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INTROBUCTION

The ouiput pouer from each of the 244 high pouer pulsed klystrons at
SLAC is routinely measured using thermistor bridge poser meters and a
samplted sighal from a modified Bethe hole directional coupler. These
couplers are located in the waveguide coming from each klystron before
the four-uay pouer split to each accelerator feed. Adequate low pass
filtering has been required since we are primarily interested in the
pouer to the accelerator at its operating fregquency of 2856 MHz.
Furthermore, one of the properties of the type of directional coupler
being used is that there is stronger coupling to higher order modes at
higher spurious and harmonically related frequencies. Significant
measurement error of the fundamental uculd result unless lou pass
filtering is used.

Recently there has been rencued interest at SLAC in the harmonic
content of the klystrons. The velocitiy modulated electron beam within

kiystron is typically rich in second and third harmonic rf current
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components, The induced current in the output cavity at these
frequencies, however, remains weak compared to the fundamenial
component. There is a reascnably good theory to predict the harmonic rf
componenis of current in the kXiystron electron beam. These components
can typically be 156, 71 and 32 percent for the fundamental, second and
third harmonics, respectively, of the dc beam current. Calculating the
rf currents induced in the ocutput cavity and subsequent pouer output at
the harmonics is quiie difficult, becauvse the output circuit must
inciude parts of the coilector and tube body as uwell, since these
chambers are ahbove cutoff as waveguides and suitable boundary conditions
for a model cannot be established.

Attempts to calibratie the directional coupler at the lTouwer order
harmonics of this operating frequently is useless since there are five
prepagating modes at the second harmonic and eleven propagating modes at
the third harmonic. The degree to which the harmonic (andsor spurious
frequency) energy is divided up inte the various modes depends both on
how the excitation or the initial launching into the waveguide system
occurs. Ii also depends upon mode conversion that takes place due to
abstacles and discontinuities such as bends, uwindous, or vacuum pumpouts
ahead of the location that a measurement might be made.

In 1958, M. Forrer and X. Tomivasu'! described a movable probe
assembly uwhich was used to sample the magnitude and phase of the
electric fieid along both the bread and narrouw walls of a pressurized
S-band uaveguide. The complex field profile was sampled at tuo
different waveguide cross sections. A Fourier analysis on these data by

computer enabled the power to be calculated for the variocus propagating



modes at each freguency. This was done at a pouwer level of 4.7 Md from
an S-band magnetron.

Later, V. 6. Price? made similar measurements using an array of fixed
eleciric probes which were calibrated. Using a computational method
similar to Forrer and Tomiyasu, the power in each propagating mode was
detérmined. He shous that, in general, the minimum number of probes
required to cbtain enough information to determine the power in each
mode is slightly greater than the number of modes which can preopagate at
a given freguency. The accuracy of the measurement is increased if the
number of probes is increased beyend the minimum number. This method
has the advantage that it is arc free and therefore can be done at
higher peak pouer levels.

About the same time, 0. J. Lewis® developed a method shere a series
of mode couplers uere designed; each coupler selectively coupling 2
single mode and discriminating against other modes. This method was
useful for measuring second harmonic poder uhere perhaps four or five
modes exist, but was impractical for higher frequencies where a large
number of modes could propagate.

A few years later, E. B. Sharp and E.M.T. Jones" developed a method
where the various modes in a large multimode waveguide uere
discriminately sorted into several smallier dominanit mode waveguide arms.
This method does net require a computer, but does require an elaborate
waveguide discriminator device and must be used where only a limited
number of higher order modes can exist. The experiwental error is

someuhere betueen *2 and *5 db.



The next year J. J. Taub’ described a method where the power to be
weasured was fed through a waveguide taper into a much larger, overmoded
waveguide and into a large muitimode load. The oversized uwaveguide has
an array of 40 or so probes and a line-stretcher ahead of the taper. He
shous that the higher mode energy from the standard size waveguide is
converted te an approximate plane wave in the overized waveguide. Using
filters, the line stretcher, and signals sampled from the various
probes, the approximation altows one to determine the total energy at a
given frequeney te within about *1 db without knouing hou the energy is
divided into the various propagating modes.

For our purpose, the movable probe assembly was ruled out because of
our high peak pouer and high vacuum requirements.

The targe number of modes at the third harmenic discourage the use of
mode selective couplers or the smaller uaveguide arms method.

The cversized waveguide me thod may have been suitable for our
purpose, but it required the construction of more eifaborate equipment
and the purchase of other equipment.

The multiprohe method used by Price seemed the most suitable approach
in our situation since much of the reguired equipment was on hand and
the computer capability regquired (once considered a drauback several
vears ago) uas readily available.

It uas decided %o confine our investigation to the second and third
harmonics of 2856 MHz. To cover the eleven propagating modes at the
third bharmenic a minimum of eleven probes was required. Price points
cut that the pinimum number of probes required at each broad wall cross

section is equal to the highest m-index to occur for a propagating mode.



Since the TEyg mode can propagate there will be four probes across the
broad wall. The highest n-index determines the number of probes on the
narrow wall at each cross section. All the n-indexes are etther zers or
ohe, s¢ a singie probe at each cross section is adequate. The number of
broad wall cross sections required is 1 + Ngzx(1} = 2. The number of
narrow wail cross sections is 1 + Muax(1) = 4. Naax{1) is the maximum
n—index to occur where the m-index is unity and Mgax(l) is the maximum
wm-index to occur for a mode whose n—index is unity.

Four equally spaced probes across the 7.21 cm broad wall placed a
constraint on the type of high vacuum rf feedthrough connectors that
couid be used. The spacing between probe feedthrough connectors and
hence the maximum diameter had tc be less than about 1.4 cm. This space
limitation precluded the use of type N or SR conneciors.

The connector/sfeedthrough assembiy chosen was made from a Ceramaseal
high vacuum grounded shield connector with a SMA coaxial conhector., The
feedthrough was brazed inte a cupro-nickel cup supplied by us to the
manufaciurer. This assembly was, in turn, welided into a stainless stee)
cup which had been brazed inte the copper S-band waveguide at the
appropriate Jocation. Betail of this feedthrough assembly is shown in
Fig. 1. Eleven identical RG 222 double shielded cables connected the
somewhat fragile SMA feedthrough probes te a sturdy sieel panel uwith
type N bulkhead feedihrough connectors. This panel was securely bolted
to a bracket brazed to the copper uwaveguide assembly. The probe

sampling package is shoun in Fig. 2.



1. AMPLITUDE AND PHASE EALIBRATION OF PROBE ASSEMBLY

The objective in the probe calibration procedure is to relate the
signal measured into a 50 termination at the bulkhead panel to the
total electric field in the waveguide at the corresponding probe for a
given frequency irrespective of the mode. Since it is customary to deal
with pouer ratios in db, further clarification is required.

A pure TEqp mode is Taunched at each harmonic frequency at which the
calibration is made. For example, the third harmonic of 2856 MHz is
initially ltaunched into WR 90 {(standard X-band) waveguide where only the
TEq10 wmode can exist and gradually tapered over about ten feet up to HWR
284 (standard S-band) waveguide. The pouer level of the launched wave
is measured using a 20 db directional coupler in the X-band waveguide
ahead of the taper. The ratio of the pouer from the i-th probe measured
at the bulkhead is compared with the launched TE4e pouer giving:

P3
kj =

PTEse | (.n
The uaveguide probe assembly is terminated with a 100W multimode
gaveguide termination during the calibration precedure.

The maximum eleciric field in the matched wavegquide for the dominant

TEqp mode is related to pouwer by

Pio ab
67810 = ——————— = wu J1 = (Agr2a)2
Emax E10|2 47 (1.2)
where

a = broad walil dimension,

b = narrow wall dimension,

m = impedance of free space = 3771,

Ap = free space wavelength at the frequency of interest.

- 6 -



For the dominant TEqg mode, the electric field at the i-th probe is
related to the maximum electric field by

Ewax'E'0 sin{in/p) 1.3}
khere p is the number of spacing intervals across the waveguide. Thus
for four probes equaliy spaced, p = 5. The i-index is 1, 2, 3 or 4. A
probe inconsistent with the regular array but placed at the center uwould
have to be assigned an i-index of 2.5.

Combining tgs. (1.1), (1.2) and (1.3} gives

Pi GTEroK;

[E:]2  sin2tinsp) ' €1.4)

To calibrate the narrow wall probes it was necessary to establish a
TEop+ mode using a suitable taper in height but not width from MR 137
waveguide up to WR 284 uaveguide. This mode can propagate at both the
second and third harmenics of 2856 MHz. Equations (1.1%1), (1.2} and
(1.3) now have "01" repiacing the subscript "10", and "b™ replaces "a"
under the radical in Eq. (1.2). TYThe narrox wall probes have i = 1 and
p = 2.

The characteristic impedance of the probes/feedthrough assemblies
turned aut io be a poor match to a 500 system. [t was therefore
necessary to use isolators (a different one for each harmonic frequeney)
in both the probe caltibraticn and the high pouer measurement.

The analysis alsc requires that the phase characteristics of each
probe and cable assembly be knowun. If one uere able to ensure that the
phase shift through each assembly were identical, this part of the
calibration procedure uwould not be necessary. It was found that the

calculated phase and the measured phase at the end of each probe cable



varied significantly when the TE4p mode was launched for calibration.
In both the amplitude and phase calibration, the cables uWere considered
part of the probe assembly.

The phase calibration was made uysing the system shown in Fig. 3. A
Watkins—Johnson M76C double balance mixer was used as the phase detector
shoun in the figure. Both the second and third harmonics of 2856 are
well within the frequency operating range of this device. The
calibration inciuding the so-calied "dc offset" is different for each
frequency. The precision bridge balancing was done using a Hewmlett
Packard J885A phase shifter for the second harmonic and an HP X883A
phase shifter for the third harmonic.

A single uideband signal generator uwas used for the amplitude and
phase calibration for both harmonics. It was necessary to use traveling
wave tube amplifiers to obiain adequate calibration signal levels at
each of the harmonics.

In principle, it is necessary to know the phase relationship of all
of the probes with respect to one another. A straightferward
calecuiation relates all the broad wall probes to each other in the TEqq
calibration and all the narrow wall probes to each other in the TEpq
calibration. 0F these two probes, however, each have zero field for one
or the other of these calibrations using the TE;g or TEgy modes.
Idealiy, one could solve this dilemma by launching a pure mode where the
phase relationship between the broad and narrow walls is knoun. Either
member of the TEqyq - TMy4 degenerate mode pair would be ideally suited
for this calibration since phase relationship of the electric field

betueen the broad and the narrow wall is 180° in the former case and 0°



in the latier case. An unsuccessful attempt uas made to launch either
of these with reasonably good single mode purity. 1t was decided to
assume that the phase shift through each narrou uall probe was the same
(for the TMy4, mode) as the average phase shift of the four broad wall

probes in the same waveguide c¢cross section.

2. HISGH POMER MEASUREMENT

The probe assembly was installied at the output of a SLAC XK-5
klystron as shoun in block diagram in Fig. 4. A high pouer load uith
reasonably goed multimode capabifity was made by terminating a 10-foot
leng 4 db kanthal coated, water coocled, stainless steel attenuator with
a standard SLAC high pouer uwater load. The kanthal coated attenuator
uas buili at SLAC for this measurement. The VYSHR of this combination
ioad is less than 1.10 for the {fundamental mode and less than about 1.6
for all higher order propagating modes at the second and third
harmonics.

The pouwer at the fundamental was measured using a directional coupier
and a thermistor bridge pouer meter at the output of the klystron ahead
of the multiprobe assembly. The harmonic pouwer levels at the bulkhead
panel were measured using an isolator, appropriate band pass filter
combinations, and a calibrated HP 8740 breadband crystal detector.

The relative phase of the total electric field at each probe was
measured with respect to a constant 10 mw reference uwhich was obtained
from a reference probe ahead of the muiltiprcbe assembly. Again,
appropriate band pass filter combinations were used in both the signal

and reference arms in the phase measurement.



The phase bridge uses a Watkins-Johnson M76C double balanced mixer as
a phase detector. Precision phase shifters and attenuators in the
waveguide size appropriate to the harmonic being measured are used in
the reference and signal arms of the bridge.

| After initial setup and checkoui, an entire set of amplitude and
phase data c¢an be taken in less than an hour. Another hour is required
to input the data to the computer.

The measured power output at the fundamenta), second and third
harmonics for a typical SLAC high pouwer klysiron is shown in Table 1.
The harmonic pouer is broken doun inte the various prepagating modes.

In this measurement and analysis the minimum number of probes to
provide a solution were used. Mare probes would have reduced the error,
especially at the third harmonic. In certain situations a small error
in a probe reading could result in a significant error in the final
result. In his earlier measurement, Price? found that his high pouer
measurements uwere repeatable within 1 db in ampiitude and *2° in phase.
The measurement technique and the equipment used in the experiment
reported herein provided approximately the same repeatability found by
Price.

The coupling to the electric field of the probes in the multiprebe
assembly turned out to be weaker than perhaps the practical optimum.

The trade-off betuwesen high signal to noise on the one hand, and the
possibility of electrical breakdoun and mode conversion on the other,
kas tilted tco far in favor of avoiding the latter. 1f a second

generation probe assewmbly is to be built at this facility, the probes

will have more peneiration.



Based on the experience of others'-2-3.%:5 and on this measurement,
the overall accuracy of measuring the power in the varicus propagating

modes on SLAC klysirons is about *1.5 db,

3. THEBRY
The probes will sample the sum of the transverse electric field
components for all of the propagating modes. The electric field

distribution for any TEmn oFf TMuwn mode have the general form:

- B - '

mwx nuy
Ex © Exg cos|—] sinj—
L Z ) L b
(max ) (nTry )
Ey = Eyp sin|-——|] cos|{—
. a ) [ b ] (2.1

using the coerdinate system shown in Fig. 5. Since on the broad wall vy

is either a or b, then

TR
Ey = iEyo sin|— »

a (2.2a}
similarly on the narrow uwall
nwy
Ex = *Eyg sinj—
b €2.2h3

tarrying through the broad wall analysis, the total etectric field at
any given position % is the sum of the modes which have m # ©

Y Eym sinFsz

1} a

mux muy
Y Ry sin)—1j + 3 2 1gu sin|{— ’

f

Ey{(x)

] a m a 2.3

where

Eym =Ry + 3 Iy



The Fourier components R, and 1. are found as follows: Both sides of

Eq. (2.3} are multipled by sin{fuyra) and integrated giving

a Aax a MmAX Rux
Eyt(x) sin|—] dx = § J Eywm sinj——| sin|{—] dx
0 a mJ0 a a

Letting u = wx/a one obtains

]

i
|

a [w
= 1 Eyt{x) sinfudu

7 40 mJB

=l

w
) J Eyw 8in mu sinfudu

—sin{m+Lluy sinfm-R3uyw
=-1 Eym[ +

2(m+2) 2¢m-23 -0

[

a singim-23 sinm{m+ll
=— 3 Eym[ -

27 (m-8) (m+l) -

Since both m and 2 are integers, the second term in Eq.

The first term is w for m £ and 0 for all other integers.

a {w a
- j Eyt{x) sinfudu 2 Eym
w40 2 m

— Ey’ (m = &)

The left-hand side of Eq. (2.4) yields

a Amx p-1 Lax;
Eyt{x) sin|—{ dx = } E,{x;) sin Ax;

i} a a
p-1 a at Ani
= )y = Eytl—! sinl— ’
i=1p P P

¥j = airp Ax; = asp

where

(2.4}

(2.5)

(2.5} is 0.

Therefore,

€2.6)

(2.7)

uhere p represents the number of equally divided segments along the

broad walil.

Equation (2.4) becomes



i=l p P

therefore

f

Letting

Evm Rym + Jlym

and

a

p-1 a ai mwi
E - Ey't —f sinj— = - Ey.
a 2

2 p~1 ai L]
Ey' = - E Ey{ —1} sin|{—
p 1=1 p a

Eyt = Ryt + Jly¢

one obtains the Fourier componenis Ryu and Iyn

2 p-1 (2]
Rym = = 2 Rytj—
p i=1 3

where

Ry't - = E Ryn sin
L pJ m

(ai)
Tygj— ¥ Iym sin
L pd m

For a solution to exist, it is necessary that msp ¢ 1.

sin

sin

r =%
mut

Therefore,

(2.8a)

(2.3b)

€2.9)

(2.102

{2.11}

{2.12)

p 2 1 + Myax. The larger the value of p, the greater the accuracy. If

we set p = 1 + Mpax where Mpax is equal

the bread wall at a eross section, ue have the follouwing equations

ai ai
Eytf= = |Eyt]—lexp(3fyi) = Ryt + Iyt

3 P

where

lyt
tandyy = —

Ryt

13 -

to the number of probes across

(2.13}



and Eyi{aiszp} and $y4 are measured quantities. The Fourier guantities

{Eyw! and #ym are determined from

PEymi? = 1RywiZ + |1 pl2 (2.14)

Tym
¢ym = tan-' -
Ry (2.15)

Oniy the E, electric fields, those perpendicular to the broad wall
have been treated thus far. For the Ey fields, those perpendicular to
the narrow uall, the analysis is identical except that m, s, x and p are
replaced, respactively, by n, b, v and g. Similarily, the minimum valuve
of q i8 Nuax + 1. Again the larger the value of g, the greater the
accuracy.

The phase velocities of the propagating modes are all ditferent
except for the special case where degenerate mode pairs exist. MWe must
now look at the variation of electric field along the waveguide in the
direction of propagation. Specifically, measuremenis must be made at at
ieast two cross sections in the broad wall and four c¢ross sections in
the narrouw wall for the eleven propagating modes at the third harmonic.

The electric field quantities Eym expressed previously can be
expressed by the complex equation

Eym = 2 Evan
R\ (2.162

Using the nomenclaiure and wmethod of Forrer and Tomivasu, at each

measurement cross section one has
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AREym = 2
n=0
Nd

BEym = X
n=0
ng

Eym = %
n=0

where A, B, €,

AEynn

BEymn

cEymn

which '&Em: BEm; cEmJ

1

)

ARym + jA!yn

BRym + 31Blyn

CRym + 3CIym

.» refer to respective measurement

.» have heen determined.

index occurring in the modes under analysis.

Separating Eq.
ng

ym = X
n=90
nd

BRym = Z
n=0
nd

cRyu = E
n=_0

2.17)

ARynn

BRymn

cRymn

into real and

AIyn

alyn

CI vm

imaginary parts one has

AIyun

Blymn

clymn

€2.17)

cross sections at

ng is the highest n-

€2.18)

The guantities on the lett-hand side of any one of the above equations

can he obtain=d from Eq.

{2.16).

The righi-hand side quantities at the

K-th cross section can be related to those at A-th cross section wWith

the transformation equations

Ry =

szn =

ARy COSOpn + Al Sinfun

€2.19)



where B8yn = Banfzk — zA) is the elecirical distance betueen the tuo

cross sections.

The equations (2.16) are solvable provided 845, # 2nw where n =
0, 1, 2, ... . This resiriction was taken into account when the
distance between waveguide cross sections was selected.

After substituting Eq. (2.19) into €2.18) a linear sysiem of

equations with 2(1 + ng) unknowns is obtained. Sihce the Fourier

analysis at each cross section contributes two equations, measuremenis

at 1 + ng cross sections are reguired. For example, uhen ng = 1 then

measuremenis are made at 1 + ng = 2 cross sections giving

i

ARym = ngﬁ ARymn = "Rymo * *Rym
AMym = néﬂ Myon = AMlymo + *Iym
®Rym = néﬂ ®Rymn = BRymo + BRyms
Blym = n%ﬂ Blymn = Plymo + BYym

From Egs. (2.19) one obiains
BRymo T AR, 40 ©0SOpmp + Alymo SinBme
Biyme = ~®Rymo SiNBmo + *Iymo cO8Bmo
BRymi = *Rymr 60S8my * *Rymy Sinbms
Blyms = ~*Rymt Sindpq + Alymy ©0S8py

khere

]

Bmo = Bmolzp - zZal

9m1_ Bm'[(zB - Z,ﬁ)

Substituting Tgs. {2.21) into (Z.20) yieids

- 16 -
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b=
~F
-
3
fé

Mymo * *Rym
Alym © Alymo + *yms

BRym = *Rymo c0SBmo + Alymo $inBpo + ®Rymy €0SBamr + Alypr Sinfag

o
Pt
-
E]
ft

“ARyms S5inBpg + Alymo C0S8p0 — *9Rymy Sinfmt + Alym 0SBy
(2.23)

One knows *Ryms *lym, PRy and Bly, from cross section measurements and
calculations using Eqs. (2.9 and (2.10); 8no and Bm1 are obitained from
Fqs. (2.223. Therefore, one can obtain the four unknoun gquantities
ARymor *Rym1r Alymp and Alyp, from the four equations (2.23). Again
Bumo: B3 # 2nW.

Eymn has now been determined. HNote that Eyme = 1Eymolexp(ifm
represents the electric field phasor of the TEyg mode only. The
subcomponent Eymy = [Eymilexp{ifny), however, is the sum of the TEny and
TMne phasors and therefore is not uniquely associated with a single
mode.

The degenerate mode pairs TEmn and TMyn have identical phase
velgcities and coniribuie to the electric fields on both the broad and
the narrou walls of the waveguide. Separating these degenerate mode
pairs may be accemplished by correilating the broad wali and the narrouw
wall electric fields at the same waveguide cross section. The total

field on the waveguide wall is the phasor sum of the TE and TM mede

fields so that

Ey{TMan) + Ey(TEmn)

il

Eymn Rymn + 3lymn €2.24)
Exmn = Ex(THMan) + Ex(TEmn) = Rxmn * JIxan (2.25)

The Ex and Ey componenis are related to one another by

Ex{TManl 17 Ey{TMpy) (2.26)
Ex(TEmn) = -g Ey(TEmh) (2.27)

where



Fg. (2.243 can be reuritten
(Ry™ 4 1™ 0 + (RYyTE + §1,TE) 0 = (Ry + j1y)an
where

Ry

RyTH 3 RyTE

1

Iy IyTN + 1,TE
Substituting Eqs. {(2.26) and (2.27) into Eq. (2.25) gives
(Ex)mn - 1/q(EyTH)mn - C'I(EyTE)mn = (RX ¥ jIx)mn

khere

Ry 17q RyTﬂ - q RyTE

Ix = 17 1,71 - 41, TE

By first solvirng the follouing set of equations

= T
Ry = Ry i J RyTE

Iy - IyT” + IyTE
Ry = 179 RyT" - qRyTE
Ix = ]/q IYTN - quTE ’

where Ry, Iy, Ry and Iy are knoun from measurement and subsequent

€2.283

2.29)

{2.30)

(2.31)

£€2.32)

calcualtion, one obtains four linear equations with unknouns, Ry'H,

RyTE, 1,™ and 1,7F as folious

Ry + (1/7gIRy Ry — dRy

RyTH = e—— . RyTE e
14 (1rg)? 1+ g2

Iy + (Yrglly Iy - qly

IyT" - . IyTE I e———
1+ (lrgl? 1+ g2

The maximum electric field ampiitudes and phase relationships are

(2.33)



!E;T”’Z

|EyTE]2

$TH

9,

The average

given by
i
lv‘iz = - R
2
Now Tor any TE
E)( = JkyB
Ey = —3ky
Hx = "Ey/
Hy = Ex/2Z
where
7t
B’ =
ketfe
mu
kx = e
a
nw
ky = —
b
Therefore,
1 1b
W = —
Z 40

Bt

2Z7E

(RyTH)Z + (IyTMJZ

(RyTE)Z + (IyTH)Z
IyTE

, $VE = tan 1!
M RyTE

DETERMINING THE PROPAGATING POWKER IN EACH MODE

pouer in a given mode propagating in the 2 direciion is

1,7

tan“[
RyT

(2.34)

1 thia
QEE X E*}zdg = - Re[ExHy* - Eny*]dxdy
z JoJo (3.1}
mode
7 cos Ky 8in kyy
B sin kxX coskyy
Z7E
TE €3.2)
£y n
B LTg = — =
Ht V1 - (Rg/Ac)?
VAH 2T
Rc = - =S ———
kg kaz + kyz
a 'kyzB,z kXZB’Z
Re cosZkyx sinikyy + sinZkx coszk,y] dxdy
0 bt Z7e ZTE
nnfmuriky K x
[ ~—| cos?k,x sin?kyy + |—| sin?kyx coszk,y] dlkx3dlkyy)
B 40 k Ky

(3.3)
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I

' 8’2 nrnplad [my (bim} [y
Gifm# 0 [ —|1—{ sinzkyy + |—{|— ccSzkyv] dikyy)

2Z1e J8 Hlim] L 2 Lanj | 2
8’2 rfar) {mn) (nn bm] {mn] (o)
(it n # 8) = —||—=t—=] + [—}|—]|— ]
2271 HbmJ{ 2t 2 an 211 2]
(3.4)
abnpfip?
My = ———meme f1 = (§o7%)2 (m 2 6 and n # 0) or
82 -
abpfip?
= e 1 - (for8)2 m =0 orn=0)
4% .2 (3.5)

Mew the amplitude squared term is
ntk ,2f2B2 an)2{ f]2{ B}2
IEXTEiZ - =.n2 —_ — ——
kKetfol b f k (3.6}

2ut .12 1
ke = c = — 7 = Yrosco
c Juoeo

where

Rearranging the amplitude sguared equation

kel2) Bj2ifc}2
Bz = — _ i IEXTEIZ
7 Nt f €3.73

Therefore,
ab3e9
U, VE = J1 = CForf)2 1E,TE}2 (m and n # D), or
2nt¢
ab3e,
= V1 - GGerf)2 e, 752 (morn =9
nie (3.8)

Using the same procedure one can obtain W,TH.

One can houw set up all the linear eguations for the computer

calcuiation., For the breoad wall measurement
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2 p-1 ({a) Cimm )
Rm = - E Ryt _— 5inj——
p =1 . PJ L p )
2 p-t "ia) (imn7)
Ig 8 — Z Iy¢l~—] sin
p i=t L PJ - (3.9}
where
ial iz
Ry{ = Eyt - COS#i hamadt I -
S\ pJ L pa
(i a) Cia)
Iyt = Eyt - Sin¢{‘ I
b pd . pd
p =1+ Mpaxe

a waveguide broadwall dimension.

For the narrou wall measurement,

2 q-1 "jb) (inT)
Rn = - z th — sin|—
q 3-1 L 4 L q J
2 g-1i (b Cinw )
In = - E Ixt — sin]—
g j=1 L 9. . q ) (3.19)
where
Fjb-‘ -jh\
Rx'[ = Ex{ - ccs¢t —1
L 9] L 9
(b} BEY
Ix't = Ext — SH‘!¢’{ = i
~ q. . qJ
q = 1 + Nmax:
b = waveguide narrow wall dimension.

One can set up the equations for each cross section for Ey for the third

and second harmonics, respectively.
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For the third harmonic, the eleven propagating modes are TEqg, TEzo0:
TEg4s TEqq> TM3as TEz2q» TMzqs TEz0, TMay, TEzs and TEyg. As described
earlier, there are four (Maax) broad wall probes in each of two (g + 1)

rows spaced 3.8 cm apart. Now one has four [2{Ng + 1)} equations as

follous
r - p-1 ( 3
1 Y ) | AR P 4 f2] syofim]
pym + Ryrnl + ‘”,ma + OIW Rym p _1Ryti[p sin 7
i=
p=l
! 1 L 1 = 1 : L [Eﬂ ; Fﬂq
ORW'U + ﬂnyml + IYﬂﬂ + symi iym o Iyt] P sin o
i=l
\
p-1
1 1 . 1 1 _ 2 .2 [i_a_ : [1_::_1_11]
cesﬂma Rymﬁ * cnsem.l Rymi + smemo IW‘J + siﬂem f:mﬂ = Rym P iz}ayt? p] sin >
p-1
ing ! 1 ) LT U [g) i i_mﬂ_]
k:s.mam Rﬁﬂ - s‘h'nel_rn Ryrrﬂ + cusem iyrrﬂ + cosam] Imﬁ Iym b -11”,'2 P sin P J
i=
(3.113

Ng is the highest n-index existing in degenerate mode pairs and in this
<agse i3 unity. Muax 38 the highest m-index and in this case is 4. p is
the number of segments in one rou which needs to be 2 1 + M, and in
this cage is &. The !eftlupper corner supefscripts {1 and 2 are the

indices of the rous. The m-index varies from | to 4.
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Ryt
Tys
Ryt

Iyy

8o

m1

an

Bwn

te

ia) ia) (§3)
5 Rt SR B AVE IS b cosfyi,|—
- pJ A pJ A p4
(ia) (i3] [12a)
d—tb = ey, l— sinfyi, |~
b pJ L™ pJ b Pv
(1) (1a) (ia)
211 = [Evt,{— costyi, | —
L PJ L PJ L P
(ia) i a) ia)
i1 T JEyi.|— sinfye, |—
{ P . pJ | P)
= Bumo - AZ where 42 = 3.80 cm
= Bm‘[ - AZ
= {3mn - ﬁZ
€
= — 1 - (for8)22
c
c
= - fmrad? + (asb)?

2

€3.12)

dhen the previous set of equations are expressed in matrix form

{aJ ¥ =

L .-

B they become

1 1 0 ] 4

a 1] 1 1
c058me to1e3-1: IV sinB o Sin8me
sinfpe -8in8p cosB o coS59py -

. ’Rymo
Rym

'Tymo

L 1Iym1

1Rym
1iym
zRym

zlym

(3.133

For the second harmonic, the five propagating modes are TEig, TEzo»

TEoq» TE

11 and TMy;q. Only two (Muax) probes in each of tuwo (Hg + 13

rous are reqguired but since the measurement apparatus used for the third

harmoenic is available to us uwith extra probes we can obtain greater

...23_



accuracy.

noting that now m varies from 1 to 2,

The equations take the same form as for the third harmonic,

Thus far the treatment and equations have dealt only with the two

rows of broad wall probes and the various Ey’s,

Simitarty, one obtains

a set of Ex equations for the second and third barmonics from the four

narroi wail probe measurements.

There is one (= Ngax) probe in each row and four (= Mg + 1) rows

spaced 3.80 c¢m apart on the narrouw wall. Therefore, one has eight

=

axOn

R
g Rxan

1
coseen Rxﬂn

i
-sinean R‘en

3 ]

coszaoh R:Gn

-sin2e, 'R
an

cos538 ‘R

]
k-sin3aan Rxﬂn

x0n ~

Bn “xon *

- sin28

x2n

]
0-"Reon

1
cosB,, RxZn

. 1
s1nazh RxZa

]
coszazn sz"

]
n R:Zn

K
cos3szﬂ sz“

- sinb

-

]
- 51038, Ry -

1
Rxan

1
0 ann

1
coshy, RxSn

1
In Rx3n

1
cos?aan Rx3n

1
54n26 Rx3n

3n

s 1
s‘"333n Ix3n

1
sin3e3rl RxBn

O Lon

xfn

. 1
smeOn ixﬂn

<59 Il

on “x0n

!
sin280, 1 ion

3
cos?soﬂ ngn

sinig ]I

On “xln

cos3d 'I

On “xOn
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sina]n x

Y

cosa‘n x

1
sinzein i

1
coszein i

1
sin391n H
]I

CDS39]n

in

In

x1n

xin

x21n

xIn

+

1
0+ "1an

1
ixZn

sing ‘I

2n “xZn

1
cost,y, IxZn

sinde 1I

2 aén

!
<0320, "1 on

i
s{n392n lxzn

1
cos:ezh I:Zn

+

+ ginZe

¥

2(mg + 1)] simultancous equations for the third harmonic as folious

1
9. IxSn

¥
Ixan *

H
s‘"GSn Ix!n

1
€056, !x3n »

1 =
3n Ix3n

1 -
oy, i,

] &
s‘]"'Ja.‘!ra Ix3n

cos3a, i

3n x3n ¥

(3.14




+

Equations 3.14) expressed in the form [A] ¥ = B becomes

R i ) 1 0 0 0 o ] Mg | [ "%, |
0 0 0 0 1 1 3 1 e, ,
ccsean WSBM cosﬂzn ~:os.(*l3n sinﬁm sinsm s.-inﬁiz‘,i Si"BBn }RxZn szn
-sinaen -s.inem -sinBZn -s‘lnf}3ﬂ cosly, cosB,,  cosd,  cosly ]Rx.'!n 21,m
cos?een cosZBm cosze% c05293n sinzaon S inze]n sinzeh sinzean ) L Ixo“ 3Rm
-sinZGen -sinzain -sinZBZn -sinze3n caszecm t:os.?x‘.ilﬂ cosi'ez" coszaan' Tlﬂn 31:::
cos.'iegn cosBBin cos362n CDS383ﬁ sin3een sin3e‘n sin362n sin393n l1,(2“ AR“m

_—sin3f3°n -sin381n -sinBGZH -sin383n cos380n ccs:!a.m ca5382n cos333n_ -! !x3n_‘ L 4Im_

(3.15)

where n = 1 (Ny 5343 and noting that the tocation of row number 1 on the
narrou wall is the same as the row number 1 on the broad uwall.

For the secend harmonic one needs only ane (= Nygx) probe in each rou
and tuo (= Mg + 1) rous such that there are four [= 2{Mg + 1))

simul taneous equations as follious

q-1 o
! ! ! i =% =2 [;21 i [a_nz
ROxn + Rxln * ° ixan * ¢ ix‘ln Rm q Z} thl q #1% J
q-} . )
Y 1 i z I P (2] sinfiz]
0 RD::n + 8 Rﬂn + IxOn + Ix'in I:m q Z‘ be'! q sin q
JE
< , g
q—
1 i sn 1 _ 2 . 2 [ﬂq ng
l:ose(}n R(lxn +ocoshy, inn * smecn Imn * sme]n Ix‘lﬂ i Rxn q Zl thZ g sin g
j=
g3 )
| : 1 oLy .2 (8] stofic)
-$in05, Ryyn - SINB R b 000, Lge b 0800 Ly Len g ‘121 Lealq) 51779 )

(3.16)
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or in mairix form [A] X = B

1 i 1 g g I 7 1F’w:an T [ 1R){n N
1] 0 i 1 "Ry1n = 'Tun
cos8qn co581n  SinBpn  Sinfyn Tion 2R xn

- ~5infe¢p, -sinBin  cosBpp cosein 5 2 1Tyan ° - 2140 -

(3.17)
where Mg is the highest m-index existing in a deggperate mode pair which
in this case is unity. HNpzyx 15 the maximum n-index uhich in this case
is unity. 9 = § + Npzx is the number of segmenis in one row and in this
case 1s 2. The lefi upper corner superscripis 1 and 2 are the indices
of the rous, noting that ) refers to the same cross section as 1 on the

hroad wali. Also n = 1(Hpax). As before with the broad uail data

Jb rjbﬁ er.,
Rut,|™t = [Exti|— CoSPyi,|—
. q L q- b QJ
Fjb rjb\ rJh'\
Rxta{™} = [Extyl==f] c08fxt, |
“ q b qd L qJ
r}. - rjbw rjb-..
Ixtgi—}) = |Exty)=}] sindxt,|—
“ qJ W QJ . qJ
rjb'\ ajbﬁ 'jb\
Idta|™ 1 % |Exto|—|] Sin®xi.|—
L 4. LG L Q. (3.18)

Smmr Ban and fo are the same as before.

To calculate the degenerate mode pairs one can use the following as

before

- 7285 -



Rymn + (1/9)Rxun
(RyTM

1+ Y/
Rymn — qRxmn
(RYTE)mn - —
1+ g2
(IyTM>mn = Iymn + /791 xma
Iymn = 9ixmn

{1y TE) g =
1 + qz (3-19)

uhere g = nas/mb.

Finally we have the electric field amplitudes and relative phases

|Ey7”|2 = |RyTH12 + Ilyrﬂlz
‘EyTElZ = ‘RyTE‘Z + ‘IyTE‘Z
'IyTl‘f‘
#TM = tan-?
\RyTH
'IyTE"‘

$TE = {an-?

Ry TE] {3.202
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5. CHEEKINS THE COMPUTER PROGRAM

It was necessary to devise a relatively simple check on the complex
computer program. Using the caliibration data for the probes, the P;’s
for each of the eieven probes uere calculated assuming one watt of pouer
propagating with single mode purity. This was done for each of the five
modes at the second harmonic and each of the eleven modes at the third
harmonic. This requires eleven each amplitude ang phase values for each
pure mode at each harmonic or 352 values of P;. Some debugging of the
program was required.

For propagating TE modes the pouwer is given bhy$

nZ{frfed? n2ifsfe? afh
W, TE ¢ — Ho2dS = ———— B2 j J 082k xx cosikyy dydx
t.s

221¢ 2Z71E G490 (4.1}

which becomes

EYOZ— v::-\2 Exoz kel2
WLTE = —| ab = —1 ab for m# 8, n# 0
827elkxw 82relky
Eyo?{kel2
—1 ab for m # 8, n =0
42ve ik
Exoz 'kc"z
-] ab form =0, n# 0
4Z1e bk, (4.2}
For propagating TM modes
Zyuff 12
R b E.%dS
202 f 6.5
Zulf 2 afh
= —{— A2 J j sinZkyx sin®kyy dydx
2n2 | f o {IREI] {4.3)

_28_



which becomes

Eyoz 'kc“2 Exﬂz kc 2
W, = —1I &b = —| ab for m # G, n# 0
8Z MLk y 8Z1nik
Eyaz 'kc\z
= —t ab form = 0, n# 0
421k y)
E}(az 'kc“2
= —1t ab torm # 0, n =@ -
4Z THk 3 (4.4
where
M7 nn 2nfel?
kx:_ k)c':_ kczzkxz+ky2=
a b c
Eyo Pfc.ﬁ ‘kc\ Exo "fc\ 'kc\
B = el | [l T e | e
n L f) ik 7 L f)ky
Eyo[fc](Kel Exof{fc]{ke)
A = ] T e [
Zrul f) Lk Zrml i Lk
] —
Zye < 2t = B 1 - (ferf22

V1 - (o632
The electric field configurations, ky, ky and ke are summarized in

Table 2.
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Table 1. HMultimode Pouwer Distribution for a SLAC High Power Kiystiron
in Watts (Peak’

Tube: M-413

Propagating Fundamental Second Harmenic Third Harmonic
Maode 2356 MHz 5712 MHz 3568 MH2
TEso 31.0 % 10° 11,206" 269
TEz0 1,130 §,490
TEp1 52,570 754
TEq4 58,5643 188
TM14 8,261 450
TE21 258
Tz 4 174
TEsy 138
TE31 g3
TM3q 37
TEyq 42

TOTAL 31.8 x 185 123,810 3,894
(g db Ref.) {-24.0 db} (-39.0 db

- 3% -



Table Il. E Field Summary

Ey EK ' Kx Ky Kc
nX i ]
TE1Q Eyo sin— 0 - g -
a a o
2ux 2% 2%
TE€2¢ Eye sin—- 0 -— 8 _
a a a
3ax _ 2% 3n
TEae Eyo sin— tH - 0 —_
a a a
4ux 47 4w
TEso Eyo sin— ] — g —
a a a
wX Y wX Wy w T
TE 44 Eyps sin— cos— Exg COS— sSin— - -
a b a b & b
21x TY 2 x Ty 2% T
TE24 Eys sin— cos— Exg eos5—— sin— _ -
a b a b a b
31X 1:3Y 3nx Ty 3n u
TEaq Eye 8ih— gos— Exs cos—— sin— -_ -
a b a b a b
Y ki
TEons ] Exg sin— (] -
' b b
b Ty X Ty n n
Ty Eyo sin— cos— €Exg COS— S5ipn— - -
a b a b a b
2ux Y 2ux Ty 2 bl
THz 4 Eyp sin— cos— Exe COsS—— sipn—— — -
a b a b a b
3ux Ty 3nx Ty n 1]
TMaq Eyo sin—— gos—— Exe cos— sin— - -
a b a b a b
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Fig.
Fig.

Fig.

Fig.

Fig.

FIGURE CAPTIONS

Betail of single eleciric field probe assembly.

Muttiprobescable assembly.

Simplified biock diagram — louw pouwer amplitude and phase

galibration.
Simplified biock diagram — high pouer mgasurement.

aveguide coordinate system orientation.
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