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Abstract

An array of 12 callbrated RF electric field probeu
on the waveguide walls are used fo sample the com-
plex field profile at the second and thi:d harmonice
where the fundamental power is in the 40 MW range
at 2858 MHz. The measured amplitude and phase alg-
nals from these probes are Fourier analyzed to deter-
mine with good accuracy the power in each of the many
possible propagating modes,

Introduction

The cutput power from each of the 244 high power puised
klystrons at SLAC is routinely measured using thermistor bridge
power meters and a samnpled sigoal from s modified Bethe hole
directional coupler. These couplers are located ip the waveg-
uide coming from each klystron before the four-way power split
to each accelerator feed. Adequate low pass filtering has been
required sipce we are primarily interesled in the power to the
accelerator st its operaticg frequency of 2836 MHz. Furiber-
more, one of the propetties of the type of directional covpler
being used is that thare is stronger coupling Lo higher order
mades at higher spurious and barmonically related frequen-
cies. Significant measurement error of the fundamental would
resull unless low pass Bltering is used.

Recently there bas been renewed interest st SLAC in the
barmonic ¢ontent of the klystrons, Tbe veloclty modulated
electron beam within klystron is typically rich in second and
third harmovic RF curreot compenents. The induced eurrent
in the oulpyt cavity at tbese frequencies, however, remeins
weak compared lo the fundamente! component. There is a
teasonably good tbeory to predict the karmonic RF compo-
nents of currenl in the klystron efeelron beam. Caleulating
the RF correpts induced in the oulput cavity and subhsequent
powet oulput at the hormonies is quite difficult, because the
oulpul eireuit must include parls of the colleetor and tube
body as wel), sivce these chambers are above cutofl as waveg-
uvides and suitable boundar) conditions for a mode] cannot be
established.

Attempts Lo calibrate the directional coupler at the lower
order harmenics of this operating frequently would be useless
since thete are five propagating moder at the second harmonic
and eleven propagating modes at the third harmonic, The de-
gree to which the barmonic {(and/or spurious frequency) energy
is divided up into the various modes depends both on bow the
excitation or the initial launching into the waveguide system
aceurs. It also depends upnn made conversion that takes place
due to abslacles and discontinuities such as bends, wind ows, or
vacuum pumpovuts abead af the locstion that a measurement
might be made.

In *958, M. Forrer and K. Tomiyssu® described a movahle
probe assembly which was used to sample the magoitude and
phase of the electric Geld along both the brosd and narrow
walls of a pressurized S-band waveguide. The compiex Geld
profile was sampled at two diflerent waveguide erass sections. A
Foutier analysis ou-these data by computer enabled the power
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to be caleulated for the various propagating modes at each

frequency. This was done at a power level of 4.7 MW from an
S-band magnetron,

Later, V. G. Price? made similar measurements using an
array of fixed electric probes which were calibrzted. Using
s computational metbod similar to Forrer and Tomiyasu, the
power in each propagating mode was determined. He shows
that, in generzl, Lhe minimum svmber of probes reguired to ob-
tain enough information to detesmine the power in each mode
is slightly greater than the number of modes waich can prop-
agate 28 & given frequeney. The accuracy of the measuremert
is increased if the number of probes is increased beyond the
minimum sumber. This method has the odvautage that it is
are free and therefore can be done at higher peak power levels.

About the same time, D. J. Lewis® developed a method
wbere s series of mode couplers were designed; each coupler
seleclively conpling a single mode apd discriminating against
other modes. This method was useful for mersuring second
harmonic power where pethaps four or five modes exiat, but
was impractical for higher frequencies where a large number of
modes could propagate.

A few years later, E. D, Sharp aod EM.T. Jones? devel-
oped 8 method where the various modes in a large multimode
waveguide wore discriminately sorted into several smaller dom-
inant mode waveguide arms. This metbod does not require a
computer, but does require an elaborate waveguide discrimina-
tor device snd must be used where only a limited number of
bigher order modes can exist. The experimental ertor is some-
where between 42 and 15 db.

The pext yesr J. J. Taub® dusctibed 2 method where the
power to be measured was fed through s waveguide taper into
8 much larger, overmeded wavepuide sod iuto a Jarge multi-
mode load. The oversized wavegnide bas an arrsy of 40 or
so probes and a line-stretcher sbead of the teper. He shows
that the higher mode energy from the standard size waveg-
uide is converted to an approximate plaoe wav: in the cverized
waveguide. Using fillers, the line stretcker, and signals sam-
pled from the various probes, the approximation allows one
to determine the total energy ot & given Trequency to within
about 41 db withoul knowing bow the energy is divided into
the various propagating modes.

A multiprobe method similer to (hat used by Price? ap-
peared to be most suitable for us sioce the other methods bad
disadvantages described in mare detail ic Rel. 7.

It was decided 20 confine our iavestigation to the secand
and third barmonies of 2856 MHz. To cover the eleven prop-
agating modes sl the third barraonie 8 minimum of eleven
probes was required. Price poinis out that the minimum oum-
ber of probes required at each broad wall cross section is equal
to the highest meindex to oceur Ior & propageting mode. Since
the TE4g mode ¢an propagats there will be four probes across
the broad wall. The highest n-index determines viie nomber
of probes on the narrow wall at earh cross section. A) the
n-indexes are either zero of one, 50 2 sivgle probe at each cross
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section is adequate. The number of broad wall cross sevtions
required is 3+ Npmar(1) = 2. The number of narrow wall cross
sections is 1 + My (1) = 4. Nppae(l) is the maximum n-
index to ocenr where the m-index is urity and Miyas(1) is the
maximum m-index to occur for 4 mode whose p-index is unity.

Four equally spaced probes scross the 7.21 em broad wall
placed 8 constraint on the type of high vacnum RF feedthrough
conaectors that could be used. The spacing between probe
feedthrough connectors and henee the maximum diameter had
to be less than about 1.4 em. This space lmitation precladad
the use of type N or GR connectors.

The connector/feedthrough assembly chosen was made from
8 Ceramaseal high .s2mum grounded shield eonnector with a
SMA coaviz| conpector. The feedthrough was brazed into a
cupsu-pickel cup supplied by us to the manulacturer. This as-
sembly was, ip turn, welded into a stainkess steel rup which had
been brazed intu the copper S-band waveguide at the appro-
priate location. Detail of this feedthrough assembly is shown
in Fig. 1. Eleven identical RG 223 double shielded eables
ccanected the somewhat fragile SMA feedthrough probes to a
sturdy steel panel with type N bulkhead feedibrough connec-
tors as shown in Fig. 2.

1. Amplitude and Phase Calibration
of Probe Assembly

‘The objeriive in the probe calibration precedure is to relate
the signal wessured into a 50 {1 termination at the bulkhead
panpei to thz total electric field in the waveguide at the corre
sponding robe for a giver harmonic frequency irrespective of
th2 mode.

A pure TE)g mode is launched at each barmonic Irequency
st which the calibration is made. For exampie, the third bar-
mozic of 2856 MH: is initially launched into WR 00 (standard
X-band) waveguide where only the TE}y mode can exist and
gradually tapered over ubort ten feet up o WR 284 (standard
S-band} waveguide. The power level of the Jaunched wave
is measured using a 20 db ~rectional coupler in the X-band
waveguide ahead of the taper. The waveguide probe assembly
is terminated with a 100 W multimode waveguide termination
during the calibration procedure. The mathematical details of
this low power calibration are covered in Ref, 7.
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Fig. 1. Detail of single electric field probe assembly.
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Fig. 2. Multiprobe/cable assembly.

To ealibrate the narrow wsll probes it was neeessary 10 ey«
tablish 8 TEp; mode using s suitable taper in beight but not
width from WR 137 waveguide up to WR 284. This mode can
propagate at both the second and third harmonics of 2856 MHz.

The analysis also requires that the phase characteristics of
each probe and cable assembly be known. IT one were able to
ensure that the phase shift through each assembly were iden-
tical, this part of tie calit.ration procedure would not be pec-
essary In both the amplitude and phase calibration, the eables
were -onsidered part 0. probe assembly.

‘The phase calibration was made using the system showa in
Fig. 3. A Watkins-Joboson M76C double balance mixer was
used as the phase detector sliown in the fgure

L priaciple, it is necessary to knov: the phase relationship
of all of th: probes with respect to one another. A straightfor-
ward calculation relstes all the broad wall probes to each other
in the TE)q caiibration and all the narrow wall probes to each
other in the TEp; calibration. Of these two modes, however,
each have zero field for one or th2 other of these calibrations
usicg the TE o or TEq). ldeally, one could solve this dilemma
by lsunching a pure mode where the phase relationship be-
tween the broad snd narrow walls is knows. Either member
of the TE)) — TA#), degeverate mode paw would be ideally
auited for this eslibratioe sipce ibe narrow wall is 180° in the
former case and 0° in the latter case. An - .suecessful atlampt
was made to Inunch either of these with repsonably good sin-
gle mode purity. It was decided tc assume that the phase shift
through each nerrow wall probe was the same (for the TMy;
mode) as the averags phase shift of the four broad wall probes
in the same waveguide cross section.

2. High Power Mensarement

The probe agsembly was installed at the output of a SLAC
XK-5 klystron a3 shown blovk diagram io Fig. 4. A bish power
load with reasnably good multimode capability was made by
terminating e 10-foot long 4 db kanthal coated, water cooled,

.



™S REPNRT ARE 1LLEGIELE.
N has besw trom the h:-.::
gumilabte copy € permil ihe broad
pOGSINE availahility.
P . ‘:"il":ll:v -
(e ’-‘LTI et
17

PORTIONS OF

- ROl et [ ey
ey . Vo e | ML Nemadr
R CE i

ked

PR

.
Rl al Truny
fLLad

| s .r_J f———

L
l Lo o .
her -
1 —5
Jrlapee ¢

Fig. 3. Simplified block disgram — low power amplitude and
phase calibration.
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Fig 4. Simplified block disgram — high power measurement.
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stainless steel atienuator with 3 standard SLAC high power
water load. The kentha] costed atienuator was built at SLAC
for measurement. The VSWR of this combination load is tesa
than 1.30 for the fyndamentsl mode and less than about 1.8
for all higher order propagaling modes at the second aad third
harmonics.

‘The harmonic power levels at the hulkhead panel were mea-
sured vsing an isolator, appropriate band pass filter combina-
tions, and a calibrated HP8740 crystal detector.

The relalive phase of the total electric field at each probe
was pieasured with respect to a constact 10 MW reference
which was obtsined from s reference probe shead of mulii-
proba sssembly. Again, appropriate band pass filter combina-
tions were used in botlh the signal and reference arms in the
phase measurement.

The measured power output st the fundamental, second
and third harmonics for a typical SLAC high power klystron
ia shuwp in Table k. The harmonic power is hroken down isto
tae various propagating modes,

In this measvrement and analysis ihe minimum namber of
probes to provide a solution were used. More probes would
have reduced the error, especially at the third harmonic. In
<ertain situations a sruall error in & probe reading could result

Teble 1. Multimode Power Distribution
for a SLAC High Fower Klystron in Watts
Tube: M-413

Second Third

Propagating Fondamental Harmonic Harmonie
_Mode 2856 MH: 5712 M)z 8568 MHz

TEw no0x10® 11,200 209
TEy 1,130 1,400
TEy 52,570 754
TE)) 50,843 188
TAy 8,261 450
Ty 258
TM, 174
TExy 138
TEy 3
Thfy 37
TEw 42
TOTAL 310x 10 123310 3,804
[0 db Ref) (-2adb} {-30 db)

in a significent error in the final resull, in his earlier measure
ment, Price® found that his high power measurements were
repeatable within 41 db in smplitude sod #%* in phase. The
measurement techrique and the equipment used in the exper-
iment reported herein provided approximately the same re-
peatability found by Price.

Based on the experience of others’:23:.4.8.7 and og this
measvrement, the oversll accuracy of measuring the power in
the various propagating modes on SLAC klystrcos is aboul
+1.5 db.

3. Theory

The probes will sample the sum of the transverse efectric
ficld compounents for rll of the propagating modes. The elec-
tric field distribution for any TEmn of TAfma mode have the
general form:

Ex = Exq cos(T) sin (2

— sin (™77 cos (07

Ey—sm( . )cnﬂ( 3 )

using the coordinate system shown in Fig. 5. Since on the
broad wall y is cither a or &, Lben

{n

E, = +Eq sin (’-"31-‘) ) (20)
similarly on the narrow wall
Er=1Eqpsin(7Y) . (28)

Fig. 5. Waveguide coordinate system orientation.

Carrying through the broad wall anulysis, the total dectric
field at any given position z i the sum of the modes which
have s 3£ 0
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Ey((!) = % Eym Sil‘l(mTu

= z R, sin (mﬂ)+j ;,: I sin )

where fym = Bm + J Im. The Fourier components 8m and J,
are fonnd as fnllows: Doth sides of Eq. (3) are multiplied by
sin{{xy/a) and inlegrated giving

@

/L,{(J‘)am( )d:—ZIEW.*m mrr sin( )dz 4}

Letting v = =r/a one oblains

*
a
= | Eylr)sin{u)du
lo]

x
=1 / Eyrm sin(mu) sinffu)du
®m Fe

_a - ~sin{m + (ju s_||_1(m ~ {n"
- ;E‘E-"”'[ 2Am + () Am—O) Jo

_a -~ [sinm{m = {} sin wlm + {)
=g Pl i T ime

Sipey buth moand £ are integers, the secand term in Eq. [5)
i 0 The fiest ter - v for = £ and 0 for oll other integers.
Therefore,

.
a /.. a a,.
ﬁof Eplr)santfu)dy =§§E|,m = z'l"ym ftm=1) . {6)
The Iefi-hand side of Lqg. {4) yields

i Lyplrism (’:—I)r!.r = ':'):‘__: Eytr,)sin (fz:l) Ar,
1) "=

=E 5 m()(7)

where
a3 [
1, = Ar, ="
t p 1] v
whete p represent< the number of equally divided segments
along the broad wall.

Equation {4) becomes

Bra@e()-tan
therefore
b S D) . @
1=

Letting Eym = Rym + jlym, Eyt = Ryt + jly, one oblains
the Fourier components Rym aod fym

Rym=2 3 R“ (m) (mm) )
=} aly . fmxi
Bym =§ 'E  » (-; sin (T) (10}
where
Ry (";f) -z Rymein(TX) on
I,r( ) ): fymsin (m:r: (2

For a solution Lo exist, it is necessary that m/fp < 1. Therefore,
P 2 14 Mumas. The larger value of p, the greater the accuracy.
If we set p = 14 Mmar where Mmq: is equal to the numher
of probes across the broad wall at a cross section, we have the
following equaiions

27 (:, ) IEvt( )l explidpl =Ry + il (13)

where tan gy = I1/fy and Eyfai/p) and @1 are measured
quantities. The Fourier quantities [Eym| and ¢ym are deter-
mimed from

I-Evmr', = |Rvm|2+|’ym|2 [14)

¢vm=lan"(’%:) {15)

Ouly the L) electric fields, those perpendicular to the broad
wall have been treated thus far. For the E; fields, those per-
pendicular 1o the narrow wa, , Ibe analysis is identical except
that m, a, z and p arc replaced, respectively, by n. b. y and
g Simuarly, the minimum value of ¢ is Nmar + 1. Again the
larger ihe value of g, the greater the accuracy.

The phase velocities of the propagating modes are all dif-
ferent except for the special ease where degenerste mode pairs
exit. We muet now look -t the varistion of eleetric Geld along
the waveguid : in the dirertion of propagation Specifically.
measurcinents must be thade at at least two cross sections in
the broad wall and four creoss sections in the narrow wall for
the cleven propagating modes at Lhe third harmonic.

The clectric field yuantities Eym exp:essed previously can
be expressed by the complex equation

=Y Epma (16)

Using the nomenclature and method of Forrer and Tomiyasy,
al each measurement cross section ene bhas
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AEym = ZO ‘Eymn =ARym +J"ym
ne
ny
BEpn = 3. BEymn =5 Rym + j%lpm (17)
n=
By = 35 € Eypun =€ Bym 4 51
ym = A ynn =" Hym + 3" &ym
n=

where 4, B, C. ..., refor to respeclive measurement cross sec-
tions at which AEm. Em. CEm, . .., have been determined.
ny is the highest n-index eceyrring in the modes under analy-
sis.

Separating Eq. {17) into real epd imaginary parts one has

2 24
ARW= i Aﬁnmn A"vm= 2. Alﬂmﬂ

n=0D n=0D
n s
DRy = )fo BRymn  Flm=Y Blpmn  (18)
R= n==
ny <
Pym=3 Rymn hym= 3. “lymn
ne= n=0

The quantities on the left-hand side of any one of the above
equations can be obtained fram Eq. {16). The right-band side
quantiies at i K-th eroxs seetion can be related to those at
A-th cross seetion with the iransformation equations

K‘?mn = fmn 05 Bm, +4 T il B (19)

K Imn = "A[m-\ st Bma +4 Trnn cos 8

where Ome == Jmal=p = 4] is the clectrical distance between
the “wo eToss serhinas

The equations { 5) are sohable provided fmn £ 2rx where
=0 1.2.. . This restriruun was taken into account when
the distanre between waveguide eross sections was selected.

Alier substituting Eq. (19} ioto (18) s linear system of
equanions whb 2[1 + rgl unknowns is obtained  Sioce the
Fuouricr analysis at each cross section contributes two equa-
tinns, measurements at 1+ ny cross seclions are required For
example, when 1y = 1 then measyrements are made at 1 +
ng = 2 cross seclions giving

1
ARym = "Zo Aymn =4 By +4 Rymy
(20a)

3
A’lf"' = Zﬂ Allmm =4 ,ymﬂ +A L
=l

1
DRW =Y Dﬁymn =0 Rymo 47 Rymy
=0
" (208}

1
B’vm =3 ‘lv"'ﬂ =f fymo +2 Jym1

ot |
From Egs. (19) oue oblains
BI?,,,,D =A R0 <05 8mp +4 T 510 8
B ymo = = Rym0 31 6mo +2 10003 0mg

(21}
PRyt = Ry €08 Omy + By sin 0y

Bl,nu = —‘RW,, sity Oy +4 Lyny €080y
where
Imo = Bmolag — 2a)

mi = Bmiylzp = za)

Su*stituling Eqs. (2]) into {20) yields
ARV,,, =‘ng +4 Rymi
Alym =g+ Iy

E[r’ym =‘4I?,mn cas fpg +2 {ymg sin Bing {23)
+4 Ryml. €08 @1 +4 ’yml sio 9y

Blym =-4 Rymu sin 8mg +4 ’mn c0s fmg
+1 Ry 5i0 8y +4 Tym1 €08 8y

One knows ARym, Ay, SRym and Bl,.,. [rom cross section
me: surements and caleulations using Eqe  [9) and (10). 8p
and #,,; are oblained from Egs. {27). Therefore, one ¢an
obrain the four unknown quantities 4R, ARyt Alymo and

"’lv,,,l fremn the foar equations (23). Again fmp . by 5% 20

Eymn has nov been determined. £, = |Eymol evpli0m)}
represents the clertric ficld phasor of the TE g mode only The
subromponent fiymy = JEym)] exp{iem;). bowever, is the sum
of the TE,; and Ty, phasors and thercfore is not wnigwely
associaled with a single mode.

The degernerate mode pairs TE,an and TAZm, have identi-
cal phase velocities and contribute to the electric belds on both
the broad and the narrow walls of the waveguide Separaling
these degenerale mode paits may be scromphshed by corre-
lating the broad wall and the nasrow wall electric Gelds al the
same waveguide cross section. The total ficld on the waveguide
wall is the phasor sum of the TE and TAf mode fields so thal

Eymn = EflTMmnl + EYTEma) = Rymn + jlyme (24)

Ermn = Ex(TAnn) + EX(TEmn) = Rrmn + 3lzmn (25)

The E; and E, components are related to one another by

Ez(TMmn} = 1/Q E{TM ) (26}



http://eo.ua
http://pha.se

Exl TEmn) = —'E;'Tz':mnl ()
where g = na/mb. Equation {24) can be rewritien

(RTY 4 174 g + (R]E + 517 diun = (By + fly)onm
where
Ry = KM+ RIE (28)
L=+ 0 (29)

Substituting Egs. {26) and {27} into Eq. {25) gives

{Erdmn = 1/0LET™ hmn — 9UETE Jun = (R + 5k )an
where
Re = 1/gr]M —gR]E (30)
L = 1qi]™M — ol (31}

By first -olving the following set of equations

Ry = RTM 4 RTF
n=1" 4+t

= 1/gRI* ~ gRTE
I = fal] Y —alf®

where Ry, £y, and J; are known from measurement and sub-
sequent calewlation, one nblams four linear equations with un-
knowns, #7Y ] TE !T and ITE as follows

TN = Ry +(1/q\R: RTE oy —aks

1+{1/g ' + 1+g°

{33)
s bt (]_/_q}l.-, JTE Dt 9’:
v [ESTYI I v g

The masimum electric ficld amplitudes and phase relationships
are

[ETMP? = (RTM)? 4 (1TM 2

T2 T8, fTE2
ETEE = (])® + (175 (34
T . [TE
TM o oni [ TE _ gan-tf 12
-] Lan ( RIN) . @ an ( "IE)

4. Determining the Propagating Power in Each Mode
The average power in a given mode propagating in the =
direction is given by

b a

W, = /m(Exn'un = [ [ RelE. 1} = Eyf13) dxdy
o o

{35)

Nov: for any TE mode

Ey = jhkyl¥ coskzxsio kyy

Ey = —fk B siv bz cos byy

Ex
=2
where
ny _mr _nr
A ke =7 k=3
Er n
Zrp = e
T I= e
Err 2r
Jk" e
Therefore,

s
. ]//
=3
00
n

k0 k3
’l’c[ Z"T—co: krz 5in® Icyy+fr—ssm k2T cos® kyy]dzdy

y nTm
=5/
o0

[(Eg)cns kezsin® kyy+(::—-)sm kzzcos” kvy]

'-"1

3

dik-x) d(kyy)
(37)

HH

(il m5#£0)= iZE [[(bm

-— sm A,y

+ (:r—:) (mTr) cos° k,y]d(kyy) 3

an EAWSE ] n
-0 = Elm[(hn)(r%-)("i} ( m)( "r)(mr)]
v =¢_5:%_!"_1/ —UdIR (m#0andn£0) or

=L Ll Ty

Now Lthe amplitude squared term is

23 f)(,,%) (“0)

{m=00rn=0)
{39}

L.-TEZ 12"3}'23"
i P="pa-=
crc



where
cITAN _ 1 ]
“=(T) =oes " Vo
Rearranging the amplitude squared equation
2 _ (e N p7ED
B =(;) (") ( ) |ETE| (1)
Therelore

Wi o P PP VI— UHIFIETER (masdn y0), or

"’ SV UIIFIERER (morn=0)

Using (he same procedure one can ok4xin WTA,

One can now set up all the linear equations for the com-
puter ealeulation. For the broad wall messuremest

=T )13

(2

(43)
J="2 Z ’,l(m) (smi
whet
Ry = By (";");mso, (';’f)
= |E,,(.’;-:);sin a,(%’) ,
p= i+ Mnaa
6 = wareguide broad wall dimension
For the narrow wal’ measurement
fn= -zl Ry (ﬁ sm ("")
(41)
1 - .
Inw= EE] U (’;) sin (?)

where

Ryt = By (";:Jl cos 0 (’:)

- (Y. o
Irg = lf?vn(;)hm o:(;) .
==+ Nmar »
¢ = waveguide narrow wall dimension .
For the third harmonic, the cleven propagaling modes are
TE)g TEw, Thyy, TF:,, TATy, Tkay, Thyy, TEin, TAfsn,
TEyy, and TEy  As described carlier, there are four (Afmaz)

broad wall probes in each of Lwo {Ny+ 1) rows spaced 3.8 em
apart. Now one has four |2{N; + 2] equations as follows

VR +! Rym) 4 0' s + 0V Jyn

= l"n“;:’g Ry!(‘f)sin(‘% (452}

0" Ryomo + 0" By +! 'ﬂa + W
—1

= =23 sin (T

=33, b ()5 (57)

cos omo’ifmo + 008 fmi * Rym1
sin 0mu Fymo + 530 Oy Ifml

. p}:l R,g;( )lin (?) (450)

— 6 80 * Fymp — 50 0y My
o+ ¢08 Opp l’ml + c03 Oy .’ul

= Yy = ,—,IE [ ’ )un (".T'

vd is Lhe highest n-index existing in degenerate mode pairs
end in this cate is unity. Afzg; is the bhighest m-lndex and in
this egse is 4. p is the sumber of gegments in one row whick
needs o be 2 1 4+ Afmor and i this case 5. The left upper

corner superscripts ! and 2 ase the indices of the row-. The
m-index vaties from L Lo 4.

o () = (et (2
N
Fun(5) =150 ()
() =50 (oo (2)

Oy = fmy - Az

.

(46}

where Az = 3 80cm

Onp == ey A

Bmn = = m:, Pl 48
Je=; \/(ﬂd«l‘ + {nf8)?

\When the previous set of equations are xpressed in matrix
form [4] £ = B they becom.

1 1 [} 9
a 0 1 I
€08 bma o501 sindmg  Sin¥mg

~8infpyg ~sinfrm cosfmg €08 6m;

('ﬂ.,md { Ay

Ry 3/

Pl Laad 47

Iamﬁ 2 R'm ( l
1 I'm‘ 2 .

Fot the srcond harmonic see Ref. 7,

B -
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Thus far the treatment and equations have dealt only with
the two rows of broad wall probes and the various Ey's. Simi-
larly, one obtains a sct of E; equations for the second and third
barmeonics from the four narrow wall probe measurements.

There is obe [= Nmas) probe in each sow and four (=
Mg+ 1) rows spaced 3.80 ¢m apart on the parrow wall. There-
fore, onc has eight [= 2{m, + ))| simulianeous equaticns for
the third harmaonie which are not thown bere but are sbown in
Rel. 7. .

5. Checking the Compoter Program

It was necessary to devise & relatively simple eheck on the
complex computer program. Using the calibration dsts for the
probes, the P;’s for each of the eleven probes were calculated
assuming one wali of power propagaling with single mode pu-
rily. This was done for each of the five modes st the second
harmonic and each of the eleven modes at the third harmonic.
This requires eleven each amplitude and phase values for each
pure mode al « ch barmonic or 352 values of £;. Seme debug-
ging of the program was required. For delails see Ref. 7.
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