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Observations of the normal phase variations of

the 18 kc/s signals radiated from the Canal Zone and

received in Frankfurt, Germany are given in the form
of monthly averages and standard deviations at 5 min-
ute intervals. The relation between mean diurnal

phase variations and the diurnal variation in path ill-

umination is shown. The mean diurnal height change
is 21 km which is reduced to 20 km during summer and
winter and increased to 22 km during the equinoxes.

Short term normal phase differences are also briefly

discussed.

IV



The Normal Phase Variations

of the

18 Kc/s Signals from NBA
Observed at Frankfurt, Germany

1. Introduction

There is considerable current interest in the phase stability of

VLF signals received over long paths. This interest stems from
the use of such signals for the dissemination of standards of fre-

quency, for use in long range navigation aids, and in possible sys-

tems for the detection of high altitude nuclear explosions. In the

latter case, nuclear explosions produce abnormal phase changes be-

cause of changes in the electron density distribution of the lower
ionosphere. In order to decide which phase changes are abnormal,
it is necessary to know what normal changes are to be expected.

Thus, in this note the normal behavior of the phase of the signals

received at Frankfurt, Germany at Jp Kc/s from the VLF trans-

mitter NBA in the Canal Zone will b ; briefly summarized with

little, or no attempt at interpretation. This note will be followed

by others which discuss the normal oehaviour on other paths. It is

expected that these will then be followed by papers in which specific

aspects of the results from all paths will be considered.

As used in this and subsequent reports, the normal behavior will

refer to the average of all useable observations, usually grouped in

intervals of a month. Occasions when known solar flares have
occurred are excluded. Some results of a separate study of solar

flares have been given by Chilton et al (1963).

The data reduced in this way are then used to compute the monthly
mean of the phase at 5 minute intervals. The standard deviation of

the phase at each time is also computed and recorded. Individual

observations which depart from the mean for the particular time by
more than one standard deviation were then rejected and the mean
of the remaining observations at that time was re -calculated.

Tables 1-12 give the results of these calculations for the 12

months of 1962. The tables are arranged so that the values for each
half hour occupy one line, at intervals of five minutes. The line for

each hour is labelled with the Universal Time of the first entry. The
entries in the table are then, reading across the line from left to



right, the arithmetic mean of all values (AVER) at that time for the

month, the standard deviation of these values (SDV), and the number
of values (NO) which were used. The next two entries are QAV
which is the mean after the values departing by more than one stan-

dard deviation are removed and the number of values (NO) which
were used in obtaining this average. The corresponding figures for

each five minute period in the half hour then follow and are denoted by
the figures + 5 min + 25 min above each group of columns.
The thirty minute values then occur at the left of the next line in the

table.

Plots of the mean and standard deviation for each month from
August 1961 to December 1962 for the NBA-Frankfurt path are given

in figures. 1 - 3. The quiet means as defined above are shown by
dotted lines where they depart from the mean of all observations.

The quiet averages defined above were obtained in an attempt
to determine whether the larger deviations from the mean of all

values were symmetrically distributed. It will be seen, from
tables 1 - 12, that the values labelled "AVER" and "QAV" are

essentially equal and thus the larger deviations do appear to be

symmetrically distributed. The tables also show that in obtaining

QAV about 32% of the original values are rejected. This indicates

that the data tend to be normally distributed.

2. Analysis of Data

The phase of the signal relative to a local, stable, reference
oscillator is obtained in the form of strip chart records from a servo-
type phase measuring system [May and Diede, 1963] . In general,

the frequency of the reference oscillator at the receiver differs

slightly from the transmitted frequency. Furthermore, it is usually

found that this frequency difference is not constant but that over
periods of a few days, it is a linear function of time [ Crombie et al.

,

1958] . This then leads to a parabolic variation of phase, with time,

which must be removed in order to find the dirunal phase variation.

The chart records are scaled at intervals of 10 minutes (more
frequently when the phase is changing rapidly) using semi-automatic
means which produce the resultant phase values on Hollerith punched
cards. These phase data are transferred to magnetic tape during
further processing which removes cyclic ambiguities due to oscillator

differences to produce a continuous digital record of the phase.



Another computer process is then used to remove the effects of fre-

quency offset. This is usually done by making a least squares
fit of a parabola to the phase values for three consecutive days at

hours when the path is fully sunlit. The resulting parabola is then

subtracted from all phase values of the center day. This process

is repeated for each day, resulting in a continuous calculation of the

diurnal phase variation. In the case where a discontinuity is en-

countered in the data, a straight line rather than a parabola is fitted

for two consecutive days. The parabolic variation remains in that

case, but in one day with stable oscillators its effects are minor,
and its contribution to an average over many days is negligible.

3. The Diurnal Variation of Phase

The monthly mean diurnal phase variations are shown in figures

1 to 3. The left hand scale for each month is the diurnal phase
scale. The scale on the right hand margin is the standard deviation

of phase scale. 'Also shown on the diurnal phase curves are the

times of sunrise and sunset at a height of 80 km. In calculating

these times, it has been assumed that the screening effect of the at-

mosphere increases the radius of the earth by 30 km.

The curves illustrate the typical trapezoidal shape [Pierce,

1957, Crombie et al. , 1958] of the diurnal phase variation. The
phase advances when sunrise occurs at the eastern end of the path

and continues to advance until the whole path is sunlit. The relative

phase then remains approximately constant until sunset occurs on

the eastern end of the path. The phase delay then increases until

the whole path becomes dark. The duration of the times when the

phase is constant varies seasonally with the times for which the

path is fully dark and fully illuminated.

3.1 Seasonal Variation in Diurnal Phase Change

The mean diurnal phase change for each month is plotted in

figure 4 and suggests that there is a semi-annual cyclic variation

in the magnitude of the diurnal phase variation. The standard de-

viation of the mean for the points shown in figure 4 varies between
4° and 16° with a mean of 9°. Thus, the differences between
months are undoubtedly significant. Fourier analysis yields the

annual and semi-annual components which are also shown in figure

4. It seems that the diurnal phase change is a maximum during the



equinoxes and least during summer and winter. On the other hand, the

annual variation is too small to be significant. The mean diurnal

variation in phase is 460°. This varies seasonally by ±25°. Using
the approximate calculation of Wait (1959) relating the diurnal phase
change to the diurnal change in the effective height of the ionosphere,

it is found that the equivalent diurnal height change is 21 km, which
is reduced to 20 km during summer and winter and increased to 22 km
during the equinoxes.

3. 2 Variation of Phase with Amount of Illuminated Path

It was noted earlier that, overall, the phase variations tend to

be proportional to the amount of daylight on the path. In this section,

the dependence of the sunset and sunrise variations on the length

of illuminated path will be discussed in more detail. To facilitate

this, figures 5, 6, and 7 have been prepared. In these, the mean
phase variations at sunrise and sunset for the months of September
and December 1961 and for March, June, Sept, Dec, 1962, are super-

imposed on curves which give the percentage of the path in darkness
at ground level and at a height of 80 km. The atmospheric screening
height is again taken to be 30 km. Thus, the two curves represent
solar zenith angles of 0° and 97°. The phase and illumination curves
have been fitted by changing the diurnal phase variation scale so that

it fits the illumination scale. Thus 100% on the illumination scale

also represents 100% of the diurnal variation.

3. 3 Sunrise

During March, the sunrise phase change commences at about

the time of sunrise at 80 km. After 40% of the path has become
illuminated, the phase change begins to follow the ground sunrise
line and continues to do so until the path becomes completely sunlit.

Similar behavior is shown during June. During September for 1961

(shown in fig. 6) and for 1962 (shown in fig. 7) , on the other hand,

the phase curve follows the 80 km sunrise curve very closely. This
is also true in December for both years except for the first two hours
when the phase tends to lead even the 80 km illumination.

The most striking features of the sunrise variation, however, are

the periodic phase oscillations which occur. These are particularly

pronounced in June. These oscillations have been discussed else-

where [Crombie, 1963] in some detail. They are believed to be due to

interference between two modes excited by the transmitter in the

nighttime portion of the path.



3. 4 Sunset

During March, the phase lag begins to increase immediately
when the sun sets at ground level at the eastern end of the path.

The phase initially follows the ground sunset curve and then lags

behind both it and the 80 km sunset line. The phase does not reach
its limiting value until about 3 hours after the path becomes fully

dark. In June, the same behavior occurs. In September and
December, the lag of the phase change behind the illumination

curves is much smaller, until about 90% of the path becomes dark.

There is then a sharp break in the phase curve and it lags much
more behind the illumination, and finally reaches the nighttime

level about 2 hours after the path becomes completely dark.

The initial lag of the phase variation behind the illumination

variation is probably due to slow disappearance of the electrons after

the ionosphere at the height in question becomes dark. The later

portion of the phase variation suggests, however, that if this is the

cause, the recombination coefficient changes markedly, either

at the greater heights or at the transmitter end of the path, which
is at the lower latitude in this case. It is interesting to note from
figures 1, 2, 3, also, that during the winter when the path is dark
for the longest time that the phase variation eventually becomes
constant, indicating that the nighttime height of reflection becomes
constant. Thus, the nighttime reflection height varies in a manner
which suggests that the nighttime ionization is not simply due to the

decay of the daytime ionization. During June, when the duration of

darkness on the path is a minimum, it seems that the true nighttime

height is barely reached. This may possibly be the cause of the

semi-annual variation shown in figure 4.

In any case, it is clear that the diurnal height (h) does not

follow a law of the type

h = h + H log sec v_
,

where h and H are constants, which has been found to hold at

vertical incidence [Straker, 1955] .

4. Phase Stability

One way of evaluating the significance of a particular phase
deviation is to compare it with phase records of adjacent days. The
significance of the particular variation can then be assessed in terms



of the ratio of its magnitude to the standard deviation of the mean
phase curve which would be expected at the time in question. Since

the day-to-day variations are approximately normally distributed,

then a disturbance as large as the standard deviation could be expect-

ed 68% of the time and could hardly be regarded as significant on this

basis alone. On the other hand, a departure from the mean amount-
ing to three standard deviations could be expected 1% of the time and
would be very significant.

In view of this, figures 1, 2, and 3 contain the day-to-day stan-

dard deviations determined for each month. During daytime hours,

the standard deviations of phase range from about 5° during the

summer months to about 20° during the winter. The corresponding
standard deviations of height range from 0. 2 km to 0. 8 km. When
the path is dark, the standard deviation of phase varies from about

10 (0. 4 km) in the summer to 60° (2. 5 km) in the winter. It is

interesting to note that the increase of standard deviation from day

to night is, in most cases, approximately proportional to the in-

crease in length of the dark portion of the path.

The day to day standard deviations of phase are rather large
,

and for some purposes it may be more useful to have some indica-

tion of the average change in phase which can be expected in a

time (T ) during an individual day. One method of finding this

quantity is to find the root mean square difference of all values (when
the path is wholly sunlit or dark) separated by the time (T ). It can

be shown that the value of the RMS difference [ RMSD ] is given by
(T)

J

RMSD /rT, x
= /2 n

(T) T

where j is the standard deviation of uncorrelated phase values sep-

arated by a time T. Again, for normally distributed data, a part-

icular phase difference will be significant if it is sufficiently larger

than the corresponding standard deviation. Values of RMSD and

thus (j can be obtained from Tables 1-12 by calculating the quantity

RMSD
, T ,

=An " (a. - a.' )

:

{ ± ) I
— ; i i +T

i=o

where the a. are the mean phase values entered in the tables, T is

the time for" which the RMS difference is required, n is the average



number of values used to obtain the mean phase, and m is the number
of values of a, which are used. Some representative values of

RMSD for T between 10 and 90 minutes are shown in table 13

for the path under discussion. Several interesting features are

shown in the table. It is clear that the RMS phase difference in -

creases as the time interval T increases from. 10 to 90 minutes,

and that a nearly constant value is reached near 90 minutes. Second-
ly (during the summer), the daytime RMS differences are smaller
than when the path is dark, by a factor of 3 to 4, but during the winter

there is little difference between them. It is interesting to note also

that the January nighttime differences are approximately equal to the

July daytime differences.

Although not shown in table 13, the reduction of the phase
differences with decreased T continues until T is equal to 5 minutes,
at least. Values for T less than 5 minutes have not been examined
closely because of the large amount of data involved. However,
a visual examination of the original records shows much larger,

very short duration phase perturbations which are presumably due

to atmospherics. The time resolution on the charts is not adequate
to permit accurate determination of the value of T at which the RMS
difference is a minimum.
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NBA ( 18 kC/S, BALBOA,PANAMA) TO FRANKFURT, GERMANY
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NBA ( 18 kc/S, BALBOA, PANAMA) TO FRANKFURT, GERMANY
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*r in ^o -o *o *©m »/> inm in in in in $ o- <o ^o <oo <\» >r t*-x ct*oooooo -* o\jm >oxo t<\mx ~- -a-x <\i in a* <\i

<
>O^^*ou^^O^Ou^^0^•NoakOO^^•'^CT, lN'0-H>TCD^0'0'r^<7'^Nc^^-«^J•(^N^-m(^Jf^JO00Na)'J
<m-o-o-o-o-o-o*o^o»C"0'0 0^'in--r*kn—*x—inscDajcocooToo^-r -o^a-N^N^-Tco^^xfN

Z o^Ok ,'CT'OO*C7'^CT'0^^'CT, CT'CT*a'XXxr''-',*-'Oin-4- <"^, min4rMr>-4'irnnu^mminin-0'0 0^"^"f*,xxxos

o
UJ OO--^OOOOOO^- w--.^^-*~*——<-^——«~-OO^-XXXXXXXXXXO1 JOOOO'-*^»m^o
O Z^gfNjrsjrgr>jp^/\;rNjc^fSjryrNgf\jrNjrvjr^r^fvjr»jrsirNjrgf\jc\jr^r>jr\j*^
< ••••• • ••••
oc >^—nj>r ireoi^OfM^oo<?ocO'OC7'j'Na:-o^>0'0>roK NNfvco(7, oiN4, ^t^rg4, ^a)'OCD»- x<-*ogr"*«$-
uj Q^^sr^^^^rminmtnin^TiA^^rM^ry^fn,*-^-*-* —• r^<\irs*c\jr\ir\jcgf\i(MCijf^fNjfni*\mm
> </>

< ^••••••••••« »••*••••••• ••••••••
^ ujo^^^^^r^xx^^^^o^njo^f^^^ino*o^^^^^0^inrsjm<>'«^h"CsjxO'in''^-*xo*f'»JOO
•j >sfin'0'00-o^iA^iA»ftiriu,,^^0'Oi/H-'N^^>ococo'>oooo7, o-- fsj,j-.o^o'Nj<«r^-*>*''**-*inxrsj

z
X 30 OOOOOOOOO--^-*-- — ---*---- — rsirgrgrx
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Ocooocd:7'Ox Ococoo,, —«—§-*——<^^rsirg--os ^)^OC,N O^OOao—«0 —'<%,' —<O?O31 ClOOO0,OOU, ff'C0 0*

^C^:Di%jr*CCCK >r<Njr^^C0^r*CW<3^^^^XXX0V^:o^^srC0t^jC>r^
z^ingDr^r^r-^o^oou^u^r^c^ajNOrgaDrnu^r^cccocrocro^oo^ooo
— o^o^o^c^ooo^o^o^o^o^o^o^ococoaoco^^g^u^^^^in^^^Nr^u^u^u^
£

pg—————————^————W——^———^—— W^^--*—— ,-rf~«— -*. ,-1-4 .-4 .-I *-*— .--—————— —*
••••• • • ••••#••••• «••
^^uNr^o^or^uNgDr^sOOgooo^O^^O^or^ccorggorgor^^O^^Oc^
f<\r^r^f^<^^^NTgfgfgru^uNgOvA^gD<fiA'd> <-r'"i<Sj-———

—

— (>j— cgf\*'Pgr>jrNjA4f\j<Njn^rofr»f<'\r'"><''"tr<>

-OO CO— r\i %f u*> -^ rg oo r\io rg^ >r c r*-—^ t*\ og—— go co y- r- iA in iao co <\j rg a* —»—OOs ooav tA-J-<fo>'cof<NrO
f^u^u^gD^gOgDgsou^gDgau^f^ocogOr^^^^ooo^ODC^oo^o^O^c^oc^—og^
c>ooA C7'C>oA c>oox oN o^o^c^o> ocococo^r^^uN^<r>i"gr^^^

(DCOa3C^OOCh OA^©000, ^O^^^irg^Ma3aDf^O^OOOCOOC>0<\(NJOOOO, C*i?,OOcOOCN (>(>OOC>

OgOcoiAgro^O^O^^O^O^^rnrsisriAr^u^rviogcor^^r^r^rgco- n^s^o^
mu^Nor^r^r^go^r-uNu^goinf^ooor^r^c^^r^oo^coa^oo^o^o^o^o^o

z o* a* s o* o o e> 0" a* a* a*& s o s oo co co r- r- go no^ -4* <f ia -r >* -**^ vf ia ia iam ia ia >o 'O -o go p*-r-rococo coo*

X
*r >* <r *r -r <r <r <r -^ ^r <r >r -j- ^ -4- >r >*• •* *t\ <\i <nj rg ro^ *r <r n-»m gf ^- st <r >r^ -4-^ 4- ^ <r r<\m sj- >j- -j- <r »* -j- <r

O -* ~« -»^ -« —«^ -< ~» -* ~*——————————————————————————————————
(M . . . • t • ••••• •••••••••••«»•••••••••
u^^gOf^coo^^^r^^coiAONfer^rn—r\joouNo^u^r^>a-or^Ogfr-^^^
i^ro rnrn^gj"^ gr *r^ gf gf ia go lA^gOtAiA -4" go n"icg—————— —eg—cncs)^ r\J<N eg rsirg^ corn r^N cornet

•4" f*- h-O f» nT -J
-
nJ- <\J a* o INI -4"O COO f^ f^ ~* lT\ iA r^ iA r*- CT* CO >0 iA -J"O COOO IA CDh-irOlAro^a^COI^mN-a*

f^^u^^^o^^sOininNOu^^oo^r^r^coro^o^o^coo^o^oo^
o*ox o> ox ox o* a*o,4 C,'Os cr* o^a- ox c^cococor^^^^ou^^f^^^^^^^lA^ru^u^u^^^u^^<)^OF^^^-fficocoa,'

(^<D(DCD(0^0^C,CDOOC0^OO^'>>JH^^c0 0*CDCr0*OO£?, (T,C, ^^<NJ-*OOO0, (?O0i e0OO0s <7, v^

rnn^r^AgNfcooo^r^XLAinstgrr^—o^o— r\j—^>oo-co^rg^oor^^o^
(Nin^r^r^^r^^^u^u^gou^i^^cocDrnoino^ocoo^oo^o^o^o^o^o

Z0^CT, 0^0^0x > x 0^0^O0> 0^0x 0^0> (X)C0C0C0^>0n0u^4"^U^^^^^^U>^

X

in^u^wocoo^rsi^r-r^r^co^o^o^co^o^iorg^tr^^^^r^u^Of^o^^r^f^coNr >rm .— c^ ,$oo c* r*- tr» r- <o
f*%mr^^fnm^^sf^^^^^u^^intri^srirsr^rsj^-ir«t^^^<^^^-i fsj^-rgrgiNirsjfsirsjrsirgmmrOf^fOf^f^

^^m OO <\l 4" tO 4" rr\O s r\j «0 rg IN <NJ CO CO -*O CO— sj- \f\m s COO >0 >T s CO f- *0 O r^> LAO (NJ -- CO C* ***>O O* CO fM IA
(^gfiA'O'O-O'O'O'Og^iAgjlA-T—40> f^r^0^^CDOOC00> 0^0x > > 0^0> x O«--' ,4"*0C0^- '^rg0C0»—•^J"C0-J >J"C0'-^

ok o^o^O'0^o^o^o> o> c^o> o> ox a*o> co«co^-h-^oin^^>r^

(Ta3a3coa^oco(D{>oa3^oo^^^H^a,ococ> oooo(7i (7i o^rgoooocrav^o, cooo^o»a'Os

O -^ gD —< g^ co ** inm ia go ir> sO f- s co ir» 43 *o ia co co f\j >C *fo oo o <m ia h-o ia «* >c ^* -»* r^-^oo^^rgo^tA^-i<4"0
<njia ^r^r- r» r- r» r- o ia o*a ro-- coco *j-oiao^ <-«co o>o o> o*o o* cr»oO"-*mgocoofOOcorgsrrTgiAoorg

ZOx OO'0N Ox O^C, Cr OJO^O^O^OOO^COCOCOCOf^h-gJlAgf 4- lA«^,

<i'«tf''tf"<l' lAUMAlAlAlA^^OO'Or^-r-h-COCOCOO ^

i/> «r ui ui r-^ --m ^> f^ r- oo cm a> oo o> t/\ o f~*o pi i<m>-m^ r~o -* oooo ooo co in •* rg —< *• fi ff1 •* o> h- ir\^ i/i

eo-rooM* m^piooN moo»r-orriroirvoor-o-orsim>»'0, oo-o>omCT> oo>*- m>oO'-<mcooo>j-moOf<Mri j-ooog
c\)crinoM3<jM3 >OM3-ou>M3in^^o^oo*o^'*oO"-ooc?> o> o^a> a, ov a> CT, o--f>i-oooof<itrioo^mr-—<<j-p-^
ov (^o^o> o^oN o^o> o^o^^o> o> oN o^oooococ-p-r-^^^>r^>*^>r>r^^inini/>iniri-o-0'0<)p>-r~r"OOoooD(r

•o
o» o>oooooooo»oooooo>'0>o-joo—ipm—HrtOON oo ooo o> oo> ooco-«mct>oooo< a-^oooooa>o> o^a*

<M p-Osrofif^f^nnromr^ J3>oo,, ir\p>j>o>»- —'inoinoOvO— c*.-r-<\i>oooCT>pnr-o>o-JOO«j-r--oa>-o—<coor-o
^^Or^p-r-r-r^-ooo-ouirorMO^oou^^NOrsjivjrsiooo^o^oo^^o^o^o^O^rouiooo^rginr^ornp^^^r-rsi

ZC^o> o> o> o>o>o> o>o> a>o^o> o>o> o^oocooooor»f^ >oui^^^ui^^^*^inuiuiininin>o<OM3r»r»t,>-ooooooc>
I —
Z >r.f^^^^>f *>r ^^>l-*cr^ ^«r-TWW—irg^^>f^fnr«i -4-*<* J- >!•* >!-« -1- >»•-*• rcir^roj-^r** >»>»

IT— -»-<-<-<-l---—-<---4-.---<-l———-—^-<-<----—-<^-l—-<-l-^—^-4^^— -<-<—!---<---<
z •• • ••••

uiroininr*oA -^w>OsOoooDrgooo^o> cnooinaOinr*ooo^wr*MOrMoo^r^o> r"Ov0^woinwcof«icoooinin'0

O
u.

w in—ijro-^wi/Mr\'j'-Heoj'ODp»f\jommm^oopvio>o—«o-o">-o-omr»co—ooo-oooo—inooa-w^r-o^oin
pg^inw3M3M3^MO-OMOin>fiin^i (N40> coinoino-^«j'oDCsON as as ox a, o>o^o—ifNjinp-owinr-ow^owp-o

<M o> o> o> o> o> cro> o> o^o,> CT'a> o^o> o> oooococor-r-oin«r >r •»*• >r -** -r «rmmm in in-o-ooor-r-r-oo 00000*

1 O0>O00 00C0a, O000000 0<O(NJO-<O(M-«M(MO0, P-000>OOOa> O00«—<00-<0<O0>00—•0»0*0>000> CT, 00

< ••!.. •••»•• • . .

a >m^i»\^wr»mm^^PMr-—rgoo^r-o<>oowr»rMJ300N cvjr--<<»^-eorofsj(\imp»«toi\ifri—^fOMON
<--w^ONOr»r*^-r->or"«C'OMD»j, f\(0> oo>o-^r*Psi(\jmcoTO>oo> o,s o> 0^0*0—*fNjmr*o^rgmr*o<M*oo>fc-^N

Z Oo> o> ox o> o> o> o> CT> a, ox o^a> c>(7> o>a30Doooor»r~>om^<r>»-mcj--r-*'>*--*-mmmmmm>o-o-or»p-r"00 03ooo
O
ai a-f >»•>! ^- •*>* >*•>!>»>» *<» •» ^•<r<-^->^^-r<irNj(Ni--^'Mf >r^f*i*i--r *>* *»<» ^J

-
-!

- -»•* *•>» mm-t -4--f <f •$•#U z-.-.-.-.—.-.-.-.-,-,-,-.-.-.-,-,-,-,-,^-,^-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.^-.^-.-.-^^
< t • . . . • •••••<•••••• •••
of >mwm^-p» o>o c\m.ooor-c>joooo-"'-mo—<'M0> O'*wp»p»tM0v r"f<MNjp>-om>*' >»••-< •rc\jcoc>ir»ov -Omoo
uj oi<wmmmmj'4'^*+^i/Mnj)KMnO'»in>r*TO\("'^-'i-i-< —i<\j--ro(Nj<Njpyi<M<Nj(MfMfommpnfnfO
> wo
<

or ... » • . •> ujrsicM'oa*—<w jrmm—<^mo><MX3 0>r-Ofrim<ooomooooo> o,,r"mmmo,, co>rrorom-omr\iiMjj'0,>o-^mwo>
-J >NitlAlfi'flJ3'O^O'OlAOtflJ'N^a3'0'^'O---*'O00a3(7, 0i^0x^0H ^O-HNlANff»MinNO<NI'0O<^'00>
I <o>o> o> o, a>ok a> o>0"0> o,> o>o> o> o> oooooooDp-r~oincr *<t*4, ^*-f*<fuM/iuMfl«\'0'0<Jf"r>-f-ioa3(Oflo
>—

z
o h-o -<(Nc«<rinw5p-ooo<o—ir\)W<rm>op»ooa>o — Mm
X DO OOOOOOOOO'-*—l-rf—•—1 -^—<—irf^fM(Sj<MfM

(M
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r^^^0X00X*0— (7*- OrsjO-OXOO—OO^^^—^O— r^rgOi^rsjXO^i'SiO— gr*f*f*niA«$,

>J'

X (%O ***• QJ r- ^- ON^XnT ^^rn^fr»0'>Xr\/J^-*»--X>-r«^^-(NjX^3D r\.rsiro>rOaOX^rO'>0—«O <*"» O 0* ft r\j

X

rs,———__—__*_—_-,—_—_«-.^.—«— _^.__-_^,~__.*— ** -.—~. *- .-.~ -. ^-. _.—_-.
••#• • ••••«•••••#••••••••••«•••••••••••••••

^^mrn^rs(^fNjrs((Njrnf^fNdrsj(\(rsjiNir<>^^fN*rs.--fNir\jrs;-- m******* t/ift— rgmr*.-*—r-r- >00<C<0.<0

v/\— ^r^OCT^i/N-OC*—«O «T — fg CO——— 0^w'MNifn^MNr^(7«0^vrO'(^CO<OCO.Of\^ON(>0 0'0^"rt
(«J^o•ON^^•^•NOJ^^xo^f-(^•o-^^^/^-•oooo'(^cco, xa, ol eDO^•oa, --^f^•«DM»oOfrl^^

<f OONNffiXN's f,, ^^©^'f-,OCOi-<©-N--OOOff'^®X<DO, ,O^NOXO'',,0^'f>00'fN'*

X
O———————————————————~«~-_ __«_____,-.^. _._._———__ *<»*«*»*,*.«p4»rt»4
rw » • ••••

m———O'OOOOOCD 0O'N®-«'^^00'N0—ON',NJNi\fNJ0N'-O^^Of"- CO r\l— f\J O* >*" *f u"*ur». >|- *T

rsi©X^^^'Oi^r»"'j'C0'<\^-^tr»(%«Tt/N^O'*"*/N '*^00X'O'*-r^^r*-r*---<—*— -^mi/\r*^Nj'0*GO^co-— rsj^oo*
^^^NK®coooN-N-^^a)N^No©f\(>^a3--oooc't>co©cD^(>o--iNOf,*-0'NjrfNXN-oo<^rfcO

X
^——————————————— -i——— «-. -i ^-— -i -. ~- —_•-.,-•— ~*-•—— -.-.—^ ,-—— -._-•—*^^

--or-r*^©^^^^r^»-o*r^fN#^-^rnf^^Oao^v/>^^'N(COGOcorwrg^oxxf^rta ^QD^r^rv,— •o-O^sJ'
,r^r*>f»mrsjfsjrsif>jrwmgr^ArfnjPgfgjf^(*n^fNjrn—— r^cg— 4^^i/\»»,i»-fw^rg^^^N^^O'0O

oc^x^^co©^^^oo^^r^co^(>rsjo^Xu^v/>^^f(^^^oao^rsjr^r-^-^^^f,ta-^o^OCT''Or^co^

m———cooo*—ooocr— a*—r^oo—f*—oon^*-(\^o—— o^r^ooocofNj——o>r *rm in -*• >r ro

f^mor,*^''X< XXP'-^O^CTs r^>riNjO0% PgO^0* — OOOCT'C'COXX^CT^OfsjOf^Orsju^©
ZOt ^(^o*O'^0'0*o*0^0*cccocococo^r^r^woininininm^^Nr^*^^N^

X

o————————————————————————————————————————————-»—

eg— cD,o0'CD0, a'Of*»0'r^O'O-*'O—"**»—o>r o wDin^^rsiO^cor^csirNj^r^Otf'^coincoXf'-rgcsjf-'-of'*-^

iP><fr-*t*tf*cD*T\f**o-*^OO— flOf\j^a^fsjrvjr^oo*^frouK or^QD^-^ox'^u^C, ^r^^u^^^C'X^fr»

r* n* in -o -O **- r- r*» *- *» <o ***o f*» in ego f- <njO rg o* —oooO o* C cox a* o* a* O* <\<m t*-o <\i in coo >r f-—mo*
CT*o* 0*0*0*0* o*o*0t Ol o*C'0k xxcox^t*^gDiningr»»nmin>^^>r^^Nr^>rininin^g3^^e-^r"'-xxx*

rsj

0« i**.rg—-— o*<?*—— O*-— 0*——OO—— 00<*g— <"m— ftpg—pgrg^o— a*a*<"*"\-r-xrg—— O'J'-rinin^^
— m*m*m+m4 _ — _— ,n^^^^^^^^m^h>4-<^^^^*4H — — i <» l« l« «»li ! U <» li '<

f**t >fg3^rg— cg0"0*f<NO*X—f*"inu^0^rg— ^O^O*— ''"-^•f^O^^O*— wO^CT'in^f'*^
f*tin<Of*»r— XXX*^-P,»'OinO^»»inf*iOOs ''TO*yO<"SJ —-OOOO'^XCOXC^^O— ingD0*(\Jine»^incO'\jinO*j

ZO*OX O*'0*0'(?, OS ^CC1 0*0K o*coxxx^^r~^^ininininin^^H*Nf^^^u^ininining3gDgD^F'fc f
t-cococo

X —
t- X
O in———————————————————————————————————————————
x •

ec ^^^^mcsjpg^rgcgcgNr^cgcgrgrgrgrg^rr^rg—— rgcg—— ^^.^^^j-rgcg—eg——— f^r^-wD-o-o^o
O
li.

**** Ofv^infi^p*»o*g3ingo>^H^g3tnu^f»xrg— r^oeginoinf^njgo—xooin— sfr^o^in—f\joo*O0^
fsi^ingogDr^r^r^r^r^o^O^-inr^ox^O^oeg—0000^0*000*0*0*00^^^^0^^^

rg o*o*^0*0»0*0*0*0*0'0*0*0*xxcoxr^r^e»g3w3mininmu^Nf»r^>r>r^in^inin^^gDgDg^

X o^^^^OXOOX-^O*-O^——Oe*0^^0—^^^njCg^o^— O'^egcOXi'Nj—oO-T*Tininin^

<
Cl >o^^>r—^-co^r^goo— o^inrg^o>J"^-0^*r<^^xr»*rsju^— r-oo^N*"*x*rgr*>j' gD^rrgcoin^^-r—

^cgingDe*»^r*»cocor»x''',-in— ^-gaci—o^-^^^^-^oooO'O'coo* 0»o*o»o-*^'O0'*,«''T''»o^x, rgin0*

O
lu Oinin^^in^m^mininu^ininininwoininin^rinu^inr*-r»r*>r*rsrvninin^
o z——————————————^._*-.-.—^———^«_«—,,-,*—^-«_«^..-.^«—_—_^^-.^.——
< • • • • #

uj Q^^r^ftr^ftrvjmrgCgrggff*rNjpgcNjPsirgrnm^rgrg— ngrgrg— — —*—— gregcgcgrgegrg—^p-gOO^O-O> uO
< (*£••••••••••••••••••«•••••••••••••« •••> UJincOft^r^^OiningD^©P*JOk cor*»f^co^wOg3—f^Oinft^O^0*^Ou^O—^^f*J0*^in
_j >— r*^ing3g3r»*co^**-^g3*^—r»*inf<*<—co.noin—ft—oooO'O'XO^o*^o^-«gj,f»0'— gfr»x*'''^g^O'*,*

l ^»

x <&&& o* o*o* o^oo* (^9iM>cooeoflD^*^f*<04>inmminm«#^^<tf*^,^in*^iAmiAiA4i^}^)«o^^>*cDfloaD

O »—O ^N^^iAOh'fflO'O^N^^^^NCO 0»O-*cg'*"*'X DO OOOOOOOOO — — — — — — — — — — 'M^jrg'%
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^^rsj(%sTin^inin^^>o>Oinu^>o^*0-*^^Oco^-cof^u^inmcNi^roc\jro^>*inr''i^>ij'*j'*or,-'0'0>0>0'0

mO'Ofnkn33^r^r-C7*>r'0^r*cOLnr^r*r*o—'^oor* — ^moo^ro«j-r\j0«0^, rrioa3f\j^^f^oc7, ^''0f\j

Z^^O^-COCOa30*f**rr\t7'a3P^(Niav a3fNjO>0^-COrs)^---OOCT'C7'0N C7'COCOOs O'-*'-^P',ilACD^>Tr*OkACOfOr*'<NJ
^ox c*o> cc^c7*c*ccccoco©cor»p,~r~r~'0^inininininin^*j"'^''T%y^>^inininininininNO'OPfc r*r~cocoo>
X
t^cO®COCO©COCOGOCDCOCOaOCT, CON (7'OCT'^C*tf'C7,OOOOP,"*^r*-r'->O'O'O'OO'OO'O'O'O>OCO0, COCOCOflOCO

«•••...<•<• • • ••••#••••••••••
<c(\iu^»ji C, ^*j'rr*C'CTs r

,-cs*u^-0'Or*-^«o— oosrcou^t/MrccO'0^rcoco*ocMr*(<ioa)sroof^<Dr*-oir»orsj
mm-*»»f«"iromr'i*m.»rmr«.ommm^'*-«r\i-.«*-<——m^^ —-«— r^ cmrvrg-j-m-o -o>o^- coco a>C

Of>CMn»— r*»o~«'Of1— •^'"»in*oco'NiincoCT,-'*'»in^'r'ir»o*~ (\0£? J**f-* —«<NtN*co —• -*o<^*-*«<**om^*oro
^iT»*o^-flDaoas crr-(NiQcr-a^^-aDrfc rg0^u^ocD<\('-^^OC7*cs OC7*cocDcoCT'00-^rgLnr^CT'rgir»eDrg'00*fa^
^CT'Ov oa*o^c*^CT'C, cocooocop^r^r*^'0>o*rn/Mr\irn/\^'^'^r>r**-^'»r>riAmiAir'muMr»>o*oor^r^flOoooo

•f <trf\ est *t"\r\ in if* \f\ •&?->• *o *f if* •c\f*\f*r>j(*\ cv*fcor^r^ r-ir*if\r^c*j ~*<*s<\tt*\ti> <4, tf\*?r<\'? •t*or~*o*0 *0*o^G
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THE NATIONAL BUREAU OF STANDARDS

The scope of activities of the National Bureau of Standards at its major laboratories in Washington, D.C.and
Boulder, Colorado, is suggested in the following listing of the divisions and sections engaged in technical work.
In general, each section carries out specialized research, development, and engineering in the field indicated by
its title. A brief description of the activities, and of the resultant publications, appears on the inside of the

front cover.

WASHINGTON, D.C.

Electricity. Resistance and Reactance. Electrochemistry. Electrical Instruments. Magnetic Measurements.
Dielectrics. High Voltage. Absolute Electrical Measurements.

Metrology. Photometry and Colorimetry. Refractometry. Photographic Research. Length. Engineering Metrology.

Mass and Volume.

Heat. Temperature Physics. Heat Measurements. Cryogenic Physics. Equation of State. Statistical Physics.

Radiation Physics. X-ray. Radioactivity. Radiation Theory. High Energy Radiation. Radiological Equipment.

Nucleonic Instrumentation. Neutron Physics.

Analytical and Inorganic Chemistry. Pure Substances. Spectrochemistry. Solution Chemistry. Standard Refer-

ence Materials. Applied Analytical Research. Crystal Chemistry.

Mechanics. Sound. Pressure and Vacuum. Fluid Mechanics.. Engineering Mechanics. Rheology. Combustion
Controls.

Polymers. Macromolecules: Synthesis and Structure. Polymer Chemistry. Polymer Physics. Polymer Charac-
terization. Polymer Evaluation and Testing. Applied Polymer Standards and Research. Dental Research.

Metallurgy. Engineering Metallurgy. Metal Reactions. Metal Physics. Electrolysis and Metal Deposition.

Inorganic Solids. Engineering Ceramics. Glass. Solid State Chemistry. Crystal Growth. Physical Properties.

Crystallography.

Building Research. Structural Engineering. Fire Research. Mechanical Systems. Organic Building Materials.

Codes and Safety Standards. Heat Transfer. Inorganic Building Materials. Metallic Building Materials.

Applied Mathematics. Numerical Analysis. Computation. Statistical Engineering. Mathematical Physics. Op-
erations Research.

Data Processing Systems. Components and Techniques. Computer Technology. Measurements Automation.

Engineering Applications. Systems Analysis.

Atomic Physics. Spectroscopy. Infrared Spectroscopy. Far Ultraviolet Physics. Solid State Physics. Electron
Physics. Atomic Physics. Plasma Spectroscopy.

Instrumentation. Engineering Electronics. Electron Devices. Electronic Instrumentation. Mechanical Instru-

ments. Basic Instrumentation.

Physical Chemistry. Thermochemistry. Surface Chemistry.' Organic Chemistry. Molecular Spectroscopy. Ele-

mentary Processes. Mass Spectrometry. Photochemistry and Radiation Chemistry.

Office of Weights and Measures.

BOULDER, COLO.

CRYOGENIC ENGINEERING LABORATORY

Cryogenic Processes. Cryogenic Properties of Solids. Cryogenic Technical Services. Properties of Cryogenic
Fluids.

CENTRAL RADIO PROPAGATION LABORATORY

Ionosphere Research and Propagation. Low Frequency and Very Low Frequency Research. Ionosphere Re-
search. Prediction Services. Sun- Earth Relationships. Field Engineering. Radio Warning Services. Vertical
Soundings Research.

Troposphere and Space Telecommunications. Data Reduction Instrumentation. Radio Noise. Tropospheric
Measurements. Tropospheric Analysis. Spectrum Utilization Research. Radio-Meteorology. Lower Atmosphere
Physics.

Radio Systems. Applied Electromagnetic Theory. High Frequency and Very High Frequency Research. Fre-

quency Utilization. Modulation Research. Antenna Research. Radiodetermination.

Upper Atmosphere and Space Physics. Upper Atmosphere and Plasma Physics. High Latitude Ionosphere
Physics. Ionosphere and Exosphere Scatter. Airglow and Aurora. Ionospheric Radio Astronomy.

RADIO STANDARDS LABORATORY

Radio Standards Physics. Frequency and Time Disseminations. Radio and Microwave Materials. Atomic Fre-

quency and Time-Interval Standards. Radio Plasma. Microwave Physics.

Radio Standards Engineering. High Frequency Electrical Standards. High Frequency Calibration Services. High
Frequency Impedance Standards. Microwave Calibration Services. Microwave Circuit Standards. Low Frequency
Calibration Services.

Joint Institute for Laboratory Astrophysics- NBS Group (Univ. of Colo.).




