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A n c lec lromagne ti c ground wave propaga ling a long Ihe s urface of Ihe ea rlh wi ll be parlially Ira ns­
mill ed a nd parli a ll y rc ff cc ted a l an ab ru pl e lec lri ca l di sconlinuil y s uch as a c oas llin e. An exa c t 
Ih eore lica l so lul ion fo r Ih e Irans mill ed a nd re ff ec led waves appea rs to be very diffi c ult; however, se v­
era l inves li ga lors have rece ntl y fo und app rox im aled so lulio ns . The accuracy of Ihese sol uti ons has 
bee n d iff",c ull 10 eva lu ate beca use, whe n ma kin g mea s ure me nl s ove r the s urface of Ihe c a rlh , il is 
diffi c uli to se para le Ih e e ffec ts of ab rup t e lec lri ca l d isconlinuilies fro m Ihose of le rra in , nonabrupt 
clec lri ca l di sco nlinuities, e tc. To ove rco me these difTi c u ll ies a labo ra tory s lud y has been made us ing 
models havin g ca refully co ntroll ed dimen s ions a nd e lec trica l parame leJ'S a nd hav in g prec ise ly know n 
elec lr ica l d isco nlinuiti es. The labo rato ry s tud y has s how n c lose agreeme nl with the Iheo r y as for ­
mu lale d by J. H. . Wail in 1956 a nd eX le nde d recenil y by the firs l aU lhor in hi s docto ra l th es is. 

1. Introduction 

Th e propagation of elec tromagneti c gro undwaves 
along nonhomogeneous path s has rece ived co nsider­
able interes t in the past three decades. As a res ult , 
several e mpiri cal an d se mie mpiri cal so lution s have 
bee n developed and prove n useful to a limited ex tent 
in calc ulating th e portion of a wave tra ns mitted 
across a coastljne. These methods. generall y have 
been re placed by more ri go rou s formulation s. Th e 
theo ry of ground wave propagat ion is co ns ide red 
from a tutorial s tandpoint in two excelle nt papers by 
Wait [1962 , 1964a], and num e rous refere nces are 
given. The application of accurate th eoretical for­
mulation s is especially important at low- and very­
low frequencie s where the earth can be co nsidered 
as a reasonably good cond uctor, since these fre­
quencies are widely used in communication and navi­
gation. Experim e ntal results have been difficult to 
interpret because of the large di stances, irregular 
terrain, and variable gro und parameters on mixed 
propagation paths in actual use. 

J. R. Wait has formulated solutions for a number 
of problems related to groundwave propagation across 
s traigh t coastljnes. He first [Wait , 1956] considered 
perpendicular propagation across a s traight abrupt 
boundary separating two media which cons tituted a 
flat earth . Th ese results were la ter ex te nd ed to propa­
gation over a spherical earth , a nd to path s with more 
than two sectio ns [Wait a nd Household er, 1957; 
Wait , 1961). Using a scalar approximation, Furutsu 
[1955, 1956] also co nsidered groundwave propagation 
over mixed paths, and later [Furuts u, 1963] ex tended 
his results to include abrupt changes in elevation. 
Unfortunately, however , hi s results are not valid near 
the separation boundaries . 

In [our recent pape rs, Wait an d coauthors have 
derived approximate ex pression s for th e fi e ld nea r 
a boundary with various properti es whic h is loca ted 
in th e far zo ne of th e tran s mitting ante nn a [Wait , 1963 , 
Part I; Wait and Jackson, 1963, Part II; Wait, 1964b, 
Part III ; Wait a nd Sp ies, 1964]. Part I desc ribes the 
ver ti cal elec tri c field near an abru pt boun dary, Part 
II applies to a coastline with a slopin g beach and Part 
III pe rtains to a beach (trans ition zone) ove r which 
th e magnitude of th e s urface impedan ce changes 
linearly from th ai of one medium to that of the other 
medium. The paper by Wait and Spies pe rtains to a 
Iransi tion zone over which the magnitude of the s ur­
[ace impedance c ha nges grad ually and co ntinuously 
accordin g to a prescribed function. 

Theoretical formulations of scien tifi c phenomena a re 
not always complete ly r eliable, and they must be ex­
perimentally evaluated. Carefully performed experi­
ments can provide justification of any assumptions 
which were made, can show the applicability of the 
theory to special cases, and also the accuracy which 
the theory furni shes. It is seldom possible to for­
mulate a th eoreti cal problem assuming the true nature 
of thin gs. In thi s s tudy a "t heo reti cal mode l" whi c h 
approaches the true situation is used. This provides 
a more tractable mathemati cal problem , but it is in­
deed rare when further simplifying ass umption s are 
not necessary. 

The logical proced ure would th en be to use ex peri­
mental models which s imul ate the mathe matical 
mod els as closely as possible if th e theoretical solu­
tions are to be verified to a ny reasonable degree of 
acc uracy. This procedure ge nerally avo ids unwanted 
effec ts of other nearb y terrain and objects. The ex­
periments described here have utili zed a smalllabora­
tory model which s imulates, as closely as possible , 
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the mathematical models used in the theoretical for­
mulations. In thi s way, distances and other param­
eters can be carefully controlled and measured. 
Then, if the experimental results compare favorably 
with the theoretical solutions, the theory can be ap­
plied to naturally occ urring mixed paths with con­
siderably more co nfidence. 

The most recent experimental results for ground­
wave propagation were published by Maley and Otte­
sen [1964]. They verified Wait's [1956] first order 
result for propagation across a straight abrupt coast­
line at normal incidence. Measurements were made 
on a laboratory model very similar to the one described 
here. The frequency used was 10 Gels. The im­
perfectly conducting medium was ordinary tap water 
(corresponding to earth at LF and VLF frequencies) 
and an aluminum sheet was used as a highly conduct­
ing medium (sea). The transmitting antenna was a 
short base -fed monopole and the receiving antenna 
was an open-ended waveguide which was mounted 
on a wooden rod and could be moved over the alumi­
num for various locations of the boundary with respect 
to the transmitting antenna. The experimental tech­
niques used did not permit accurate measurements 
of the field at or in front (on the transmitter side) of 
the boundary. The investigations re ported here 
utilized superior experimental methods and produced 
data valid in regions both close to and far from the 
boundary. 

2. Theory 

The general formulation for groundwave propaga­
tion in the presence of a mixed path has been given 
by Wait [1956]. The geometry of the mathematical 
moder is shown in figure 1. The starting point in­
volves an integral relation obtained from the appli­
cation of the electromagnetic "compensation the­
orem." The medium to the right of the coastline is 
regarded as a perturbation upon a homogeneous 
earth of surface ' impedance Z. The perturbation of 
surface impedance from Z to ZI brings about a change 
of the mutual impedance, from Zm to Z;1l (let Z;n- Zm 
= I'::,.Zm) between two vertical Hertzian dipoles A and 
B. When A and B are located on a flat ground, the 
resulting general expression for I'::,. Zm is [Wait , 1956] 

The lengths of the transmitting and receiving dipoles 
are LA and L8 respectively. The Rand r are distances 
defined in figure 1, k = 21T I A. and A. is the free space 
wavelength. An exp (iwt) time factor (i = -v=l) and 
the rationalized MKS system of units are used through­
out. The F(r , Z) is Sommerfeld's groundwave attenua-

r 

y 

I v-t-- COAST LI NE 

,+- TRANSI TION ZONE 
I 

FIGURE 1. Geometry oj mathematical model used in the Jormula­
tion oj the problem Jor oblique propugation oj a groundwave 
across a coastline. 

tion function for a homogeneous flat ground defined by 

F (r , Z) = 1- iV;P e- P erfc (ivP), (2) 

where p is the "numerical distance" given by 

p=-i ~ (~r (3) 

and 1]0 == 1201T. The surface impedance for grazing 
incidence Z , is related to the intrinsic impedance 
of the ground, 

_ ( iw/--to )1 /2 _ 
1] - . , by Z -(J+ lWE 

IL V1]~ _1]2; 
1]0 

a similar equation applies when Z and 1] are re­
placed by ZI and 1]1. The F '(R , ZI, Z) is an unknown 
attenuation function for transmission from antenna 
B a distance R for the configuration of ground param­
eters shown in fi gure 1. The permeability of the 
ground is assumed to be that of free space, /--to. 

When calculating the. vertical electric field near 
the boundary for perpendicular incidence, a number 
of successive approximations can be made in (1). The 
basic assumptions are that the boundary is many wave­
lengths from the source, and the receiving antenna is 
within a wavelength or so of the boundary. Then 
kr> > 1, F(r, Z) ==F(ro, Z), F'(R , ZI , Z) == 1, and, for 
the case of an abrupt boundary, (1) can be integrated 
in closed form to obtain the final result [Wait , 1963, 
Part I] 

(4) 
where 
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Unde r th e assumptions already made, the essential 
require ment is that Ii1Z",/ZIIl I < < 1. Then 

, [ i1Zm] F(d,Z,ZI):=F(d, Z ) 1 + Zm ' (5) 

where d = ro + Cldl , and F '(d , Z, Ztl is the unknown 
attenuation function for tran s mi ss ion between antenn a 
A and antenna B along the mixed path. Equation 
(5) can be used to find the electro magneti c fi eld s near 
the boundary, e.g., the ve rti cal electri c fi eld a t (dl , 0) 
due to a driving current f A in antenna A is approxi­
mately 

L - ikd 
E' - . A f e F ' d Z Z FI GURE 2. Top view of the eLLiptic coordinate system on a fiat =- ~); AT}O d (, , I) ' 

(6) earth. 

For a theore ti cal formulation valid a t grea ter di s ­
tances from the bound ar y, it can be ass um ed tha t . 
kr > > 1 and kR > > 1 in (1). Thi s formulation is 
give n in ellipti c coo rdin ates Kin g, [1 965b] whi ch 
parallels the work of Wai t [1956] in Cartesian coordi­
nates . Th e two-dime nsional integral was reduced 
to one dimension by using a s tationary phase approxi­
mation, a nd assu mes that neither antenn a is near a 
boundary. For the parti c ular case where propagation 
is over an abrupt hyperboli c boundary at normal inci­
dence (see fi g. 2), the approxi mate soluti on is 

F'(d , Z , ZI ) := F(d , Z ) 

(i f\ 1/2 { Ol (Z - Z ) + A) Jo ~ F(r , Z )F' (R , ZI , Z )dO , (7) 

where 

( 2ro ) OJ = COS - I d -1 , 

and d again is th ~ di sta nce between the transmitter 
and receiver as shown in fi gure 2. 

Although (7) is valid when A and B are located at 
the foci of the elliptic coordinate system, it is also ' 
nearly valid for a straight abrupt boundary defined 
by the line x = Xl in figure 2. This is true since the 
line X = XI is nearly coincident with the hyperbola 
0= 01 in the vicinity of the connecting line (f-.t = 0) 
between antennas A and B, and propagation takes 
place mainly along this line . If this assumption is 
made and then (7) is transformed to a Cartesian co­
ordinate syste m with its origin at the point f-.t = 0 
and 0 = 01 , the same result as that given by Wait 
[1956] is obtained: 

I F'(d, Z, ZI) = F(d, Z ) 

+ ( id)I /2 {Ro (Z-ZI) F(ro + x, Z)F' (Ro-x, Zl, Z)dx. 
'A Jo T}o [(ro+ x) (RO-X))1 /2 

(8) 

The pe rt urba t io n wit h in S h as bet' JI take n as a h yperbola O :s:; 0 ~ 01 < n , a nd antennas 
A a nd Bare [u("u le d a l th e fue i. A s trai g ht abr u pT (' o<.t s llill t' ind it'u tc d hy X = Xl is il l-'p ruxi ­
m at e d by th e h ypc rbolCl 0= 0 1 • 

Equations (7) and (8) are nonhomogeneous integral 
equation s in whic h a good zero-order approxim ati on 
for the unknown fun ction F' (R, ZI , Z ) in the integra nd 
is F(R , ZI ) since the charac ter of th e medium be hind 
the observation point has very little effec t upon the 
fi eld at the observation point. Th en inserting thi s 
fun ction into (7) or (8) yields a firs t-orde r solution for 
F'(d, Z , Zl ). Furth er itera tion is possible but not 
necessary. 

Equ ati ons (7) and (8) were e valu ated usin g num erical 
methods and a di gital computer. The technique 
has been full y described by King [1965b]. In general, 
it was concluded that the co nvergence of (7) upon 
successive iteration is quite ra pid , and the second­
order res ults differed from the firs t by less th a I) 0.6 
perce nt for the para me ters used in the ex perim ental 
model. The num eri cal integration was accomplished 
through the use of 8-point Ga uss ia n Qu adrature 
whi ch gave good acc uracy and allowed th e use of a 
minim al number of subdivis ions . Th e res ults c hecked 
within s ix signifi cant fi gures of the results us in g 24-
point Gaussian Quadrature. Equation (8) was pro­
gra mmed in a s imilar fashion using 24-point Gaussian 
Quadrature and it was found that convergence upon 
successive iteration was not as rapid as that of (7), 
the second-order results being within 5 percent of 
the first and third-order results were within 1 percent 
of the second. The convergence of (8) was nearly 
independent of the number of subdivisions used in 
the integration procedure , while the integrable sin­
gularity in the denominator required a more accu­
rate program. Wait and Householder [1957] avoided 
the problem presented by this sin gularity in their 
numerical calculations by making th e change of 
variable x = Ro - u2 in (8). 

For the above reaso ns, and the fact th at (7) is simpler 
to evaluate, it was used exclusively whe n calculating 
the theoretical fi eld as bein g a free space wavele ngth 
or more behind th e bound ary. Equation (4) was used 
when calculatin g the fi eld near or in front of the 
boundary. 
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3. Experimental Methods 
The frequen cy e mployed in the experimental models 

was 4.2937 Gcls (t.. == 7 c m). Water was used to simu­
late imperfectly co nducting media (complex dielectric 
constant = E,. = 78.7 - i13) while aluminum plates 
simulated perfectly conducting media. Thus , there 
was a marked contrast in surface impedance between 
the two sections of the path. The water was contained 
in a large (4.88 m X 4.88 m) tank and the depth of 
water was normally about 7.5 cm or five skin depths. 
The mixed path model was surrounded on three sides 
and above by microwave absorbing material to pre­
vent re Rections from interfering with the measurements. 

The measurements of the vertical electric field 
over the mixed paths were made by a modulated scat­
tering dipole technique and a specially designed micro­
wave receiver described elsewhere [King, 1965a, 
1965b]. The transmitting antenna was an open­
ended C-band waveguide whic h was mounted next to 
the plane surface of the water and aluminum. The 
small backscattered signal from a short vertical dipole 
was amplitude modulated by changing the dipole 
scattering characteristics at an audio rate . The scat-

tering dipole used was a small switching diode in which 
the junction impedance was modulated with an audio 
oscillator through small conducting leads which had 
negligible effect upon the field being measured . 

A number of height-gain experiments were first 
conducted. These have been described by King 
[1965b]. It was experimentally established that the 
open-ended waveguide transmitting antenna had radi- I 
ation characteris tics in the area of interes t that were 
similar to those of a short vertical electric dipole on the 
surface of the ground plane . The center of the scatter­
ing dipole was maintained at a height of about O.18t.. 
above the ground surface to avoid troublesome coup­
ling effects between the diode and the surface beneath 
it. Height-gain corrections of the theoretical data 
were found to be unnecessary. . 

The vertical electri c field intensity was meas ured 
along a line extending from the trans mitting antenna 
across the abrupt aluminum-water boundary and per­
pendicular to it. A measuring system was used in 
which the elec tri c field was plotted point-by-point 
on an x-y recorder as a function of di stance, d, from the 
transmitting antenna. 
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FIG URE 3. Magnitude of the vertical elect ric field (expressed in dB relative to an arbitrary reference) versus d in wavelengths for perpendicu­
lar propagation across an abrupt water-to-aluminum boundary. 

The inse ts s how the same ex perimental d ata plott ed as the magni tude of the ratio F'jF ve rs us Ru. the di s ta nce frum the boundary in wavelengt hs. ro = 2.87,\(20 e m). 
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4. Results 

Figures 3 through 5 s how some typ ical res ult s whic h 
were obtained for propagat ion from water to aluminum 
over an abrupt boundary, and fi gure 6 s hows similar 
data for propagation from aluminum to water. In all 
of these, both the magnitude of the relative ve rtical 
electric field (expressed in dB with respect to an arbi­
trary level) and the magnitude of the ratio, IF' IFI, have 
bee n plotted (inse ts). The theoretical curves with 
which the experimental data for IEzl have been com­
pared were calculated using (7). These same data 
were plotted in th e insets in addition to calculations 
based upon Wait 's res ult [eqs (4) , or (18) and (19) in 
Wait , 1963, Part II for th e fi eld near an abrupt boundary 
(the dashed c urves) . Ro is the di s tance from the 
boundary meas ured in wavelength s. 

It must b e remembered that the impedance co ncept 
was used in both of these theo retical formulations. 
Therefore, calculations are not expected to be valid 
very near the boundary sin ce th e fi eld changes rapidly 
within a ground wa velength_ Furthermore, (7) is not 
expected to be valid within about one free space 

wavelength on e ith er side of the boundary_ Finally , 
the theory for th e fi e ld near a n abrupt boundary as-

sumes I LlZ II/IZ '" I = I~' - 11 < < 1, and th erefore it. is 

not valid to the far right of the boundary_ 
In general , the results are favorable _ The experi­

mentally measured IEzl agrees with calculations made 
using (7) within 0.3 dB or about 3 percent. In mos t 
cases, the greates t disagree ment occurs within a 
wavelength on e ither side of the boundary as expec ted_ 
The experimentally determined ratio IF' IFI agrees 
reasonably well with the theory for the fi eld near an 
abrupt boundary, except for d , > + 1.5'\, where th e 
assumption that I LlZ II/IZ '" I < < 1 fail s_ 

It is quite evident that s tanding waves exi s t in 
front of the bound ary, a nd th ey compare reasonably 
well in both amplitud e and phase with calculations 
made from (4) exce pt ri ght at th e boundary. These 
s tanding waves are du e to the inte rfere nce of th e in c i­
de nt wave a nd a wave whic h is re fl ec ted from the 
abrupt c hange of surface impedance at the boundary. 
The s in gular nature of the fi eld ve ry near th e boundary 
has been partially obsc ured due to the nonzero 
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FI GU RE 5. Magnitude of th e vertical electric fie ld (expressed in dB relative to an arb itrary reference) vers us d in wavelengths f or perpendicu­
lar propagation across an abrup t water-to-alutninwn boundary. 
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height of the sc attering dipole and its physical size; 
it has also occasionally been observed in other ex­
periments although reliable measurements were 
im possible. 

5. Conclusions 

Of course, the following conclu sions are res tricted 
to the parameters whi ch were used in these model 
studies . However , it is appropriate to point out that 
the impedance contras t of an aluminum-water combi­
nation of mixed paths is quite large. Therefore, any 
errors present in the theory should be somewh at ex­
aggerated in these models. An actual impedance 
contrast at VLF frequencies will usually be less, 
makin g the integrals in these calculations s maller , 
resulting in smaller errors in most cases. 

The results indicate that calc ulations based upon 
(7) are accurate within 2 to 3 perce nt. The largest 
errors are likely to occur within a free s pace wave­
length on either side of the abrupt boundary. Calcu-

lati ons based upon (4) have been s hown to be accurate 
up to 1 wavelength behind the boundary where 
1 LlZmIZ ," I becomes comparable to unity. For greater 
values of d l , (7) is recommended . It has been shown 
to be accurate when the boundary is located as close 
as 3 wavelengths to the transmitting antenna, and 
th ere is good reaso n to believe it is accurate when 
the boundary is even closer. 
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Reviews and selected abstracts in radio science* 

PI'a~ticallow-loss waveguide fOI' long-dis tance Ic leeommuni­
cations, H. E. M. Barlow , H. G. Effe mey, and S. H. Tahe ri , Elec­
tronics Letters 1, No. 1, 14- 15 (Mar. 1965). 
A descripti on is give n of a form of wavegu ide c irc uit o pe rat ed over 
a frequ e ncy range of 30- 40 Gc/s a nd incorporating a numbe r of 
be nds having o nl y a 4 in radius of c urva ture; it is de mon strated to 
trans mit success full y amp litude-modulat ed te levi s ion pictures and 
sound side by s id e with s hort mic rowave pul ses. De ta ils of c ircuit 
arrangements a nd modu lat ion technique a re give n. 

S urface-wave pl'obe fOl' m eas ul·ing e1ecll'on densities in a 
gaseo us plas ma , P. N. Robson a nd R. D. S tewart , Electronics 
Letters 1, No .1 , n - 14 (Mar . 1965). 
A di e lectri c rod e nve loped in a gaseous plas ma ca n act as a sup · 
porting s tru c ture for e lec tromagne ti c s urface waves. The dielec tri c 
cons tant of the plas ma and he nce the e lec tron numbe r de ns it y in the 
vi cinit y of the rod may be de te rmined from meas ure me nts of the 
phase-chan ge coeffic ie nt of the E HII mode s upported by the plas ma· 
c lad rod. Meas ure men ts of radial dens it y di s tribution have been 
carried out in a n unmagne ti zed argon afterglow plas ma at 35 Gc/s 
and co mpared with double-probe measurements. 

Guided waves on a di e lec tl'ic-coate d cylinde l' imme l'sed in a 
plasma , S. R. Sesha dri , Electronics Leiters 1 , No. 1, 19 (Mar. 1965) . 
T he domin ant c ircularl y sy mm etri c 'I'M surface-wave mode on a 
Gouba u wire immersed in a n iso tro pi c plas ma is s how n to have a 
low-freque ncy c utoff, in contras t to its free-s pace co unt e rpa rt , for 
whi ch the propaga ti on ex te nds dow n to ze ro frequency. 

Die lec tri c meas ureme nt of high-loss liquids in I'ectangulal' 
waveguides, J. A. S tan iforth , R. C. Benne tt , and J . H. Cald e rwood , 
Electronics Letters 1, No. 1, 4 (Mar. 1965) . 
The not e ex tends fo r use in rectan gul a r waveguid es a method of 
meas uring the dielec tri c co nstants of hi gh-loss liqui ds previou s ly 
described by Be nnett a nd Ca lde rwood. 

Effects of electl'on-density dis tl'ibulion on the backscat­
tering from an anisotl'opic plas ma cylinder, C. Yeh and 
W. V. T. Rusch, Electronics Lett ers 1, No. 1, 25 (Mar. 1965). 
The back scatte rin g c ross-sec tion of a radiall y inhomoge neous plasma 
cylinde r with an im pressed ax ia l stati c magne ti c fi e ld is ob ta ined 
for an inc ident H wave. Th e e lectron·dens it y di s tribution is as· 
s umed to have a parabolic profile. Significant variation of the bac k· 
scatte rin g c ross-section as a fun c tion of the de nsity profi le is found. 

Modes in spherical-mi,'I'QI' reso natol's, W. A. Specht , Jr. , }. 
AppL. Ph ys . 36, No . 4, 1806- 181.1 (Apr. 1965). 
This work is the examina tion of a cavity mode ap proac h to the mode 
structure of a lase r. Solution s of the vec tor wave equa ti on for 
elec tromagne ti c fi e lds in and between perfectly conductin g oblate 
sp heroidal caviti es are examined for the case of wavelength s much 

' Iess than cavit y dimensions. These so lutions are the field modes 
in Fabry-Pe rot type resonators with equal.rad iu s concave s phe rical 
mirrors, or with concave-convex sphe rica l mirrors, whe n the pa ramo 
e ters of the oblate spheroid s are chosen so that t he radii of c ur vat.ure 
and spacing on the ax is of rotation mat ch those of the reso nator 
mirrors . Express ions for the transve rse and longitudin a l mode 
s tructures a re derived. The e igenva lu e equations a re wr illen , and 
a re solved for the case of the two lowes t-order modes. 

Fields Pl'oduced by a c Ul'l'e nl so urce in a pal,tly ionize d gas, 
B. Sa mue l Tane nbaum , ./ . Appl. Ph ys. 36, No.4, 1288-1290 (A pr. 
1965). 
A techniqu e is deve loped for t rea t.in g each of the waves gene rated 
by an arbit.ra ry curre nt source in a partly ioni zed gas with no s teady 
magne ti c fi eld. S ta rting with Maxwell 's eq uations and three se ts 

of coupled hydrodyna mi c equa tions (fo r the electron s, ions, and neu· 
t ra l mol ec ules), it is s hown t ha t one can ob tain a separate inhomoge­
neo us wave eq uati on for eac h type of wave in the plasma, with the 
source te rm for th e tran sve rse and longitudin al waves depe nde nt, 
res pec tively, on the c url and dive rgence of the c urrent so urce. 

Meas ul'e m e nl of H OI modc loss al Q band in helix wave­
guide, J. A. Berry, Marconi Rev. 28, No. / 56, 22- 26 (lst quarter, 
1965). 
Thi s a rti c le dea ls with one me thod of meas uring the HOI c ircular 
mode loss in a circ ular guid e in the frequency ran ge 26.5-40 Gc/s. 
Th e cylindri ca l wa ll of the circular guide, of int e rnal d iame te r 2 in. , 
was fo rmed from e nam eled co pper wire wound in a he li ca l fa shion. 
From thi s , the name " he li x waveguide" is co in ed . Th e meas ured 
loss vari ed from a pproxim ate ly 4 dBs pe r mile at 40 Ge/s to 6.5 
elBs/ mil e a t 26.5 Gc/s . 

Coupling between modes in h e lix waveguide, D. J. Bowe a nd 
R. A. Waldron, Marconi Rev. 28, No. 156, 65- 88 (1st qllarter, 
1965). 
Res ult.s are give n of CO mlJl1tation s of co upling coeffi c ient s be t ween 
the HOI mode a nd va ri ous othe r modes in he li x wavegu ide, for co u­
pling due to the followin g impe rfec tions : c hanges of radiu s, offse ts 
of the axes of joined le ngths of guid e, s harp bends of the ax is, and 
curved be nds. Th e des ign of c urved be nds is di scussed , and re­
s ult s a re give n for the e ffec ts of random s mall c ur vatu re over long 
di s tances, us ing a ne w th eory for integrating the e ffec ts ove r ap­
preciab le di s ta nces of co ntinuous co uplin g. An un ex pec ted result 
th a t was ob tained is that. the coupling coeffi c ient for a s mall -angle 
bend is the sa me for a harp bend as for a c urved be nd ; the coupling 
depe nds o nl y on the a ngle of be nd , not on the way in which the 
bend is made. 

The H OI mod e and the h e lix waveg uid e, M. H. Cumin , Marcolli 
Rev. 28, No . 156, 1- 21 (1st quarter, 1965). 
Thi s a rti c le dea l with th e ex perim e nta l wo rk on the low loss HOI 
mode in circul ar waveguide ca rri ed out in the resea rc h Divis ion 
of th e Ma rconi Co mpany during the las t four yea rs. The wo rk 
began as an inves ti ga tion int o the tran smi ss ion probl e ms in vo lved 
in long di s ta nce co mmuni ca ti on by waveguid e using millime tre 
wave le ngths. Late r work was carri ed out at longe r wave length s 
In the 3 cm. and 6 c m. band s t.o tell t th e s uitability of th e techn iq ues 
to ac hi eve very low losses for hi gh-power feeds fo r radars or low 
noise rece iving ae rial s. Result s on an X·band radar a re in c lud ed. 

Normal modes of helix waveguide, R. A. Waldron and D. J. 
Bowe, Marconi Rev. 28, No. 156, 29- 64 (1st quarter, 1965). 
An outline is given of the derivation , in helical co-o rdin a tes, of th e 
characte ri s ti c equation for he lix waveguide. A select ion is pre· 
sen ted of results of co mputations of the (complex) phase cons tant , 
for a number of values of the normalized guide radius and of the 
properties of the materials. 

Statistics of the coupling into unwante d modes in a long 
multi-mode transmission system, B. Wes tcott , Marconi R ev. 
28, No, 156,89- 101 (lst quarter, 1965). 
The effec ts of discontinuous defec ts, occurrin g at the junctions 
betwee n section s of he li x waveguide in a long·distance communi· 
ca tions sys tem , are consid ered s ta ti s ti ca ll y. Th e defec ts a re divided 
into two c lasses accord ing as th e unwanted modes coupled int o 
have large or s mall a tt enu a tion cons ta nt s. Express ions are de­
rived for the ave rage power coupled int o the un wanted modes. At 
certain freq uencies th e power in modes havi ng low a tt e nuation con· 
s tants may build up to undul y large amoun ts, thus inc reas ing the 
ri sk of di s tortion of the wanted mode. It. is shown that the proba­
bility of thi s happening can be minimized by randomi sing the sec tion 
lengths with rectangular or normal distributions having standard 
deviations of a few centimetres. 

1383 



I~ 

The foLLowing publication is available from American Elsevier 
Publishing Company, 52 Vanderbilt Avenue, New York , N.Y. , 10017. 
The book contains review papers presented at Commission III on 
Ionospheric Radio Duril1g the X IVth General Assembly of URSI , 
Tokyo, September, 1963. 

Progress in Radio Science 1960-1963, Volume III: The 
Ionosphere, edit ed by Geoffrey M. _Brown, Pref~ce , v. 
At the XIVth General Assembly of the Inte rnational Scientific Radio 
Union (URSJ) he ld in Tokyo over the period September 9- 20, Com­
mi ss ion III , on the Ionosphere, held nine scientific sess ions, so me 
of which were in collaboration with Comm ission IV, on the Mag­
ne tos ph ere. Eac h session was devoted to a consideration of a par­
ticu lar s ubjec t , and was introduced by the presentation of an ex­
te nded revi ew paper prepared by an invited speake r, prior to shorter 
contributions and a general di scuss ion . 
The s ubj ects di scussed included the di s tribution of e lectrons 
throughout the whole ionosphere from the D-region , through the 
topside ionos phe re , to the magnetosphere and inte rplane tary s pace; 
interrelations be twee n the ionus ph e re and geomagnetism; ion u­
s phe ri c studi es during: the lQSY; ionizing radiation and the produc­
tion of the ionosphere; and the cons titution of the atmosphe re , 
including a co nsideration of the history of the earth 's atmos phere 
from its primordial s tate. 
The full text of each of the introduc tory s urvey papers is given in 
thi s volume, toge the r with a summary of progress in ionos phe ri c 
phys ics over the pe riod 1960-63 prepared by the Chairman of URSI 
Commiss ion Ill, Mr. J. A. Ratcliffe . This pape r outl ines some of the 
main advances which have been published over the triennium since 
the last Gene ral Assembly and al so summarizes the chief points 
whic h eme rged from the discuss ions at thi s Assembly. 

Advances in Ionospheric Physics 1960-1963, 1. A. Ratcliffe, 
Radio R esearch Station, Slough, Bucks . (England) , pp. 1- 13. 
Some of the more important advances in knowledge of th e ionosphere 
and upper atmosphele which have occurred in the tri e nnium 1960- 63 
are summarized. The review is based on the National Re ports 
presented by the me mbe r countries to the XIVth General Assembly 
of URSI in 1963, toge ther with the di scuss ions which took place at 
the scientific sess ions of Commiss ion TIl during thi s assembly. 

The Distribution of Electrons in the Lower and Middle 
Ionosphere, R. W. Knecht , National Bltreau of Standards, Boulder, 
Colo . (U.S.A .), pp. 14- 45. 
A rev iew of current knowledge of the di s tribution of elec trons in 
the D-, E- , and lower F-regions of the ionosphere is presented. 
Particular emphasis is put on advances made during the tri e nnium 
1960- 1963. Noteworthy is the increase in the amount of data 
available on the electron den sity profile in the D-region from ground­
based and rocket experiment s. Also, the shape of the height pro­
file of e lec trons in the E- and lower F-region has been s ignificantl y 
refined through the use of improved vertical sounders and by an 
increas ing number of in situ observations. Information has been 
obtained by mean s of rocket ex perimentation on the nature of the 
ion ization s tructures res ponsible for ce rtain types of sporadic-E. 

A Survey of Topside Sounding of the Ionosphere, .I . H. 
Chapman, Defence Res . Telecol1wwn. Estab. , Defence Research 
Board, Ottawa (Canada), pp. 46- 64. 
Topside sound ing experime nts have been conducted using rocke t­
borne fixed-frequency sounde rs in June and October 1961, and a 
swee p-frequency topside sou nder in the satellite 1962 Be ta Alpha 
One (Alouette) launched 29 September 1962. This paper re views 
the techniques of topside sounding, and some of the more s ign ificant 
resu lts obtained from these experiments. 

Some Results of U.S.S.R. Experiments in the Ionosphere 
and Inte rplanetary Space, K. 1. Gringauz, Radio Tech . Inst ., 
Academy of Sciences , Moscow (U.S.S.R.), pp. 65- 75. 
A review is given of the results of some expe riments made in 1961- 62 
which are a part of the Soviet programme of upper atmospheric 
and interplanetary s pace investigations. These include rocke t 
meas ure ments of e lec tron densities and electri c field s in the iono­
s phere , ion density and composition changes in the upper ionosphere 
dete rmined by the sa tellit e Cosmos 2, and plas ma measurements 
in the magnetosphere and inte rplanetary space made in the space 
probe Mars 1. 

Whistler Measurements of the Equatorial Profile of Mag­
netospheric Electron Density, D. L. Carpenter, Radioscience 
Laboratory, Stal1ford, Calif. (U.S.A.), pp 76- 91. 
A whistler method of dedu cing the equatorial profile of e lectron 
density is described. Results of several inves tiga tions are com­
pared , and it is found that the re is excellent agreement on the shape 
of the profile. It s average behavior in the range of 2 RE to S RE 
geocentric di stance is estimated to fall be twee n about N ex R-3 and 
Nex R-4. Several roughly comparable estimates of num erica l values 
are found to be within a facto r of about 2. It is found that the res ults 
from whistl e rs are generall y co ns istent with SOOO-km values of elec­
tron de nsity obta ined by incohe re nt scatt e r measurements at the 
geomagnet ic equator. 
Whistl e r evidence of a knee in the equatorial profile is presented. 
The knee is characterized by a region in which the profile drops 
rapidly from a re latively normal leve l to a level that may be depressed 
by a factor of 6 or more. The knee is believed to be a persis tent 
phe nomenon , which moves inward with increas in g magnetic ac­
tivit y. Meas ure ments made by the Lunik I and Lunik II probes 
are found to be consistent with whi sper predic tions of a knee in th e 
equatorial profile. 
Some of the recently obtained results on te mporal variation s in 
magnetos pheri c dens ity are di sc ussed. 

Geomagnetism and the Ionosphere, C. O. Hines , University 
of Chicago (U_S .A _), pp. 92- /20. 
Jnterac tions be tween the geomagnetic fi e ld and the ionosphere are 
reviewed . The large-scale current sys te ms of quiet days and of 
magn eti c storm s rece ive th e ~reales l att entiun with emphas is being 
placed on the po int s of uncertainty in the form er case and points 
of agreement in the latter. The la rge r-scale rotational sys te m and 
smaller-sca le irregularities and wave interac tions are surveyed as 
we ll , but only brie fl y. The whole di scuss ion is set against a back­
ground s ummary of the hydromagne ti c approx im ation, which per­
mit s an economy of thought that is useful in deve loping and retain­
ing a picture of event s adequate for man y purposes. 

Some Comments on the Ionosphere and Geomagnetism, 
E . H. Ves tine , The RAND Corporation, Santa Monica , Calif. (U.S.A.) , 
pp_ 121-148. 
Th e broad-scale circulation and dynami cs of the magnetosphere 
are discussed in relation to so me problems of the ionos phere. The 
importance of electri c fi e lds a nd c harge separations in the produc­
tion of various localized feature s of the magnetos phere seems as­
s ured. Many of the features di sc ussed may be instru ctively inter­
pre ted in te rms of the Chapman and Ferraro theory. 

Ionospheric Studies During the IQSY 1964-1965, W. 1. G. 
Beynon, University of Wales, Aberystwyth (U. K.) , pp. 149- 166. 
Some of the more important res ults obtained during and s ince the 
IGY are rev iewed and discussed in the light of the programme of 
observations for the IQSY. 

Ionizing Radiation and Constitution of the Atmosphere, 
Herbert Friedman , E. O. Hulburt Center for Space Research , U.S. 
Naval Res_ Lab., Washington, D.C. , pp. 167- 173. 
Progress in de te rmining the e miss ion line spec trum of solar ionizing 
radiation under quie t and di s turbe d conditions is summarized , and 
applied to considerations of the formation of the ionos phere. The 
role of a corpuscuiar contribution to ionization is also briefly di s­
cussed. 

The History of Growth of Oxygen in the Earth's Atmosphere, 
L. V. Berkn er and L. C. Marshall , Southwest Center for Advanced 
Studies, Dallas , Texas (U.S.A_) pp. 174- 196. 
There is considerable ev ide nce that upon its agglomeration the 
earth was without a primordial atmosphere, so that the s ubseque nt 
de ve lopme nt of an atmosphere mus t be ascribed to secondary 
so urces. This paper di scusses the hi s tory of thi s de velopm ent 
from the primitive origin of oxygen by photochemical processes to 
the buildup of the present oxygen le vel by photosynthesis. The 
study leads to new implications with regard to the physical and 
biological hi story of the earth. 
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Selected Abstracts of Publications of the Staff of NBS 

Radio ref,·actomet.·y and its pote ntial for humidity studies, 
R. E. McGavin and M. 1. Vetter , International Symposium on Hu· 
midity and Moisture, Washington, D.C., 1 96.~. Humidity and 
Moisture 2. Applications, pp. 553-560 (Reinhold Publ. Corp., 
New York, N .Y., 1965). 
Rad io re frac tometers have been in use for the past decade. The ir 
prim ary use has been in the in vestiga tion of the refractive index 
structure as applied to radio-wave propagation. There has bee n 
cons iderabl e improve me nt in these devices in recent yea rs a nd th e 
present sta tu s of rad io refra ctometry indica tes broader app lica tion 
of these tec hniques . S in ce the rad io refract ive ind ex is a fun c tion 

i of press ure, temperature and humidit y, these devices can be con­
verted to h ygromete rs wh e n suitab le co mpensa tion for te mpera­
ture and press ure is ap plied . This tec hni q ue has bee n used s uc­
cessfull y by a numbe r of inves t igators. The res ults of so me of 
these inves ti gations a re rev iewed. 

Free electron balance dU"ing pola,' cap abso"ption e ve nts, 
1. R. Megill and J. B. Has ted , Planetary Space Sci . 13 , No.4, 
339-343 (Apr. 1965) . 
Critica l exam in ation is made of a proposal th at in polar ca p a bsorp­
tion eve nts e lec trons a re detached from O2 by O,(ItJ.,,). A rate of 
10- " cm3 S- l is s ugges ted on the bas is of micro wave studies of th e 
oxygen afterglow; th e te mpora l be hav iour durin g s unli ght hours is 
ex plained without th e need fo r invok ing a nothe r nega ti ve ion. It 
is s ugges ted that the require ment for a large deac ti va tion rate by 
ground s tate O2 , whi ch is in co ntradi c tion with experime nt , is not 
required if moderate co ncentrat ions of me tas tab le molec ules are 
postulat ed a1 night. 

Longitud e dist"ibulion of p"oton fla" es, Co ns tance S. Warw ick, 
Astrophys. J . 141 , No.2, 500 - 504 (Feb. 1965). 
Energe t ic pro tons t hat ca use polar-cap abso rpti on (PCA) co me from 
fl a res th at c luste r in certain preferred heliograp hic lo ngitu des. 
Thi s clumpin g of grea t fl a res a t locations th at are fixed in a ri g idl y 
rotatin g sys te m is dist i nc t from the rec u rre nce or rev iva l of i nd ividua l 
long- li ved ac ti ve regions . The clustering of PCA fl ares is related 
to the clus te ring of optica l so la r activity found by Trott er and Bill­
ings in cycle 19, but the grouping or PCA fl ares is much sharper. 
The res ults of s un s pot s t udies by Los h a nd by Viti ns kii a re show n to 
be consistent with each othe r whe n both a re presented in the sa me 
form. 

NBS Publications 

Ionospheric rad io propagation, K. L. Davi es, NBS Mono. 80 (Apr. 
1965), S2.75. 

Examination of lique fi ed pe troleum gas liq uid -meas uring dev ices, 
M. W. Jensen, NBS Handb. 99 (A pr. 23, 1965), 35 cent s. 

Systems e ngineering in ceramics. Proceedings of a sy mpos ium 
April 19, 1964, NBS Misc. PubJ. 267 (May 1, 1965), $2 .00. 

Steel med ic ine cabinet s, NBS CS267-65 (Mar. 1, 1965), 10 ce nt s . 
Hid e trim pattern for domes ti c cattl e hides, NBS CS268-65 (Apr. 4, 

1965) 10 ce nts. 
Researc h on crys ta l growth a nd characterization at the Nat ional 

Burea u of Standards July to December 1964, ed. H. F. McMurdi e, 
NBS Tech. Note 260 (May 8, 1965), 50 cents. 

Studies of solar flare effects and other ionospheri c di sturbances with 
a hi gh fre quency Doppler technique, V. Agy, D. M. Bake r, and 
R. M. Jones, NBS Tec h. Note 306, (Apr. 28, 1965), 75 cents . 

Phase a nd a mplitude diversit y in ove r-wate r trans miss ions at two 
microwave frequencies , H. B. Janes, A. W. Kirkpatri c k, D. M. 
Waters, a nd D. S mith , NBS Tech. No te 307 (Apr. 12, 1965), 
40 cents. 

Dat a redu ction for stable auroral red arcs observed at Rapid Cit y, 
So uth Dakota, J. E. C ru z, R. Dav ies, L. K. Dropple man , E. Maro­
vich, L. R. Megill , M. H. Rees, 1. Re isbeck, and F . E. Roach, 
NBS Tech. Note 308 (May 3, 1965), 50 cents . 

A bibliogra phy of ex perime ntal satura tion properti es of the c ryo­
geni c fluid s, ' . A. Oli en and L. A. Ha JJ , N BS Tech. No te 309 
(Apr. 9, 1965), 60 cent s . 

Atte nu ation of the groun d wave of a low frequ e ncy e lec tromagneti c 
pulse, J. C. Morgenstern a nd J. R. .lohle r, NBS Tech. No te 310 
(A pr. 1965), 30 cent s. 

A line-formula notation syste m for coordination co mpounds, P. M. 
McDonn ell and R. F. P as ternack , .J. Che m. Doc um ent a tion 5 , 
No. 1, 56-60 (Feb. 1965). 

Decyclization of cyclohexe ne, 4-methylcyclohexene, a nd 4-vin yl­
cyclohexene in a s ingle-pulse shock tube, W. Tsang, J . Che m. 
Phys. 42, No. 5, 1805-1809 (Mar. 1, 1965). 

Direct a nd inert -gas-sensiti zed radiol ys is and photolysis of meth ane 
in the solid phase, P . Ausloos, R. E. Rebbert, and S. G. Li as , 
J. Che rn. Phys. 42, No. 2, 540-548 (jan. 15, 1965). 

Effect of e lec tri ca l fi e lds and de nsity in the radi olys is of e tha ne, 
l-l. H. Carmi c hae l, R. Gorden. Jr. , and P. Ausloos, J. C hern. Ph ys . 
42, No.1 , 343-35] (j an. 1, 1965). 

Equilibrium press ures of oxygen ove r MnO, - Mn,O" at various 
te mperatu res, E. M. Olto, J. E lec troche m. Soc. 112 , No.4, 
367-370 (Apr. 1965). 

Hydrogen atom additi on to ole fin s : Rela ti ve ra tes at the two carbon 
pos iti ons a nd de ri ved hea ts of forma ti on of seve ral alkyl radicals , 
R. D. Kell ey, R. Klein , and M. D. Schee r, J. Ph ys. Che m. 69, 
No.3, 905-908 (Mar. 1965). 

Iso topi c mi xi ng in CO che mi sorbed on tun gs te n. A kine ti c s tud y, 
T . E. Madey, J. T. Yates, Jr. , and R. C. S te rn , J . C hem. Ph ys. 
42, No. I , 1372-1378 {Feb. 15, 1965). 

Some new co-ordin ation co mpoun ds of copper (It ) c hloride , C. 
Reim an n a nd C. Gordon , Nature 205 , No. 4974, 902-903 (Feb. 
27, 1965). 

S ta nda rdizati on of anal yti cal data obtain ed with s il ve r-s il ver c hloride 
e lec trodes in met ha noi-wate r so lve nts, M. Paabo, R. G. Ba tes, 
a nd R. A. Robin so n, Anal. C hem. 37,462--464 (1965). 

Waterm ark s for paperm a kin g by elec troformin g, J. P . Young, 
Tappi 48, No. 1, 36A-37A (jan. 1965); Me tal Fini s hi ng 63 , 

To. 4, 79- 82 (Apr. 1965). 
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(Mar. 1965). 
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12, No.1, 7- 9 (Se pt. 1, 1964). 

CALL FOR PAPERS 

T he meas ure me nt of wate r vapor bou ndary laye rs in bio logical 
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