~3|+9.27 |4 [+2,90 |=L|+9,16 |5
9«5 | =6.30 [-1}-L,20 [-1|=1,90|=1 |=6.09 [=2{+1,186 {2 5,26 |=2 [+7 .54 |2 [+8,80]-2 |+9.4.2]| =2 [+8.15 [-2 [+1.82 -2 +5¢39 |3 |41.68 (=3 (45,27 [~l [+1.66 |l |+5,26 [=5
9¢75 | =340 |-11=1,09 [-1]+2,05 |=2|+9.35 |=2[+1.35 =1 4 .57 =1 [+1,70|-1 |+1.761~1 [+1.57]~1 [+3.26 |-2 49,66 |=3 [+3,00 |=3|+9.43 =4 [+2,.98 [=4 [+9,.41 |«5 |+2,98 {=5
1 +3462 |=2[+1,66 |=1|+2,39 [=1 |+2,80 (=1 [+3.03 (=1 |+3.16 =1 [+3,22 (=1 [+2,95 =1 [+5,81 [=2 [+1.,72 [=2 [+5.35 |=3 [+1 .68 |=3 {45431 |l |41 068 [l [+5 ¢ 30 fwb [+1 .68 [=5
10025 +}+026 "’1 +ll-099 -1 +5.}+O "1 +5.63 -1 +5 l76 ""1 +5-82 —1 +50}+6 -1 +1 003 -1 +3006 -2 +9051 "'3 +2-99 "'3 +9.l‘l{. "')-l- +2098 "zi- +9l)+l+ "5 +2'98 "'5 +901+1" “6
10,5 [+9.61 [<1]+1,00 | O[+1.02| O|+1,04| O|+1,04| O [r5.59 =t |+1.8k4 =1 |#5.,45 | =2 [+1.,69 (=2 [+5.32 |3 [+1,68 |=3 [+5,31 4 |+1 .68 [~k |+5.31 |=5 |+1.66 |=5 [+5.31 [-6
10,75 +1.82] 0[+1.85 ] O[+1,86 | 0[+1.86| O+1.81 | 0 [+3.27|-1|+9.69 |=2 [+3.01 {=2 [+9,456|=3 42,99 |=3 + G4k |=k 1+2.98 |=b [+ G 1k =5 [+2.98 [=5 [+9 .44 |=6 |+2,98 |~6
11 +3,31| 0[+3,32 | 0|+3.,32| 0+3,27| O}+5.81 |=1 [+1.72[=1[+5.35 |~2 |+1.68[=2 45,31 =3 41,68 |3 [+5,31 [~k (41,68 |- {+5,31 |-5 |41 .68 |=5 [#5.31 |[=6 |+1 .68 |-6

TABLE XXII
Value of phase shift (rad/em) for electron collision frequency (m1) = ‘108 sec™]

log, N 14 13.5 13 12,5 12 11,5 1 10.5 10 9.5 9 8.5 8 745 7 6.5
1og10w

6 ~1032| O] =7k 1| =k, 19 | =1 =235 |1 |1, 32{ et [ w7 bl |2 | k18 [-2{=2,35 [~2| 1,32|=2{ -7, 41 |=3{<lu15]=3[~2,32|=3| -1 .29 [=3]-7.11 | =4]~3.86 | -4 |-2,03 |4
6025 "1 .76 0 "'9-89 -1 "5-56 -1 "'.301.5 -1 "1076 -1 "9.88 -2 "'5055 -2 —3-12 ~2| =% 075 -2 "9083 "'3 "5-50 "‘3 "‘3007 "'3 "1 .?O "3 "'9-50 "'ll— ""14-.98 “LI- "2-56 "h-
6.5 |=2,331 Of=1.31] O w7,36| 1] =L, il |«1] 2,331} =1 ,31 [«1{=7.35 (=2 |=by1 3| =2 =2,32 =2 [=1,30[=2|=7,26|=3] <403 [=3[=2,22]=3[=1,21 |36, 34| =lu|=3,15 |-&
6-?5 "'3006 O -1 072 0 "'9-68 =1 "5014-5 -1 "3-06 Iy I .?2 1 ""9-6? -2 "'5."4-3 ~2 _B-OLI- 2 |=1 070 -2 "9-50 "5 "'5-26 "3 "'2088 "'3 -1 -511- "5 "7-90 "'}+ "3-73 ""24-
7 ~3.98| Of=2.24| Of =1,26| 0| =7.081=1]=3,98|=1|=2,24 |1 |=1,26 [=1 {=7,05{=2]{=3,95 |=2|=2,21 {=2|=1 423[=2|=6,75 |=3|=3.66 |=3|=1.92|=3[=0 L6 =l [=L.11 |=L
725 |=5,06| 0]-2,84 O] =1,60| 0[=8,99!=1]=5.05[=1]|=2,84|-1|~1,59 |=1 {«B,93|=2[=5,00{=2]|=2,78]=2|=1,54[=2|wBl |=3 |~k 48 |=3|=2,28|=3[=1,05[~3|=3.91 [-L4
7e5 |=6e11| O|=3.43| O|~1.93| O[=1,08} Oj=6,10|=1|=3,42]=1]|=1.92 |1 |=1,08|=1]=6,00|=2|=3.33[|=2|=1.83|=2|w9,82|=3|=5,08|=3|=2,L4[=3 ~9,81 =4 |=2,33 =L
7e75 |=6465| Of=3.7k| O =210 0| =1,18] O|=6,63|=1|=3,72|=1|=2,08 |=1 |1 .16 |=1 |86, 48 |=2[{=3.55|=2|=1.92]|=2]|=9,99 [«3|~L.B |~3|=1.99|=3[=L,63 |-k [+1,90 |=L
8 ~6405( 0|=3,40| 0O|~1.91| 0[=1.07] 0O|=6.02{~1|=3,37|~1|=1.88 =1 |=1.04|=1{=5,72{=2{=3,07 [=2]=1.59|=2[~7,51 |=3|=2,86 |=3|=3,31 |~L|+8.55 =L |+ 7.48 |[-&
8425 |wdiolili| 0{=2,50] O <1.40| 0|=7.86 |=1| =439 |=1| =24k =1[=1,35 (=1 [=7,32(-2[=3.86[=2|-1.91 {=2|=B.22[=3{w2, 413 [=3|+1,21 [-3{+2,83 |~3|+2,36 | =3 [+7 .46 |-k
Ba5 [=2479] O1-1.57] O =8476 |=1]=4..088|=1[=2,70]=1| =1 L7 {-1]=7.81 [=2|=3.93{=2|=1,75|=2[=5430|=3|+1 5k |=3[+5,28 |=3]+7.131-31+5.91 |-3|+1 64 |=3 |+4.93 |~k
8,75 |=1.62} 0]=9.04[-1|=5.00[-1{=2.73|=1|=1.45(-1[=7.35]|=2[=3.32 [«2 |~1,05 [=2]|+2,27 =3 [+9.38|=3[+1.33|=-2[+1.52 =2 [+1.28|-21+3,15|-3[+9.38 |4 [+2.92 [~4
9 =9.02 [=1 |l 92| 1] 22,62 {1 | =1, 33«1 [=6,02(=2]=1,GF =2 {43, 7h |3 |+1 .66 |~2|+2,3G w2 [+2,78|=2 [+2,98|=2]|4+2.,58 |«2 |45, 74 |=3|+1.70{~3{+5,30 | =4 |[+1,67 |~k
9025 "4-69 1 "2038 =111 .08 =1 —30}4-6 -2 “'60}4-9 "3 +2!96 -2 +)+¢25 -2 +14-096 -2 +5038 -2 +5-5? —-2 +*’+-96 =2 |+ 003 -2 +3105 "5 +9oll-'8 "‘ll- +2'98 ""l*' +9'l"2 -5
9¢5  |=1.921=1 |w6,17| =2 +1 A4 )=2|+5,26 |-2|+7.57 | ~2|+8.07|-2/+9.59 |-2 +9.59 |-2|+1 .02 | =1 [+9.33 =2 |41 .84 | =2 |+5 .44 |-3|+1 .65 {=3 45,37 | =4 [+1,68 |4 [+5,30 -5
9475 [+2,03 =2 [+9.35| =21 +1.35 [-1[+1.,56 [«1{+1, 71 =1 [+1.78[=1[+1.82 =1 [+1.,84 =1 [+1,73]~1 [+3,27 |=2 [+9469 |=31+3.01 |=3 |+ 465 |-L.[+2,99 [~L [+9 Ll |5 [+2.98 |-5
10 +2,39 [=1 [+2,81 [ =1 }43,04 [=1 |+ 3,47 {=1{+3.24 | -1 +3,28 |1 [+3.30[=1 +3.,16 =1 |+5.81 | =2 |+1,72|=2 [+5.35 =3 |+1.68 [=3[+5.31 |4 |+1,68 |4 |+5,31 [=5|+1.68 [=5
1025 [+5440 (=1 (+5,63]=1}45,76 |=1145.84 [«1}+5.88|~1|+5.,90 =1 |+5.74 [=1 |+1.031=1{+3,06]=2[+9.51 |=3[+2.99 [=3 [+9.45 |~h|+2.99 [~4 |+ 9 44 |=5 [+2,98 | =5 [+9 Lk |-6
10,5 [+1,03] O|+1.,04| Of+1.05| 0i+1,05( Of+1,05] Of+1.03| O]+1.8L|-1 [+5,45[=2]|+1,69|=2 (45,32 [=3 |[+1,68 [=3F|+5.31 |~ [+1 .68 |=L |+5. 34 (=5 [+1,68|=5 [+5,31 |-6
10.75 +1 .86 0 +1 .87 0 +1 087 Of+1 087 0 +1 .85 0 "'3-27 >y +9¢69 -2 +5-O1 -2 +9-)4-6 "‘5 +2099 "'3 +9.1+)+ ")4- +2099 "'li— +9-Ml- -5 +2-98 "5 "‘9-}415- "'6 +2098 -6
11 +3.33| 0+3.33] O[+3,33| 0[+3.,31 | O|+5.81 | =1 |41.72]|=1[+5.35 =2 [+1 .68 |=2[+5,31 | =3 [+1 .68 =3 [+5 e 31 =L |41 .68 =4 {+5.31 |=5 |41 .68 =5 |+5,31 [=6 |+1.68|-6
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TABIE XXV

4
hft (red/cm) for electron collision frequency (w_l) = ‘1062 sv.ec""l
log, N1 40 9.5 9 8.5 8 7.5 7 6.5 6 5.5 5 4.5 L
logjom
6 “6.10 | =2 [ 3,43 | ~21 1,93 122 =1,08]-2|=6.07] =3(-3.40}|«31-1.90|=3|-1,05|~3} =65,78] L -3. 11| 4] =1.611 <4 | =7,701 5| =3,10 | -5
6.25 | <6,65] =2 =3,73 122 =2,10 | =2 =1,18 (w2 ] =6.,59{ =3 | =3,68| «3] -2,04 | =3 | =1,12| <3| ~6,07{ =L | -3.16{ ~4| =1,53] b | 6,29 | =5 | 1,46 | =5
6.5 ~6,051 =2 «3,39] -2 -1,90 | -2} ~1.07 [ =2 =5.95{ =3[ =3.30 | =3 | <1.81 | =3 | ~9.72 | =4[ =5,01 | =b| =2.37 | <&) =9.04) ~5) 1,05 | =5 | +2.70 { =5 _
6,75 | =bab3] =2} =248 | «2] «1.39 1 -2| =7.73 | =3 | ~4.26]| =3] =2.32| =3| =1,22 [ =3 [ =6.05 | =4[ 2,60 |--fh|=6.73) =5| +3.81 | =5 | +8.95 | =5 | +7 .45 | =5
7 "'2077 "'"_2 __"':] 154 -2 -'8.53 "3 -4-65 "'3_ k“2-}+7 "3." ) ;1 " 21+' "'3 "'5 054 ""’+ "1 .67 '-',.l- +’+,85 "'5 +1 .67 "‘zl- +2¢26 -ll' +1 '87 "'Zi- +5 -1 8 "‘5
7.25 | =158 =2 | <8,63( =3 4,60 |=3) ~2.33 | u3| =1,05| =3| «3,31 [ =4 | +7.16 | =5 | 2,97 | =k | +4.20| =& | +4.81 | <4 | +4.06 [ ~k| +9,95{ <5 | +2,96 | ~5~
7.5 ~8.30 | =3[ ~4.,20| <31 21,90 | =3} =6.09 | <4 | +1,18] =h] +5,26 | =&} +7.54 | =l | +B.80 | | +9.42 | =& | +8.15 | =4i +1.82] <41 +5,39 | =5 | +1,68| =5
7.75 | =340 [ =31 ~1,09} =31 42,05 |=b4| +9.35 [ =4 | +1.35{ =31 +1.57 | =3] +1.70 | =3 | +1,76 ) <3| +1,57 | =3 [ +3.26 | 4| 49,66 | =51 +3,00 | -5 | +9.43 | =6
8 +3.62) b | +1,66 1 =31 +2,39 | =3[ +2,80 | =3 | +3.03( =3} +3.16} =3 | +3,22 | =31 +2.95| =3 | +5.81 | =4 +1.,72| =k} +5.35| =5 { +1.68| =5 ] +5,31 | -6
8,25 | +4.26 ) =3 | +4.99 | ~3 | +5.40 | =3| #5.63 { =31 +5.76| =3[ +5.82 | «3| +5.46 [ =3 | +1.03 | =3 | +3.06 { =4 | +9.51 | «5 | +2.99 | =5 | +9.4k | ~6 | +2,98 | <6
8.5 | +9.67 | ~3 141,00 -2 +1.02 (<2 41,041 ~2] +1,04] =2 49,99 [ =3| +1.84 [ =3 | +5.45 | =& | 1,691 <4 | +5.32 | =5 | +1.68 | «5{ +5.31 | ~6 { +1.68 | <6
8,75 | +1.82] -2 +1,85 ! <2} 41,86 |-2] +1,86 {21 +1.81 | =2 | +3.27 | «3 | +9.69 | =l | +3,01 | =L | +9.46 | =5 | 42,99 [ =5 | 9.4 { =6 { +2,98 { <6 | 49 44 | «7
9 +3.30 { =2 | #3.32( =2 +3.32 ) =21 +3,27 | =2 [ +5.81 | =3 +1.,72[ w3 45,35 | wl | 41,68 | =l [ +5.31 | =5 | #1681 =51 45,31 { -6 1 +1,68 | =6 | +5.31 | -7
9.25 | +5.91 | =2 [ 45,92 | =2 +5.87 | -2 +1,03 [=2 [ +3,06( =3 | +9.52 ) =k | +2,99 |~k | +9.45 | =5 | +2.99 [ =5 |#9.44 § =6 { +2,98 | =6 | +9.44 | =7 | +2,98 | =7
9.5 +1.05 ] <1 [+1,05 | =1 | +1.84 [=2[ +5.45 [ =3 (+1.69 | <3| 45,32 ) b | +1.68 [=l | 45,31 | 5[ +1,68 { =5 | +5.31 | =6 [ +1.68 | =6 {1 45.31 | =7 | +1.68{ -7
9.75 | +1.87 1 =1 | +3.27 | =2 | +9.69 {~3| +3.01 | =3 149,46 | = | +2.99 | =l | #9344 [=5 142,99 | =5 [ +9,4h [ =6 | 42,98 | =6 | +9.44 | =7 | +2.98 [ =7 | +9.44 | -8
10 +5.81 1 =2 (#1.72 1 =2 [ +5.35 [=3| +1 .68 } =3 {+5.31 | ~k | +1.68 ) =4 | +5.31 [<5 141,681 <5 145,31 |6 | +1.68 | =6 | +5.31 | =7 |+1,68|-7|+5.,31 | -8
10,25 | +3,06 | =2 49,52 <31+2,99 13| +9.45 [ =& |+2,99 | =4 | +9. 4 | =5 | +2,98 {5 149 Ll ! <6 [ +2,98 | =6 | 4944 | =7 [ +2.98 [ =7 | +9.44 | -8 1 +2,98| =8
10,5 #1691 22 | 45,321 =3 | +1,68 |31 +5.30 |l | +1,68 | <k | +5.31 [ =5 | 1,68 [~5 145,31 | =6 | +1.68 | ~6 | +5.31 [ ~7 |+1.68 [ -7 |+5.31 | -8 1 +1,68| -8
10,75 [ +9.46 1 =3 1 +2,99 } =3 | +9. 44 |-l | +2.99 | =l | +9, 4 | =5 [ 42,58 { =5 | +9.44 |~6 [ +2,98 | =6 | +9,4h | =7 | +2,38 | <7 | +9.44 |8 | +2.98 | -8B | +9.44 | =9
11 +5.31 | =3 141,68 | =31 +5.31 |-L! «1.68 (<4 [+5.31 | <5 | +1.68 ) =51 +5.31 |~6 |+1.68] 6| +5.31 (~7 [ 41,68 | =7 | +5.31 | =B |+1,68 | -8B (+5.31 | =9
TLABLE XXVI
Value of phase shaft (rad/cm) for electron collision frequency (m1) = 10 seo™
log, NI g 9.5 9 8.5 8 7.5 7 6.5 6 5.5 5 k5 4
logiow
6 ~5,05 | =2| =340 |~2 |«1,9% | 2 |=1,07 [=2|~6,02] =3 -3.3?' w31 1,88 =3 <1.04} <3| 5,72 =~ | =3.07{ <l { =1.59] =4 | =7.51] ~5| =2,86 | =5
6-25 "h--ul- -2 -2 -50 -2 |1 -14-0 -2 -? !86 "3 -13--59 "'3 -2--“4)4- "'3 -} 135 "'.3 “7-32 "'4 "'.3-86 ""-[- -1 -91 "'l|- "'8- 22 "'5 "2o1 3 "5 +1 -21 "'5
6.5 2,79 (=2] =1,57 | =2 [-8.76 | =3 | =488 [ =31 =2,70| =3} V.47 | <3| =7.80 | =& | =3.93| =4 {175 =4 | =5.30| ~5 [ +1.5L] =5 +5.28 | =51 +7.13| =5
6,75 | ~1.62 =2 9,04 | -3 |-5.,00)=31=2,73 =3 =145 =3]=7.35] 4| =3.32| =4 -1,05( <44 [ +2,27 1 ~51+9.38| «5 [+1,33| =4 | +1.,52 | =L | +1,28 | ~4
7 -9,02 | =3 4,92 {~3[-2,62{ =3 -4,331=3] 6,02 «b| «1.93| l| +3. 74| =5 | +1.66| <l | +2,39 | =b | +2,78 ] =4 | +2.98 | ~4 | +2,58 | =L | +5.7k| =5
7.25 | <469 [ =3[ =2,38 { =3 -1,08) <3 <346 |=b{+b.45 ] =5 |+2.96 | =b! 4,25} wb| +4.98 | b | 45,38 | =l | +5.57 | =l | +4.96 | =4 | +1,03 } <L | +3,05 | =5
7.5 1,92 [ w3 ) 6,47 |l {+1 A% b [45.26 | =k | +7.57 | =k | +8.87 | «b | +9.59 | =h | +9,99 | =& | +1,02 | =3 49,33 | = [+1 .8 | b | #5444 | =5 | 41,65 | =5
7275 | 42,03 | =b | +9.35 | =k [+1.35( =3 |+1.58 | =3 +1.71 | =3 ) +1.78 | =31 +1.82| ~3 | +1,84| =3 [+1.73 1 =31 +3.27 | ~b {+9.69 | =5 | +3.01 | =5 | +9.46 | =6
8 +2.39 | =3} +2.81 | =3 | +3,04 | =3 [ +3.17 | =3 | +3,24 | =3 +3.28| <3| +3,30 | =3 | +3.16 | =3 [+5.81 { =4 141,72 =4 1 +5.35| =5 | +1.68 | =5 | «5.31 | =6
8,25 | +5.40 | =3 | +5.63 | =3 |+5.76 | =3 (+5.84 { =3[ +5,88 | =3 | +5.90 | =3| 5.7 | =3 | +1.03| =3 [ +3,06 | =L | +9,51 | =5 {+2.99 | =5 {+9.45 | =6 | +2.99 | ~6
8.5 +1,035 ] 2 +1.04 [ =2 |+1,05| =2 | +1.05 | =2 ] +1.05| «2] 41,03 | =2 | +1.84{ =3 | +5.45 | =l | +1.69 | =k | +5.32 | =5 |+1.68 | ~5 |+5.31 |6 | +1.68] -6
8.75 [ +1.86 | =2| +1.87 [=2 [+1.87 ) =2 | +1.87 | =2 1 +1.85 | =2 +3.27 | =3} +9.69 | =4} +3.01 | <4 | +9.46 [ =5 | +2,99 | =5 | +9.4h | =6 [+2,99 [ =6 | +9.h4 | =7
G 3,330 =20 #3,33 | =2 143,33 «2 | +3.31 [ =2 45,81 | =3 +1.72 ] =3[ 45.35) =4 | +1.68] =4 | +5.31 [ =5 (+1.,68| =5 45,31 | =6 [+1,68 )61 +5.31 | =7
9,25 | 5,93 <21 +5,93 | =2 |+5.91 | =2 | +1.03 [ =2 | +3.06 | =301 +G.52 [ <L | +2,99 | =k | +9.45 | =5 [+2.99 | =5 [ +9.4dp | =6 | +2,90 ) =6 |+9.44 | =7 | +2.98 | =7
9.5 +1.05 1 -1} #1.,05 | =1 | +1.84] =2 | +5.45 § =31 41,69 =3 +5.32 | =] +1.68| =4 | +5.31 [ =5 [+1.68 [ ~5 [ +5.31 | =6 |+1.68 | =6 | +5,31 | =7 [ +1.68]| ~7
9.75 | #1.87 | 1| +3.27 -2 ]49.69] =3 {+3.01 {=3{ 49,46 | =l | +2,99 | <L | +9. 4k | =5 | +2.99 | =5 |+9.4L | =6 | +2.98 | =6 |+9.44 | =7 |+2.98 [ -7 | +9.44 | =8
10 +5.81 1 22| +1.72 [ =2 45,35 <3 | +1.68 | =31 +5.31 | =l | +1.68 | <k | +5.31 [ =5 | +1.68] <5 {+45.31 | =6 1 41,68 | -6 [+5.31 | -7 |+1.68 |~7|+5.31| -8
10,25 [ +3.06 [ =2 | +9.52 [ =3 {+2,99] =3 | +9.45 | =4 | +2,99{ =k | +9, 4k | =5 | +2.98 | =5 | +9.hk | =6 | 42,98 | =6 | +9.44 | =7 [+2,98 | =7 [+S.4k [-B | +2,98| -8
10.5 +1,69( =2 +5.32 [ =3 [ +1.68] w31 +5.31 [ =4 | +1.68( 4| +5.31 { =5 | +1,68 | =5 [ +5.31 | <6 |+1.68 | <6 | +5.31 | =7 |+1.68 | =7 {+5.31 =B | +1.68| -8
10.75 | +9. 46 ) =3 +2.99 [ =3 | +9,0n ] 4 | 2,99 [~& | +9. 40| =51 2,98 { =5 | +9.414 | =6 | #2.98 | =6 |+9. 44 | =7 (42,98 { =7 1+9.44 | ~B {+2.90 |=8 | +9.44( -9
11 +5., 3 | =3 +1.68 | =3 | +5.31 | b {41,608 [ =4l 45,31 | o5 4168 ] =5 | #5.31 | =6 | +1.68| =6 [+5.31 [ =7 Lf1.68 =7 145,31 | =0 |+1.,68 |-8 | +5.31 [ =9
R
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TABLE XXVII

. 12 -1
Reflicction coefficient at normal incidence for electron collision frequency (w ) = 10' ¢ sec
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incidence for electiron collision frequency (wﬂ) = 108 sec’1
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Approxamation for R at hagh electron collision frequencies

1019

-
1
o
b il
&
-
N
- ~ - x—
[} ! H 1
o o) o o o Ly O
- o - Ly -~ P~ ~
[aa} - + .
JIO . a4} . e} . o8] .
- -~ ~

-~ -~ (@] OA @ o o o
o o o s
-~ - - -
[} ] I )
O n o O O ) o]

~ «— o - oy -~ 7.. =

10 - 7 [ —Ill - Alﬂl“l -

h -

- | = ol @ [ B BT Q Loy
o0 Q oy N
~ ~- ~ -~
1 1 | 1
Q Ly o O o [Ta) ©

AlO . O ¢ O - O .
- ol v o] & ot o

I A - B A R B B
O O P~ «Q
- - -~ -
1 1 L} t
O Ly @ o < ) ey
~ o e Ly v I~ ~

4:mJU . 5., . [T ' w .

- -~ <~

- | < Q] v o | A ol o
Bl =1 =13 | =8
— o ~F wy

. - }—
Ny o™ o ~=
[} { { 1
o Ly =} -l o o =

" ~ ?.- - u - [ ~

~ . 3 * &+ . lum .

© -~ ~ < - ~ - <
e — = —
) T 7 D)

)

o N o ] O ey o

» 3 . 3 - 3 -

alo - almU o .1.0 ._IO ©
.

W o] o) —
lrll.."A[-ilnlll’ b -~

2 3 32 2

= (s 4 uw.—.l ad =1 A w1 31

= e = =

TABLE XXXVII

Approxamation for R at low electron collision freguencies
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