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RF FIELD INVESTIGATIONS ON THE 1/10~SCALE HARK I CAVITY
Mitchell Dazey, Dale Nlelsena Raymond Robertson and Duane Sewell

Radiation Leboratory, Department of Phys1cs_
University of Celifornia, Berkeley, Californmia

March 13, 1951

T INTRODUCTION

Early in the design of Mark I it was decided to check as many of the
rf characteristics’as possible by measurements oﬁ a mbdei of the machine,
Hence, & 1/10«50&16 quel of the liner and drift tube assembly was built,
The following investigations were carried out on the cavitys
A, Magnetic Field Distributibns
From the distributions were deriveds
Aol Losses
B, éhunt impedence, Zé
Co Q
D, Other miseellaneou% items
B, Drift Tube Stem Data
A, Determiﬁétion of optimum position
B, Perturbgtio@vdata_
Co Bypass"capacitor requirements
C, Drift Tube Perturbaﬁion Data
D, Measured Q .
These investigations were carried‘out'by a group already in existence and

working on similar measurements for various experimental half-cells, This

group included, in addition to the authors, the following personnels Ralph
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Dufour, Frank Grobelch, Mex Harris o Williem Lﬁwton, Craig Nunen, and John
Waddell, o ., 7 ) ‘ﬂ_ o

Much of the experience sccumulated was direétly ;.pplicable to the;1/10-=
- scale measurements, and is included as a part of this report, All results
that are given in thié report are in terms of the full scale Mark I machine
unless otherwise indicated,

The fol_lowing nomenclature will be f@ll@We& throughout this reports

‘1. The model with 7 1/2 drift tubes will be referred to as ( 7 1/2 M)

and the later design with 8 1/2 drift tubes as (8 1/2 i), |

2, Drift tube will be abbreviated DT, and to dééign&te the position
of a particular one this will be followed by the number, e.g,, drift tube
number seven is designated as DT=7, |

3o DI's will be numbsred from the entrance end of the cavity with
the one-helf DT mounted on the entrance end desigﬁéﬁed as DT«;-OO | N '

4, A DI-sell-l will be defined es the volume included between two
successive planes on the center=lines between drift tubes and bounded by the
cavity wall, as shown in Fig, I-l,

5, A DI=cell-2 will be defined as that volume inelu_d_egl' be’cw‘ge‘p planesj
through two successive drift tube 1oné'ijtudinal‘ center-lines end bounded by
the cavity wall (see Fig, I-1), o -

6o H=prébe ident':if"i es & small (r << A\) shielded loop at the end of
a coaxial transmission line for sampling magnetic fields,

7, B=prcbe identifies an open circuit transmission line with the inner
conductor a small fraction of a wave-length longer than the outer conductof,
Theze are used to sample eleciric fields, |

| 8, A qumtity which is proportional to the megnetic field B at any

given point will be dencted F, and the sbsolute megnitude of the field will
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DRIFT TUBES,

'OA\;I'TY P——.\ (1] il g : 1

NOTE: A GELL IS

_THE AREA SHOWN ¢ BETWEEN
REVOLVED ABOUT DRIFT TUBES
THE GAVITY ¢ -
TO FORM A VOLUME _
)
» " DRIFT TUBE
, LONGITUDINAL
. ) i .

_ " DEFINITION OF AREAS
o » . Fi1G. I-1 MU 1526
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be denoted by B,

9, All fields, curremts, and voltages are given in terms of their
mﬁmm amplitudes unless otherwise specified, (This means that calculations
of power musf be properly converted to Jz",,m.,‘so ‘values.-v)

10, The cavify was at all times operating in the IMyq o mode,
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II THEORETICAL CONSIDERATIONS

No attempt will be made hére to delve into»?hewﬁheqrydgf resonant cavities
and, further, many commonly used expressionSFCsudyuaé the one for depth of
penetration of an rf current into avgonduétor) will be uqeq yithqut proof,

There are two quantities of panticular iﬁteres£Q nemely ngwhich relates
the energy stored to the power 1058; aﬁd the shunt impedance, 239 which re-
‘lates the power loss to the woltagse, At resonance Zg is & purely resistive
element snd Will be treated es such tﬁroughout this section,

The expressions for Q and Zg éan be transformed into a variety of forms,
each of particular usefulnsss in connection w?th a particu;ar method of attack
for the problem at‘hand, The forms most useful for the methods bf measurement
described in the following sections will be developed, |

We will define at the outset a few useful quantitiess®

i}

g conductivity (mhos/heter)

5,8 x 10’ mhos/meter (cdgmercial copper) (ir-1)

]

S = skin depth or'deptﬁ to which dn»rf»current pene-
trates into a conductor before it is attenuated
toll/e of its value st the surface, (This is also
the equiﬁalent thickness of a conductor of con-

ductivity o if uniform current density were

~ present,) I . |
S = \/‘ 1 =\ 2 meters ' - (11=2)
: wfpos WO o : :
0,0660 ' :
@ ———— meters - (commercial copper) (11-3)

J};

* A treatment of the relations as use&'in'thié section is to be found in
"Fields and Waves in Modern Radio,” by Remo and Whinnery, Chapter 6,
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f = frequency (cycle%/see,) _ (11-4)
A = waveelengthf(meters) _‘ : (11-5)

£ and A sare related by the‘vélocity of light, c:

fFA = 3 x 108 meters/sec, (I1I-6) -

c
o = 2uf, the sngular velocity (radiens/sec,) (I1-7)
!p = éermeability of the medium - “
= 4n x 10° henrys/me£er for free space (and
copper) | . (11-8)
All relatiéns:are.determined in terms of the peek vélu@s of fields,

volteges and currents, and MKS units will be used throughout,

A, Losses in a resonant cavity
A femiliar form for the power loss, L” in a r351stanee R is:

. |
PLo= 5 IR wasts (11-9)

wheres I ‘= Fesk current (smperes)
R ié Resistance (ohms)
We csn expect the current to vary over different portions of the cgvity”(deu
pending on the meode of osciligtion end the geometry of the cavity), so we

express Bq, (II-9) in integral forms

1 -2 o :
, PL /[/r 2 IS R‘ as ) (1I-10)

Peak- surface cuwrent per unit width, (Amperes/heter)

1}

Surface Peslsthlty (ohms/square) ,
ds = An elementary erea on the boundary surface as defined
in Fig, II=-1,
Further, it can be shown that the current density-in‘ﬁhe condﬁgtingvsurfage is

equal in magnitude to the tangential magnetic field at the surface, Expressed
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dA- DIFFERENTIAL AREA ON A PLANE THROUGH THE
 CENTER 'LINE. .

a-b-c-d - DEFINES THE PLANE OF dA.

ds - DIFFERENTIAL AREA ON A CONDUGCTING BOUNDARY
SURFACE (INCLUDING DRIFT TUBES WHICH ARE NOT
SHOWN IN THIS SIMPLIFIED SKETGCH.) ‘

- . dl - DIFFERENTIAL LENGTH ANYWHERE IN GAVVITYﬂ

DIFINITIONS OF PLANES AND SURFACES

FIG. IL. - | .
e MU 1527
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matheﬁxatically this iss

IIS| = | n x H‘t‘ amper’es/ﬁe‘ber : (I1-11)

Rg, the surface resistivity, cen be deduced from & consideration of the d,c,

resistence, Ry .. » end the skin depths

ok _ :
Rd,c, = = (11-12)

‘ﬁhferes_ o = Gonduetiﬁty of the material (ohms/meter)
L = Leng;th of the path (meters) .
A = 'Crosrsjwsejétioné.lw ares of the c;’ondﬁctor transverse
to the current flow, (M‘eterszz)
For a strip of unit width end skin depth, S : |
A = & (meters)
'fhen if we consider also & unit 'leng’i;h of path, Ry, becomes:

R, = —— ohms/square | (11-13)

‘Substituting Bq, (II-2): :

T | -
Rg = md = \/ = (I1-14)

= 2,61 x 10"77 \lf-i: ohms/gquare
(in commercial copper)

Combining Eqs, (II=10), (II-11), (II-14)s

P, =— ‘Sﬂ (nxh) © (II-15)
| s |

or, in tems of the induction field B = yH

P E__‘&_r_f:é/f/ (nXB)z dS
L t
s /L8 :
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ﬁfS 2 , " | :
B, e — /] |8|” as - (11-16) -

B J/gs ' _
1,431, 169 2
s [l

It is not convenient to measure the voltage, V, directly in a,cavity,;but

[i]

v

9

/

B, Voltage considerations

by some gimple transformations it can be obtained from field measurements, In

V o= /E - al | | | ' (11-17)

= Electric field gradient,

general:

wheres E &
V = Totsl voltage

This cen be transformed by meens of the Maxwell equation:

TVXE = - 2B . | | (1I1-18)
ot . ,
where: B = magnetic induction field (webers/hetgrg)

Integrate both sideé of this equation over a field area, ,Wb_wili‘denotg a
differéntial element of this area by dA (to avoid confusion withﬂan'eigmentnw
of area on the bounding surfaces, aé shown in Fig, Irmi)o Transform the left
hand side by means of Stokes theorems - | ‘ -
/(V"x'E”) cdh - j(s,o al B ~ (11-19)
(The line integrai'is'taken'around the boundary of the surface of integféfion;)

Then Eq, (II~18) becomess ' : R

' ' 28 |
) o = Y - e mm——— O ) az
j[E al | // S - (11-20)
- tie1d e
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We are dealing with steady state time harmonic fields of the general form.

jw

% | ;
69", hence, the partial derivative with time can be written as jewed ©F

(the e9 @b is inferred in all the field equations for our system). Ther

Eq, (II-20) becomes:

j{m al = = Juw / B d

Tield

j[Eodﬂ = 4 oD // B o dA (II-21)
1 Jpield . : :

It is convenient to adapt'the'limits of the above integrals to our best

advantage, This can be done by defining the field area in our system as being
e plane surface bounded by the center line of the cavifymand_ﬁhe outer walls
ag shown in Fig, II=1, This requires‘that E . dl ﬁe teken along the |
center-line and returning ercund the outer well (path a-b-ced-a) shown in

Fig, II=1, The convenience of this choice of béundaries is evident Whenb

it is noted that:
&

4 : 7
'ﬁ_god£-= Eo.dal = [.Eodlse (11-22)
b G : d - '

This is due to the boundary condition that the tangential component of E is

equal to zerc at & conducting boundery,

C; Stored energy

No attempt wili be made heré to derive the :eiatiqnslfor the storeg energy
in a cévity; ‘It is a constant for steady state conditidns end is all in the
'magneﬁic fields at the instent they reach their peak.véiue and all in the
electric fields at the instant they resch their pesk value, 3etween these

two instants the stored energy is divided between the eleetric and magnetic
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- fields, The energy in terms of the electric fields is not of iﬁterest to
us, The usual form for the ensrgy storage in terms of the magnetic field

iss

- 1 ) 2
olume '

or in terms of the magnetic industion, Bs

1 5 | L
U, = = . B® o dy (11-23)
) vvlume :

where the integration is carried out over the entire volume of the cavity,

D, Frequemcy deﬁation methods for obt,aiﬁing E and H, .(«BB_ruixs")m |
In addition to the direct field'sampling methods utilizing the_formulge
detailed above there is a second indepaﬁdent means.ofwdeterminigg the fields
in a cavity, This utilizes the fact that a cloéed metallic surfaeé or a volume
@f dislectric materisl inserted into the cévity'will_change the resonant fre-=
éuem@y, It is beyond the scepe of this paper to derive in full the relation-
ships between the fields and frequency devigtionso Suffice it to say that it
van be shown that the frequeney‘deviation‘due to the insertion of a small
spherical volume of dielectric material is prdportional to the wvolume and_to
the square of the electric field at the point of insertion, Simila:ly it |
can be shown that the deviation due to a sphefical volume of metal is pro-
portional to the wolume displesced end the difference between the square of
the electric field and one<half the\square of the magnetic field at tbe peint

in question, Expressed methematicallys

e : - @53

ésﬁdielectri@. oC p x volume ‘ (11-33)
_ ‘me 32) .

oc (- _ B : (1134

ZSfmetal : ( e 7 ) % volume , (11-34)
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In practice the size of the sphere used must be small, part}y in order
o avoid srrors due to nonuniform field distribufion§a and partly for theo= |
retical reésons beyond the scope of this paper, Frequency shifts are generally
in the sudio rangs,

The following definitions and nomenclature will be used as a starting
pointé | |

AT

frequency shift produced by a B-B

A

o OF

D

]

frequency shifts produced by a metellic and a dielectric
B=B respectively

From Eqs, (II-33) and (II-24)

’ E2 B2,

Af. = K <=—- ,-_..,‘) II-35

M 1 c2 2 ( )
A' ) EZ )

fp = K oy | (11-36)

Substituting Eq, (II-36) in (IE-35)

H Ky 1 : '

-AfM_, == DNfp = Kl-é-— \ . (11-37).

Kz
Az suming a cavity with axial symmetry (operating in By, mode) there will be

zZero magnéti@'field on the axis and Egs, (II=35)~and'(II=56) become s

N

EZ '
Af’mt = K o | - (11-38)
A | - ) -
AfD@ = Kz—é? | | - ?II=59)

or, dividing Eq, (II-38) by Eqs (II-39)s

Af, ; .
~ LA o o - (11-40)
fD@ Ky ,

Substituting Eg, (II-40) into B, (II-37) and (1II1-36). end rearrangings
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(II-41)

D¢
2 /NF .
e = G' M AN

In order to evaluate K1 choose some other po‘intr in the cavity where B ;4 0
to be used as a calibration point, All messurements made at this point will
be identified by the addition of & superscript prime, From Eq, (II-41):

2 Aty |
& — v | N -
K1 5T [Afn <AfD¢_> Af’]&} | (11-43)
We can ndw evaluate E . al

of Section B above,

In terms of actual
o (II-42), (II-43):

measured veluss from Egs

At
M
OB ¢

Flonem ey O

M
Then from Eq, (II-21):

- CB? “ j(Aquz)o df/ .
Eodl = : (11-45)
j[ \/— LAf' = @>' ~ALL o
D : _

This completely descnbes the end-to-end *mltage of the cavity in terms of

the measured frequency deviations sand the field at a single normalizing
point,

We can obtain an expression for the megnetic field B in a similar

manner, From Bqs, (IT-41) and (II-43):

, M
52 . pi2 AfD(Ef_D¢> =Ofy

, | (1I-47)
A%Ggﬁgsa% . |

i
D¢
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This expression completely deseribes the magnetic field B at any point in
the cavity in terms of the frequency deviations and the field at a single
. Y
- normalizing point,
E, Shunt impedance
- The relations set forth in the preceding sections are sufficient to ob-

tain an expression for the shunt impedance, Z As a SEarting point we will |

so
. assume the ééneral expression for the power loss PL:
) :
v :
P, = PO (I1-48)
2R '
For a cavity, R is the shunt impedance which is a pure resistance at resonance
(this is the only case of interest to us), Substituting and rearranging:
- 7 = _Max o (I1-49)
8
: 2P,
K11 of the members of the right hand side of this equation have been

derived above,

1, Using j[E o al or Eq. (II-17) end Eq., (II-16):

(FE . ag)?

Zz = :
8 . nfs (n X B2 ' as |

or in terms of the wave-length, A 3

{IL=-50)

. L0 (SE - ap)? rosn)
Z = 3,494 x 1077 (A | - II-51
8 ° 2 .
: (nXB % dS

2, In terms of megnetic fields only, using Eqs, (11-16) and (II-21):
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o 2
(‘[Z;eld B dA) |
Z, = -_-SH; > - (11-52)
. ff (X B)? a5 N

S

or, in terms of the weve-=length:

'\ 2
o - . dA
o 1,241 x 109 < field )
8 N2 [ . x By)? ds
L8

(11-53)

3. In terms of BB measurements for the voltage, using Egs, (II-16) |

and (II-45)s

2 i :
[ W2 ] B! Eﬁk‘5fm¢) ’ d@] ! (1I-54)
an le ¢ ( )2
M . n X Bg)® a
I:Af” Aflg;ljl ' [fzs
Te carry out this computation it is necessary thét the magnetic
field measuremsnts be normalized to the seme check point as the
: B :
B=B runs, Let the normalized,fields be BtN - o Then
o ) .. B! -
Eq. (II-54) becomes:
- ( [flagy - at]® f 1
Zg = 1,573 x 104[% (11-55)
OF (n X B. ) ds
1 ,]L;fﬁ <;___JE> L&fMj} l:lfr o
4, Using B-B measurements only, using Eqs, (I1-45) and (II-47):
[Jszsfm¢) - al]®

(11-56)

% a[ 2::’2 } g
' ) Af ( ) e Af ° [

or, in terms of the wave-lengths
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| [f(A ) .Io dg 2 |
A Iy
ngs [MD @fpp 3 AfM]_, as

This gives us four different forms for—cgmputing the shunt impedence

2y = 1,573 x 107 (II-57)

using various combinations of megnetic field measurements and B-B measure-=
mexts for determining the voltage and power loss, In later sections the parti-

cular measurements for éubstitution inte these equations will be described,

F, Determination of Q
In addition to the shunt impedance we can compute the‘Q of the cavity
in terms}of the magnétie field measuremsnts and the B-B runs, One qf the

standard forms for the Q of 2 circuit is:

Q=—8 - | (I1-58)
5

wheres B_ = Stored emergy (joules)

P, = Average power loss (watts)
Substituting from Eqs, (II-16) and (II-23):

g 2. av

¢ volume
_ q = 5 ' = : (11-59) -
° [ (nxBy)* . as _
o ’ &8 ' ‘
or, in terms of the waveélengths
5,248 x 10° -@;lum‘e ,
: (11-60)

. Y f[zsm'x%)zod&

In terms of the BB rums of Eq, (II=47)¢
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- A
) _5.248 x 10° ~ZZZT1umJgSfD( ﬁ%) “Zlﬁé] ° av
iy ﬁ [Af Afm@ Afm] e

(11-61)

G, Absolute fields, currents, and voltage
1, TFelds o

A1l of the fieid distfibution measurements were made on a purely
relative basig, i,e,, the shape of the field was determined but the sampllng
probe did net give absolute values of the field, This relative. dlstrlbution |
is sufficient for determining Z end Q of the model cavity but for purposes‘v
of scaling fields from the model to the full scale machine it was necessary
to know the absolute value of the fields,

The absolute value of the'maégnetio field was determined by means
of the voltage induced in a loop, Given a lbop-of radius, r, immersed in &
uniform magnetic field, B, .Thereiwill be a voltage VL induced which will

appear acrogs the output terminals as shown in Fig, II-2, The relation

Loop area = &

0O

Field Calibration Loop

Fig, II-2
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between the voltage induced and the field is given in Egqs, (II-17) and
(II-21)s

e

8 -=b=g

BEedl = =w /[7' B . dA , (11-62)
A | A

where the surface integrél is over the area of the loop, Assuming the field
to be wniform over the loop and that the plane of the loop is perpendicular

tc the magnetic field vestor:

Vv, o= @A B , (11-63)
B' = (I1-64)

wAL

Ay = Loop area (meters?)

V; = Loop voltage (peek)

B! =Hax, magnetic field (webérs/metefz)
With certain special physical considerations which are rélated»in‘detgil
in SeétiOn VI=D the fight'hand side of this equation can be deterﬁined
snd hence the magnetic field, B', at the positioﬁ of the Loap,_.

If we placé the fiel&‘sampling probe at the same point in the
cavity as the loop and read its velue, F!, we can compu@e‘the absolute #alue
of the field, B(r,8,z), for sny point in the cavityitprovided of course that
all.tﬁe meésurements were'téken with the seme probe at the same level of ex-
citation), Let a superscript prime (BV)vindicaﬁe a value taken at the position
of ﬁ£e loops o |

B(r,8,z) = BY [}fﬁf{f&f}{] - ‘ (1I-65)

wheres B(r,&,z) = absolute field at any general point
(maxwells/meter?) .

F(r,0,2) = probe measurement at eny general point
(proportionsl to the absolute field)
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B! = Absolute field-at the 1oop position
(maxwells/heterz)

F' = probe measursment at the loop position

Define & normalized field walue, Fys

Tu(rs®2) = “——"‘F(;Zﬁe’z) S | f
In the measursments all readings wéfe normalized in this manner sc that the
results woqld bé independent of the level of operation, This alsc facilin
tated sbsolute field calculeations &s seen by substituting in Bq, (II-65):

' B(r,8,2) = Fy(r,e,z)s  (11-66)
It is necessary only to determiﬁe thé absolufeﬂfield at the loop position |
by Bq. (I1-64) to comvert Fy %o B, |

2, _Surfacé currents

The relation between fields and currents has alreaayvbeen set
forth in Eq, '(Ham)s
IS s n X Ht’
or, in terms of magnitudes onlys J
sl = ol = [l
. , .Bt, y B |
| Ig = pe x 10 amperes/heter (peak) | (11-67)

whére By is the tangential magnstie field at the conducting boundary, Note
that since all Qﬁantities are in terms of their peak velues, if power is
salculated from the currents a factor of one-half must be imcluded,

3o ITotal end-to-end voltags

From B4, (II-21) we can, eompute the end-to-end voltsge of the

cavity directlys

V 2 =w B o dA volts (peak) (11-68)
field : '
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The area of integration is the same as described in Section II-B, The
integral can be evaluated from probe measurements which must be converted to

_sbsolute fields using Eq, (II-66),

H, Scaling factors L
In predicting the operation of the full scale machinevit is nécessany
to know the prdper factors by 1hich to_multipiy the inqumation obtainfdhfrbm
the model, In generél iﬁ gan bs postﬁlated that electric fields; magnetic
fieidss and currents will all scele with the ssame fact§r, SFo This cen be
proved easily by noting that if it were not so, relative electric and mag-
netic fields in the two cavities would mot be the‘sgmsuand t@is is gbviougly
impogsible, Also from Eq, (II-67) the magnitude:of the curreﬁt is equal to
' thet of the megnetic field and hence current and fi§1d5 must have the seme
scaling factor, The ?oltage scaling‘faeﬁor will be different from that of
the field by the dimensional sceling factor, Sp, because V =¢E - al and
al  scales by Sp. |
i, ;Dhneﬁ&ional scaling factor
The dimengional scaling factor is a,design value and was chosen
as one=-tenths | |
Sp = 1/10 , the dimensiomal scaling factor , (I1-69)
2, Voltage scaling factor | | ﬂ |

This is most easily deduced by comparing the end-to-end voltages
of the two machines, Any other voltage will scale B& this same factor be-
cause V s'_};E o dﬁi and the field scaling factor is a constant and the

dimensional scaling factor is a constant so that a bbﬁbination of the two is

a constant, Mathematicallys

7
P
S = 5

v Yy

 (11-70)
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wheres Sy = voltage scaling factor
Vpg = 45,18 x 10% volts = full scale end-to-end voltage

Vif = model endaﬁoeend voltage
The model voltage, Vﬁ, can be determined by usingvsomg of the results of
other sections, From Bq, (II-21): |
Vo= ~w [[ Beas - (11-71)
field |
,Frﬁm Bg, (11-66) we can deternine E.in terms of the measured fields.- Com=

bining Eq, (II-66) with Eq, (II-64) and substituting in Eq, (II-71):

v Vi . » :

field

wherss A,

0

1,613 x 10™4 metera (for the loop used)

V;, = moniter loop voltage

JOrFN e ds

%

1,163 (meters)? (measured)

then:

Vy = 7210 V- B © (11-73)

Then the scaling factor, Sy, iss

6 R | :
45,18 x 10 6,288 x 10
5,18 x - - 3 | (I1I-74)
7,185 x 10¥ x Vr v, . ;

Sy =

V;, = monitor loop peek voltage
3, Fields and current sealiqg factor . ‘
The most straightforward method for detemining this factor, Spo

~ is to compute the average gradiemt along the centerliﬁe of each machine and

teke their ratio:

B
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wheres LM’ = length of the medel =
Lpg = length of the full scale machine

But this is simply

S, = (sy) (5p) _ (11-75)
. wheres S, = 6,288 x 10
, Sy » -
L
8 <
D 10 _
- Then | ' | ‘ v
' S - 5288 (11-76)
L

I, Frequency changes resulting from perturbation of thebeavity boundaries
In determining the frequency perturbations (Part XIT) due”to>chgnges in
the size and position of the walls end DI's, it was mot possible to measure
all the desired coefficients, However,'siaﬁer* treats this problem from a
theoretical Staﬁéﬁoint and arrives &t results wﬁi@h éfe'dire@tly spplicable

tc our cese, Slater's Eq, (701) on page 8l iss ;;?

"Ja.z 'E. ¢ f (Haz - E{az ) 'dv] o (1;1'::77)

AV

WO

1]

wheres CJ% = frequensy of the cavity in its unperturbed
: state : -

&2 = frequency of the cavity after perturbing

one of the boundaries
'_/’ dv integral over the change in volume, V, effected
AV by the perturbation of the boundary

it

Ea = electric field distribution over the change in
volume normalized to J/.Eaz o dVf= 1 (Note:
v A
this integrsl is over the entire cavity volume.)

* J. C. Slater, "Microwsve Electronics,” D, Van Nostrend Compeny, Inc.,

1950,

N

* Loc, cit,, p. 6l.
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Hy = magnetic field distribution over the chenge in
volume normalized to u/f Haz =1 (1ntegrated
v ¢

over the entire cavity volume,)

 Rewriting Eq, (II-77) and teking the square roots

£ o= £ [1 +/ (E,2 - E,?) dV]
AV | .

Assuming thet F(E,H) <1 (a very good assumption for perturbations small

;eompared to linear dimensions of the cavity) we can expand by the binomiel

E_ ae%-{(ﬁaz ;Ef) dV]
RS
.Af - (f ‘f.." »fa{/ 2 o2 ]
= - ) = (B,° = B,%) av
| AV -
= [/ H° aV - / Ef‘ 'dvt] ' . (11-78)
AV , '

theorems

Thens

We cen interpret the right hend members of this expression as Afﬁ and AfE,

the frequency deviations due to the magnetid and eiéctrig fields reséectively.
B . A .

Thens

Af = WAL S AL 8 .' | (11-79)

.va both the electric and magﬁétie fields arebknqwn over the région of
perturbation this is a straghtforwerd computation., ‘Fdr our case, only ths
m&gnetic;distributions were known dirsctly from meaéureménts, but it was
poésiblevto obtein & reessonable spproximation of the electric field pérturba-
tion for.thé cases desired, Actually bnly two.éuchfdases were useds
Case 1, Region where‘Egz << Haz .

For this case Bq, (II-78) becomes:
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£,
T L Hy? o av (11-80)
A 2 Av .
In terms of the normalization factors
H2 , av B2. 4V
N N\ N\
2 H2 , 4V 2,
j; 2 ,J; BZ Qv

The denéminator is completely detemminable from the measure-
ments for the sbtored energy‘(seeth,}11523) ) and the numerator
can be eveluated from the field plots in the region of the
desired perturbation.,

| Case 2, leE not negligible, but measureable approximately as a fre-
quency difference, (This is valid bnly in fegions where
'E >> H), Tor this case Afy for the entire region is déterm
mined ag'in Case 1 and the measured Af ~ Afp can be sube
tracted

Actually the magnetic fields could be calculated for every point in the

cavity from the messured field distributionswané isomewreasonigg° From“the

magnetic fields, the electric fields could be calculated and hence Axfﬁ
determined, Howevers.such & process would be laborious and the aceuracy ree

quired could be obtained by the method outlined above,

J, Conducting rod in a unifcrm field

The drift tube stems perturb the fields locally, It is possible to

obtain the new magnetic field distributions due to the insertion of the

stems ahalytieallyo

Stratton” derives expressions for the field distributions around an

&

Stratton, Electromsgnetic Theory, McGraw-Hill, 1941 1st ed,, p. 261,
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infinite rod inserted in a urniform magnetic fisld with the axis of the rod

I

'pe*"pendlcular to the field,

=
"

N
r Ho' (1 +M> gin @

By + par?
- _ 5 S (11-81)
B1 = He® .
H, = = B = ————— ] cos ¥
Bl Pt ,
Where: ‘ By = permeabiiity of the rod
By = permeability of the medium
a2 = radius of the rod _
r,0 = variables of position in cylindrical coordinates.

It.should'be noted that these formulee are derived for the magnetostatic
@ase',vbut for a rod small compared to wave-length they “are spplicaeble for time
varying fields, | L
Assumlng a perfecﬂy‘ conductlng; rod, 1,8,,. o'. co 9 ;lo fields exist

inside the rod and hence it behaves as if By = 0, (Tﬁi@ mll be a reason=-

ably good epproximetion provided < o is very larg;e,‘ 1,e,,, ‘the skin depth,

§ —0,) ¢ o
Hf = EO (1 = ;é_ ) s:u.n, 6 “
, . : (11-82)
IH@ Hy (1 + - ) cos ©
For the specisl case of the fields at the surface of the rod, r = as
T o (11-83)
H,= 2 H_ cos @ ' '

2]
Ther there is only & tangential field present at the surface as expected,

The currents flowing in the rod cen be calculated using Egs, (IT-67)



&hd (11-83)¢

]

-=31==

_B_ b 4 107 cos &
2n ,

" field without rod present,

UCRL-1173

\ (II=84)
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iIl MECHANICAL DESIGN

The model‘@avity was de@igned to scale as neafly'as was practicaldﬁhe
full scale mzchine, ?he noteble exceptions were tﬂe menner in which the
DI''s ware supported, the slots and holes required for meking the various
measufementsg the deéign of the bypass capacitors on the sﬁems, and the con-
struction of the eavity in two sections, 126° upper end 234° lower, for
rapid disassembly, ‘

The liner, s 16 sided, tapered tank, was madevdf'l/is in, copper sheet
thrbughouto in cross section, it is en irregulérglinécribed polygon Sym=
metrical about the X and Y axes (see Figs, III-1, III-2, E-1), ’A’l inch
flange around the opening of each section prov1ded 6 means’ for clamplng the
two parts bogether, Cleso sheet metal clamps were used for “this purpose,

The ends of the liner, designed flat, were. prov1ded w1th a 2.1/2 in,
full scale "oil can motion for minor frequeney adgustmentso Thls was ac-
complished by attachlng the ends solidly to the frame of the cav1ty by means;.,
of push screws from the frame to a ring around;the-qenter hole° Brass angle::‘
irons ran redially out from the ring to stiffeﬁf%hét;??Péf éﬂéet and to
transfer the uil can® motion évpniyo | ,‘ L_ .

The cavity was first constructed with 7 1/% DT"s but was subsequently
chenged to 8 1/2 DI's for design con51deratlons°. The 8 1/? DT layout is
given in Fig, 11I-3, Sines the cavity was handled»ln exactly the same way
fcr_the 7 1/2 M end 8 i/? M and inasmuch as the measurements ‘on the 8 1/% Mo
are.the cneg which are of intarest to us here, only the 1atter will be con=
sidéred in debail, Itiehculdlbe mentioned, however,‘that in converting
from 7 1/2 il %o 8 1/2 M the liner which had the proper scalé for 7 1/2
drift tubes became 2 1/3 in, too long full scale foi;a’l/é'drift-tubes,

though it scaled in all other dimensions, This is discussed in Section XII
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on Frequency and Pértgrbationso

For locating stem positions the cavity was placed on its side, This
‘allowed the stem positioniﬁg to be aone in the seme plane'iﬁ Which'thé metal
stems would be located in the final orientation (see Figs, III—la, III=20°
The drift tubes were supported on 1 3/@ in, diameter Gnodel-dim,) lucite rods
from a common horizontal stainless steel tube mounted above\the iinero BTQSS’Y
~ movable sﬁems (as shown in Fig, IX-4) were imtroduced into the>cavity at’fighﬁ.
angles to the lucite rods through 2 in, (model dim,) slots provided for the
purposs, A detailed accéunt of the stem position détermination is given in
Section IX, |

After the stem positions were locatéda by-pess capacitors were installed
on the movable stems, The veltage across the capacitor was measured as a func-
tion of capacity; Capaaitor'voltagas were alsc measured with the stem and
drift‘tube translated aleng the axis of the eavityofg

| The next operation was to rotate the cavity to its correct orientation
(Fig, IIIélb) and mount the DT's on metal stémso In this case the stems were
"suspended from & horizontal bakelite rod for insqlating purposes,

When the métal stems were.installeds scaled liner nozzles were installed -
for each stem position to more nearly approximate the full scale liner, The
by-pass capacitors were mounted on top of the nozzleé a8 ghown in Fig, III-4, -
.The crosé section of the nczzles is given_in Fig, II=5, A tablevof nozéle
lengths is given in Teble III-1, With this configurdtion, by=-pass capacitor
voltage was measursd as o function of the axial perturbation of the DT posi-
tion with the outer end of the stem constrained,

The DT's wers made of brass, Because of size; they wefe ﬁachined in
sections end soft scldered together, A 1/4 in, slot (model dim,) was cut

lengthwisé'in all DT's %o faéilitate field distribution measurements, During



CONFIRENT ML

(a) LINER NOZZLES (c) PLASTIC SUPPORT BEAM
(b) STEM BY PASS CAPAGCITORS (d) LIFTING EYE

I/IO SCALE MODEL STEM SUPPORT ASSEMBLY

FlG 1X=49
0Z1064



-38-~

# 1-3 INCL

o # 4-8 INCL
A=1l" Az 16"
g=7" B=10"

LINER NOZZLE SECTIONS

. UCRL-1173



UCRL~1173

=39

Liner Nozzle Lengths (Full Scale)’

Table III=1

DT Nuuber | Nozzle Length (In,)

1 : 35,190

2 . 36,908

3 | 39,486

4 D 42,923

5 B 47,244

6 " 52,500 -

7 58,739

-8 R 66,010

Liner Teper = 0,04938 £t/ft
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the conversion fram 7 1/2 M to 8 1/%7M'it was degided”torsilvef plate the
DTtz and stems to give é‘bétter_conductivity then that of brass, No great
effort was made to obtain absolutely smooth DT surfaces before plating be;
cause it was thought that it was not warrahté& et thgt time;° It was an
until later that it was found that aieonsidErably.more-accuraté determination
‘of.Zs and Q could be oﬁtéin&d then had been desired or.thoughtnppssible at
the outset, considering time and facilities available° The metel stems, also
"bréss, were silver plated before they were soft soldered to thé:DT“so This,
agein, was done because it was thought that initial requirements did not ﬁar=
rent building up special equipment necessary for plating the DT and stem as
one unit; |

: Wheﬁ'th@ prospect of refining the measurements arose, the condition of
the DT surfaces beceme a primary consideration, It was thought that the.
losses in ths DT's caused by gmali scfatches in the surface and'tﬁose caused
by the soft solder joints at the base of the stems might contribute appreci-
ably %o ﬁhe difference between the‘measured>Q and that ealculétéd ffqm.the‘
field distributions, Also some work by Leslie J, Cook on §ilyer plating
(UCRL=1068) indicated that the &f » conductivity of the éilver on the DI's
and stems could be of the order of 50 percent of theoretical as & resuiﬁnof
bed plating aend buffingo Therefore it was decided to replate the DT's with
stems attached tos (a) improve the surface of the DT“SD () attemptito,hm=
prove the conductivity of the silver, and (c) cover the soft solder joints,
The separaﬁe effects of the above are not i:néwna but‘by_careful plating, the
measured Q of the cavity wasvbrought to within 2 probable efrors of that ob-
tained from the field plots, Fig, III-6 shows the 1/10 scale model cavity
with the 234% section removed to show the silver plated DT's and stems, An

account of the plating procedure is given in Appendix A,
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The liner was built to & % 1/16 in, (model dim,) tolersnce, The
tolerances on the DT's were % 09002 in, on the },exi.gfths a.nc_l 3 O:,.Og)slin.
(model dim,) on all other :eitgrngl ‘dimensions, The diameter of the s*'f;'éms
also had a tolerance of « 0,005 in, (model dim,), Both the lucite and the |
metal stems were attached to the DT's id a Jlg whichgavea -*i:ole‘ranca on the
length of the stems of % 0,005 in, fmodel -dixﬁ.') (see Flg., IIIu?),_ ‘ifhis proved
useful in aligning the DT's as is discussed in the fdlidwj.r.ig secfbion on Mechan-

ical Adjustments,




690!

_43_

Z0

oir

4L~ 1l 'Ol

A18WN3SSY  W3L1lS ANV 39nL L1diHd




UCRL=1173
bl
IV . MECHANICAL ADJUSTMENTS
K, Fnds
Although the ends of the liner were provided with en %611 can™ motion
for minor frequency adjustments, it was not needed ‘and the measurements were
made with the ends flat, The flatness gauge is éhown in Fig, IV-1, The

tclerance on the flatness was £ 1/16 in, (model dim,). Adjuétﬁenﬁs were

made with push screws on the ring around the center hole,

B, Dﬁf’t_ tubes

1, Cethetometer

By assembllng the DT's and stems in a jlg ana susPendlng tham

from & common support as mentloned in the previous: seetlons DT p031tion1ng
in the liner was confined to two adjustments, The first a&justment5 end
the most'criti¢a1 of the two, was the axiél spaciﬁgfof the bT‘é with a cathe~
tometer, . The second adjustment con31sted of allgnlng the DTVS on & common
axis by rotatlng the DT and stem about ‘the suppert For thls adgustment
silk cross hairs were fastened to each énd of the DT"s w1th Dueo household
cement° ‘To meke the axis of the DT's ¢01n01de with the axxs of the liner,
the DT support ﬁas provided with horizontal‘and vertical adjustmen#s on |
either end, | | _ | .7 | ]

The DT alignment set wp is shown 'in Figo‘IV52;: Bef6revtﬁe‘alignment
eﬁuld be‘vm‘ad‘e9 the cavity hed to be levéled° Grosé”hairs‘weré'installed‘
in the center of each end of the liner aﬁd the ieveliﬁg was done with.a 
"dumpy level, Then the line of‘sight of the telescope on the céthetomefer
Wa§ adjusted perpendicular to the axis of the liner snd at ﬁhé:proper height
to pass through the 2 in, (model dim,) slot in the linmer, to the DT's, Be-

sause the DT's could not be aligned with one cathetometer position, & bench
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mark was scribed in each side of the liner such that & vertical plane passed
through the two points would be perpendicular to the exis of the cavity, Thus,
"with the iiner and cathetometer leveled, setting up on the two bench marks in-
sured 'bha;h the motion of the cathetometer telescope would be parallel to the
axis of the cavity, -

DT aligmment vo;a,s » then, a three man job; one man on each optical instru-
ment and ons man above the cavity to move the drift tubes, A transverse
center line was scribed on the side of each DT nearest the cathetometer, This
center line was visible to the eathetﬁmeter through the 2 in, (model dim,) slot
in the liner, TWhen the brass-movable stems were placed in ;bher slot, it was
necessary to ra:-”-_.se the cathetometer end sight through holes place;i in the liner
above eac_h stem position, The positions of the DT's were set with respect %o
Bench Maric #2, Bench Mark #1 was" placed on the cavity to facilitate 1ocating4
the position of DT #0,

2, Anslysis of accuracy

The scouracy of the a.xial. alignment of the DT's was détermined by

the repea:tability of the cathetometer readings, A series of 10 readings be-
- tween two fixed péints on the cavity by each of 5 péople demonstrated that
the readings could be repeated only to = 0,3 mn (model dim,), This was not
due exélusively t; reading ierrcro ~The éff’ec’bs of wibrations in the cavity
and the building eon_t,ributede _

Looking again at Fig, IV-2, the cathetometer was set up gboﬁt 3 feet from
" Bench Mark #2 or sbout 9 feet from Bench Mark #3, If a 0,3 mm (model dim,)
error were mede at both bench marks and if the errers were in the opposite
direetiongl the cathetometer would still be perpendioular to the axis of the
cavity within en angle of 1 m:'ﬁ.nute; Such an errozf ig insignificant,

The tolerance on the transverse aligrment was set et 2 1/16 in. (model
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dim,), thgﬁgh it was for the most part better, TFor the effect of alignment
accufaéy Bn ffequency, see Section XI, Frequency and Perturbations.‘.
»SincéfDT,posifions did cﬁange, e5pgcié11y'while supported on lucite
stems,ftﬁ;‘,alignment was checked before every critical measurement. In the
case of tﬁe lucite stems the axisl tolersnce was rélaxed to t 0,5 mm (model

dim,) because of the cold flow in the lucite caused by the weight of the DT,
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V OSCILLATORS

&, Power requirements

The electromagnetic fields to be measured in a cavity must be estab-
lished by meéans of a high frequency cscilléter, The mein requirements of
such'an‘bscillator are (2) frequency sﬁabilitys'(b) émplitude or output
stabiiitya end (c) sufficient pewer ouﬁpuﬁo

It is the usual pfactieé to oﬁtain frequency stability when ﬁsing a
resonent cavity as the oscillator load by allowing the cavity to act as the
frequency determining element ofvﬁhe escillator, This can be_acéemplishedb.
by tightly coupling the grid and plate circuits to the’cévityd' This type of
oscillator is often referred tc as a iocké&=in oscillatoro ‘ .

Amplitude sﬁabilif& can be obtained by providing suitable voltage regu-
1ation f&r the various power supplies that may be gecessary to operate the
oscillator, | | |

The_poWer réquiremeﬁfs for field measurements’gre ﬁot iarge and it is
therefore unnecessary to'exerciée extreﬁévcaﬁtionlﬁs far as efficiehéyp
cooling, and operating costs are Qonqerned in the design of an escillator for
excifing‘mddel cavities, 7 -

The amount'of pcwerinéﬁessary to‘make séﬁisfgéﬁofyﬂmeésurgments in a
cavity can be determiﬁed.approkimately'in the fbiié@ingamaﬁper; The voltage

induced in & loop inserted in the cavity is giVeﬁ'by_qu (11-63)s

L

Fﬁrther, the end-to-end volﬁagea Vs of the cavi#y,isa'frdm‘Eq, (rI-21)

VC zw/// ’Bo‘d;Av . (V==2)
' field o
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As an approximetion (good enough for our purposes) Tet

ij ° “A B Apiela ,, - (v-3)

B, = magnetic field at the loop of Eq, (V==1)

]

K'field' = cavity area bounded by the liner walls
and the center line,
Then Vo A& @B Ap oy | ' - (v-4)
and from Eq, (Vél)
wA 4/ Afleld :
v field . (v ) e ot 1184C

O

 From Eq, (II=-49) the power loss can be wmttenu

Val
C
PL ~ _______
22,
or L . ..".: o
f’ ~ de Apield z. _ » S

This requires that an estimete be made of the shunt :.meeda.nce; Zgs; of the
cavity, ‘I’hls is usually possible withln a factor of‘ two,, As_a‘practica.u
example consider the 8 l/g: DT model cavity, - If-web__‘ gssme & pick-up loop of |
aref. 0.,19 incK*and that we can Work with induced'véiﬁgges -in the léop of the

order of one volt st the maximuwm field point we have the quantitiess

V-lgop = 1 volt SR

Z, =~ 30 x 10° obms

Aren 10@-}9 = 0, 10 1nch"
60" x 72" \

Area cavity (——-—;——-—-— } ~ 2,000 iriehesa.::'
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From Bqe, (VaoB), -~ = — ~ - - oo | |
v > a3\ & ' T
P fp ——— (2 x 10 ) = 6,7 watts
R 4 6 .
60 x 10 10°1

Conservatively, one might say that & 20 or 30 watt oscillator would be
satisfactory for this purpose when inefficiencies in the coupling system are

taken into'a@counto

B, APT-4 trensmitter

The ordinery commersisl high frequency signal genera%dr has a powér
output of ths order éf milliwatts, Alsc it will not operate as é 1ockédéig
oécillaﬁor'on 2 Qavity without se%ere modifications, Therefofeg the use cfi
such signal generators could not be considered for thié application,

Attention wes drawn tc the APT-4 airbourne radar itransmitter which wes
8, fairly commor cemmodity on the surplus market, Thiﬁ‘transm&tter is capeable
of supplying about 100 watts of power at frequéncies of around 200 megacycles
per secoﬁdo The oscillator tube in the APT-4 1s a split anode magnetron, If
the cutput of The transmitter is soupled into & cavity snd the frequéncy @oﬁtrol_
adjusted until fields appear in thé cavity, the nature of the magnetron opera-
tion islsu@h that locked in os&illation§ occur, and the power lsvel in the cave
ity will remain essentially constent, even though the frequency of the cavity
is shifted slightly by inserting a paddle or distorting the walls,

For operation aﬁ frequencies in the ﬁicinity of 100 megacycles it was
necessary to load the tuning line of the megunetron by edding a small capacitor
close to the base of the tube, This loading capacitor must be rated for 1000
volts at 100 mo, have 8 cepacity of 10 micromicrofarads, and still be small
enoughvso i% doss not upset the syﬁmetry of the transmission line, It was
necessary te design & special alr-spaced condenser for this pufposeo

A large number cf satisfactory field measurements were made on various
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cavities using the APT-4 transmitter; however, there were several factoré
which made its use somewhat difficult, Since the APT-4 is designed for air-
bourne operation it is necessary to use & 400 cycle generator as a power supply,
From a depéndability standpoint, trouble wes experienced with the blower motor
bearings, the'waﬁer pump in thé heat exchanger, the water flow interlock, and
the éase ‘interlccké° From an operating standpoiﬁty some difficulty was expéri-
enced with the cutput lewel changing during me;surementsov
C. Cavity oscillater
The limitations of the APT-4 transmitter and sn increase in scope of ths
field measurement program made it advisable to design and build an éscillator
for use in exciting the cavities,
‘A grounded grid oscillator using en Eimac 35-TG triode was constructed,
A schematic of this oscillator is shown in Fig, V-1, The resonant circuits
associated with the plate and cathode consisﬁed'of variable airmspaﬁed cone
densers, and the inductances consisted of single lﬁops which were inserted into
the éavity through s].q‘tso Photographs of this oscillator are showmn in Fig,
‘V~2a and V=2b, The oscillator could be operated with from 300 to 1500 wvoltis

on the plate, Typical operating conditions for 100C wclts on the plate are:

~ Plate voltage 1000 volbs d.c,
Plate current | 170 ma d;co
D,C, power 170 watts
Grid current 60 ma d.c, \
Grid bias - 1850 volts d,c,

‘The following quantities were calculated from pyrometer measurements of plate

temperature and are only approximate:

'

RF power output (tube) 63 watts (calculated)

Plate dissipation 110 watts (cale,)
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Plate efficiency | €3 percent (calc,)

Plate current flow angle 1340 (calc,)

Peak plate current 700 me. (calc.,)

Average plate current 300 ma (calec,)
Pesk rf voltage 425 volts (eale,)
" Load impedance 1420 ohms

Loaded tank circuit Q 19

Circulating tenk circuit : ,
curren® 5,7 amperes pesak

RF power dissipated
i tank cirecult 47 watts

Power supplied to cavity 16 watts

A remote grid keyer was built to turn off the oscillator while the zero

‘adjustment of the measuring equipment was being done, A schematic of the grid-

kéyer is $hown in Fig, V=%, It was found that epprecisble 60 cycle amplitudé

modulation cccurred in the output of the oscillator at low level when the fila-

ment of the 35-TG tube was operated from a filament transformerp so a storage

battery was used as o filement supply, The plate supply was regulated by means

of a series regulater, A diagram of the power supply is shown in Fig, V-4,

UCRL drawings applicsble to the oseillator and power supplies ares”

w2062

3W2062
2W2074
3W2084

3W2293

Ozcillator and parts list

Oscilleator blocking condenssr

Oscillator chassis

Qscillater cover

Regulator for high voltage power supply

Klthough the cverall efficiency of the cscillator was less than ten
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‘percent, it was entirely satisfactory for the application for which it wes

intended with respect to frequency and‘ampliﬁudé stability and power output,
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VI FIELD MEASURING EQUIPMENT AND TECHNIQUES

As Heprobos

mhe:shunt'impedange_and Q of the‘i/io séalélmodel,WGre determined from
the distribution of the magnetic field in.the,caVityp(sae.Seotions II and X).
Therefore“it was_neaeséary thgt the magnetic field-berm‘appred° A spééialuﬁeérqbe
consisting of 8 lgdp at the end of & transmiésion»line wa.s d?signed o acéompm
1ish the field sampling.

The transmission line and loop were made smali'to keep thewpgrtgrﬁatiqn'
of the fields to be measured as small as practiééio. How small the lpqprcould
bé mgde was determined by the physical‘conside:atiéﬁs,inyalved in making the
'_ loop, the sensitivity of.the dgté@tqrsﬁ and a reagonable poWén rétiné»for“the
oscillator used to excite the fields in the cavity; With abduﬁ 20 wgttquf
ri power ih_fhe l/io_sealewquel cav@tygmyegd;ngs_cOuldfbe made on sever&lvv
qommercially available‘deteetors if the pickauﬁ 1qop had an aréa of about 0905_
square inGho. | | | |

The trénsmission line:wgg fqrmég_byAdrawing;akIehgth of shielded wﬁre*

_ through'c@pper or stainless gtgei tubing. The‘sﬁé;igéﬁ'gvailable tubing which
proved to be rigid enough W%Sllzévéno;OoDog_Wiﬁh é CGOZOrine wall, The loop
was fo?me@ or. the end of the line by bending the center conductor:in;a 1/4 in;
diameter circle_and_soldefingyi#_tq the cuter canductor and the.endiof,the"
tubingo .TO'shield the préba'from"the electric field:iﬁ the cavity, the loop
was peinted with duPent air drying silver No, 4817;iﬁ.a "balanced” design which
was developed by.a trial and error_proeedu;§ (seé ﬁigo,vial)o_ Fige fI%Z
illustrates the steps of probe construetionq o

Each probe was carefully checked before it was usedo Two conditions

# Phonograph pickup-arm cable, Type 1470, Consolidated Wire Coo
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had to be“met before a probe was gccepted, In a.region of the cavity where
the H field was zero and the E field large, the probe must give a readinguof
no more than 0,5 percent of the feading at the point of meximum H f;eld; ”A;§o
in & region where the S field is changing fapidly with position, the probe had
ﬁo give the same reading within 5 percent with the maximum area exposed to the
H-field that was obtained when the probe was rotated 180°, This second test
is referred to ms the 0-% test end the ratio of the.readings;at the maxima the
O=1 ratio, Only'ébout 50 percent of the probes made satisfied these twoe tests,
The outer ends of ﬁhg'probes were fitted with a standard coaxial cable
connector type Amphenol 8315P, A small bﬁshiﬁg was placed on the 1/@ in, 0,D,

tubing to meke a rigid comnection,

B, E probe design

Electric field probes‘were used to measure the E field distribution of
the cylindfical cavity (sge Appendix-D)'as a check on some of the detectors
emplbyed, Measurementsbwére made adj#cent to the skin of the cavity using a
probe of copper tubing with a center conductor of polyethylene insulated wire
protruaing about 1/4 in, from the end, Satisfactory agreement with theoretical

distribution was obtained,

.C, Detectors
1, Crystal detectors
The first type of detector used in this investigation was a crystal com-
bined with a bypass condenser of about 0,0001 microfarads as shown in Fig, VI=3,
The geometry of the elements of the detector was not critical at the frequencies
used, |
The signal from the detector wasﬂfed into a Hewlett-Packard Vecuum Tube

Volt Meter type 410A, To test the linearity of thé crystais the H probes'were



-63_

CRYSTAL DETECTOR

ElG-VI=3

0Z . 106l



UCRL=-1173
64~

rotated in a goniometer and the deviation from the cosine lqw plotted, This
gave corrections to be applied at all signal levels,

Since the crystal detector was not mounted at the loop, Cdﬂéidé;éﬁion”héd
tovbe given to the proper length of probe for most satisfactory opgrétion. If
it is assumed that the crystel rectifier will act as an infinite impedance, after
ﬁhe bypasé cpndensef reaches full»chargea it can be shown from transmission line
equations that the Yoltage at thé_crystal will be: |

Vs

V & —— : CVI'l)
cosh 6 o
where V. is the rf voltage induced in the loop.

The electrical length, ©, of & uniform trensmission line is:

N

. a,@ + 3——mvu& . (VI-2)

wheres a attenuatlon in nepers/meter

L

A = Waveulength in meters

]

length in meters

Substituting (VI-2) in (VI-1) and expanding:

R vy - L ,
Vv o= ' - - (VI-3)

‘cosh (avl’) cog_’(s ) - 3 sinh_(mf,) sin (L)

If the probe is cut to #ny 0dd gquarter Wave;iength, the cosine term becomes
zero and the sine term becomes equal to 1, The voltage in the crystal is
thens ‘
| | ;. | |
V 8 ———— (vi-s)
sinh (a L) ‘

If the éttenuation of the coaxial line is sufficiently small, ¢ is small

enough that: M

(Vi-5)
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The rélationship between Q and a for a resonant, low loss trensmission line

is to a good approximation

n ' A
U = —— ‘ : -
an (V1-6)
Substituting
4Q V, v
ny

Thus one would expect to get a.voltége increase of about 128 percent of @,
Voltage increasés of about a factor of 100 were observed indicating a Q of
around 80,

The length of the probes was calculated rougth assuming aldielectric

constant of about 2,3 using the expression:

300 S ’
@ : v (VI-S)

42,3 ¢
where L is in meters end f in megacycles/sec,

Since (VI-8) does not také into account stray capacities associated with the
crystqlvand crystal holder the probes were usuélly cut to approxﬁmate length

' Vand_tfimmed'to a.final resoﬁant length with the assisﬁance of a Measurements
Corp, Model #59 grid dip oscillator, The trimming could be done by watching
the grid dip meter or by observing the rectified voltage as it appeared on the
vacuuﬁ tube'voltmeter;

The performance of the erystalidetectcrs wes reasonebly consistent, " How-
ever, certain errors did appear as a.reéuit of changes in crystal charact~
eristics, The largest error was pfobably the one caused by the temperature
change of the crystal, A rough check indicated that this error was of the
order of 1 percent'per degree centigr#de change when the signal on the volt-
‘meter w&s‘about:io volts, Attempts were made to cdntrol the temperature'of

the crystal by applying regulated heat from an external source, This did not
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completely.solve the problem because part of thelheatﬁwhiphwgaugeg the tempera-
ture variation céme frdm the\ rf . losses in the crystel, This variation could
not be compensated for quickly with the regulated external heat.‘

The field plots obteined using cryé£a1 detectors and a vacuum tube volt-
meter could be repeated to % 2 percent, |

2;v Diode detectors

In sttempting to find a more accurate and dependable detector then the
crystal detector, one type of diode detector was tried, AASPEcial fitting was
devised to attach one of the standard H probes to the dicde on a Hewlett-Packard
410A Vacuum Tube Voltmeter, A.photograph of the agsembly is shown in Fig, IX-5,
The probes were trimmed with & grid dip oscillator as di:qussed in the sﬁb-
section on crystal detectors to tske into account any stray capacities associe
ated with the diode and holder,

The diode probe method was used for several weeks as a cavity level moni-
tor and pfoved to be relativély free frém temperature drifts Wﬁeﬁfthg_volt—“
meter was used on the 10 volt scale or higher, The instrumental éccuracy of
the diode probe proved to be betwsen 2 and 3 perégn%, In épite of the fact
diodés gave & slightl& greater accuracy than the crystal detectors, they were
not used beceuse later methods proved to be even more convenient and dependable,

B Bolometers

During the coﬁrse of the cavity measuring'program,vattenfion was drawn
to the Heﬁlett-Packard.Miérowave Power Meter type.450A. This instrument cone
tains & source of 10 kilocycle power, an automaticelly baiancing resistance
bridge, and a metering circuit, In operation, a bolameter element, such as
a 1/100 ampere Littlefuse, acts as a resistance in one arm of the bridge, The
bridge is initielly balanced with 10 kilo&&cle power being dissipated iﬁ.the

Littlefuse, The amount of power dissipated depends on the scale setting of
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‘the meter, When rf power from en externsl source is dissipated in the
Littelfuse the resistance of the Littelfuse increases because of positive
temperature coefficient of its element, This unbalance of the bridge auto-

matically reduces the 10 kilocycle power and brings the bridge back into bal-

ence, The amount by which the 10 kilocycle power is reduced, which is equivalent

to the r£J power from the external source, is read on the meter, Since the
mass of ﬁhe wirg in the Littlefuse is small and the eircuits'in the Microwave
Pgwer Meter are fast, there is no apprecisble lag in meter reading when the
£ - field is changed, | |

The initial balence of the instrument, which wes done manually, had a
narrow range of adjustment, Only 5 percent of the Littlefuses qbﬁained comp.
mercially fell within the resistance range required to balance the bridge,

The Microwave Power Meter used did not come supplied with a holder for
the bolometer. element, One was designed which could be fastened directly to
the H probe, The circuit for the bolometer probe is given in Fig, VI-5,*
Care had to be taken ﬁét to load the 10 kilocycle signel exceséively.with
thé bypess condenser, A valﬁe of’approximately 500 puf was used,

‘Since the characteristic impedsnce of the probeAline is of the order
of 50 ohms, and the Littlefuse acts as a 200 ohm terﬁination, a quarter wave
probe line will provide & voltage gain ofs |

V. _ Zy _ 200

— = _— = 4

V. Z“:> 50

L

where: v

voltage at the Littlefuse

voltage induced in the loop

=
0

impedence of the probe

N
T
1}

Z, = characteristic impedance of the probe line

* ‘
There is no Fig, VI-4,
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Since a voltage gain of 4 means a power gain of 16, fhere is a definite ad-
vanﬁage in using a 1/2 or 3/4 wave lengfh probe, The.stgndigg wave ratio of a
50 ohm line terminated with 200 ohms is soiibw the probes could not be trimméd
accurately by cbserving & dip on the grid dip oscillatof. However, using the
grid dip oscillator as a signal generator, the probe length can be trimmed by
observing the frequency at which £ﬁe reading on the microwave power meter is a
meximum,

The hold er described above had its disadventages, however, Vafiation’in
pawerlméter readings caused by temperature changes in the fuse, mechanical
shock, and possibly chenge in the contact resistance in the fuse holder cause
instrunentation errors of around 5 percent, For this reason, a special type
-of bolometer detector which was essentially free of all the disadvantages ebove
was designed, It contained 4; Littlefuses arranged in such a way that the probe
was terminated with 50 ohms and the power meter cable terminated with approxi-
mately 200 ohms, T&pe 3AG fuse holders were substituted for the fuse clips
previously used to~h01& the bolometer elements to insure better céntact be-
tween the fuse and holder, It was necessary to put a 50 ohm resistance in
serie$ with the 10 kilocycle power meter lead to bring the bridge to balance,
The circuit is shown in Fig, VI~-6, Photographs of two different quadrﬁple
fuse mounts are shown in Figs, VI-7a and VI-7b,

Rether than mount the quadruple bolometer holder on the end of the probe -
it wes placed in a'lesd brick enclosure to minimize temperature variations and
mechenical shock, ‘ .

“A goniometer check of the probe was made feeding the signal to the four
elament bolometer, Approximetely the same corrections were necessary for the
four element bolometer as were needed with the singlé element bolometer, A

typical correction curve is given in Fig, VI-8, The'cqrrecfidn table used tdl
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corfect all bolometer datavtﬁken on the 8 1/2 M is shown in Table VI-1.

At about the seme time the quadruple bolbmeter mount w;s devéioped,
a more accurate system for monitoring the cavity level was developed (see
the following section on Absolute Field Méaéurements). This system enabled
a repréducibility check to be made on the boloﬁeter feadings. Before and after
 each series of fiél& measurements, a reéding wes tgkén at an a;Bitrary check
Hpoint. If the two values differed by more than 2 percent in power, the series

'of readings wes discarded, Less than 10 percent of the data taken was discarded.

D, Absolute field measurements

| It was necessary to determine the absolute ﬁagnitude of the fieids in
the 8 1/2 DT model cavity in order that voltagés observed on the drift tube
stem bypess condensers could be.scaie& up to the full scale machine, The con-
denser voltages are discussed in Sectidn IX and the procedure for scaling the
voltage is discussed in Section II,

A smell loop was inserted into the cavity on the A plane at the exit

end at 195 in, radiﬁs (see Fig, X=3), This ié a poi§£ of high megnetic field
end was symmetricel with the point at which the probes were normelized, i,e.,
at a point where Fy = 100.- fhe area of the loop.wés determined by measﬁring
* its area on a photograph'wit%}a planimeter,

| A diode slide back voltmeter similar to the type used to monitor the
level of the Berkeley 32 Mev linear accelerator (described in UCRL;Zss)rwas
used to measure the voltage induced in the Ioop,v'In operation, a negétive
d.c, voltage is applied to the plate of the diode and this voltage is increesed
(slid-back) until the d,c, conduction current in ihe diode is zer§. The‘volt-
age necessary to reduce the current to zero is equal to the pesk irf voltage

induced in the loop plus a small additional voltage necessary to compensate
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For Bolometer #107 .

(Notes Corrections not to absolute milliwatts)
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10 milliwatt scale

(Do not use below

3 milliwatt scalse

' .(Do not use below

1 milliwatt scale

(Do not use below

=10,0

2,65 =

0,5 mw) 0,1 mw) 0,02 mw)

For scale For scele For scele ,
reading of Add reading of Add reading of Add '
0,5 = 1,1 0,00 0,1 - 0.3 o,oo. 0,02 - 0,07 | 40,08
1.1 - 1.7 | =005 | 0.3 - 0,5 |=-0,02 | 0,07« 0,17 | 40,08
1,7 - 2,35 | =0,10 0,5 ~ 0,7 | =~0,04 0.17 - 0,27 40,086
‘2.35~- 4,5 -0.15 0,7 - 1,15 -0,06 0,27 ; 0,52 +0.05
4,5 = 5,56 | =0,10 '1.15 - 1,52 | =0,04 0,52 - 0,71 | +0.06
5.5 = 6,6 | =0,05 | 1,52 « 1,9 | =0,02 0,71 = 0,90 | +0,07
6.6 = 7,6 0,00 1.9 - 2,27 | 0,00 0,91 = 1,0 +0,08
7.6 - 8,7 | 40,05 | 2.27 - 2,65 | 40,02

8,7 +0,10 3,0 40,04

Table VI-1l
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for the fhermal energy of the electrons° This small additional voltage is the
voltage necessary to reduce the d.C, currqﬁt to zero when there is no rf .
voltage induced in the loop, end is epproximatély one volt in maegnitude,

The area of the monitor loop was 0,250 square inches and, at thé level
that the capacitor voltage measurements were made, about 4 #f volts were ine
ducéd_in the loéé. The voltage~current characteriStic of the diode is asymp-.
totic to.zero current, and this mekes it difficult to define the zero current
condition to better than about two-tenths of a volt, This limitation iniro-
duced en uncertainty in field levels of ten to fifteen percent,

To avoid the limitations inherent in a diode slide-back voltmetef at
low levels, avspecial holder was built contgining 8 1N63 germenium crystai in
place of the diode, The voltage~current characteristic of e germanium crystal
has-a finite slope at zero current, coﬁsequently the balance point of the slide—
.back voltieter is sharply defined, The fact that a crystal is not a perfect
rectifier makes the slide-back voltage necessary for balence slightly higher
than the pe;k rf; voltage; however, this error is small and corrections can
be made By graphieal methods from the characteristie éurvésvif necessary,

The block disgram of the orystal slide-back voltmeter is.shown in Fig.
VI-9, The slide=back voltage was measured on s standard 3 inch panél meter,

b and this voltage was also measured by a Leeds and Northrup type 7655 Potentio=-
meter, The d,c, currentthrough the crystal is balanced to iero on & zero
center 10 microampere meter, It wﬁé convenient to iﬁsert 10,000 ohms in series
with the lead to the orystal end read the voltage 8cross this resistance vith
& type MV-17A Millivac voltmeter, The Millivac voltmster has scales from 1
miilivolt to 1000 volts full scale and is an ideal substitute for a more ex-
pensive and less Vérsatile galvanometer in this appliéafion, In operation the

Millivec is set on the 10 millivolt scale, and therefore reads the d.c. crystal
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et 1 microampere full scale. It is then possible to adjust the slide-back
voltage until the crystal curréntbis Iess than 0,02 micromnperes. Aﬁphoto-
graph of the sli@e%back voltmeter and associated equipment is shown in Fig,
VI-10, The crystal holder and loop are shown in Fig, VI-lla and VI-1lb,
The spparatus for measuring absolute fields was also ideal for moni toring
the level»of the cavity when making the fiéld meaSurements déscribedvin the
preceding section, The reésons why & crystal rectifier was succéssful in the
‘ slide—back voltmeter circuit, and yet was subject to errors when used to meas=
ure the voltage induced in en H probe are: (a) there is lower voltage across
the crystal, 4 to & volts instead of 10 to 20 volté, resulting in reduced-
rf ;heating of the crystal; (b) the crystal was operated with the slide-back
circuit.nulléd and therefore it presented a higher impedance to the 'rf and
theore was no power dissipated in the crystal due to the rectified current; end
" (c) there could be no change in crystal characteristics due to mechanicel
shocks sincerthe crystal holder was mounted rigidly on the cavity, It is
believed that field levels in the cévity could be reproduced to an.aécuracy

of 1/10 percent with this system,

E, B-B measurements

| Thé'measﬁrement of the various frequency deviations as discussed in
Section II can be acpomplished by comparing the frequéncy of the cavity oscil=~
lator and the frequ@ncy of a stable constant frequency oscillator,

It was found that the TS-175/U Signal Corps Heterodyne Fregquency mete?
was capable of supplying en rf signal which was sufficiently stable, The
signal from the TS-175/U freqﬁéncy meter was attenuated and fed into an APR~4
radio receiver, A small:émount of power cen be coupled out of fhe cavity
oscillator, and fed into the APR-4 receiver, The output of the receiver will

be & sine wave whose frequency is the difference between the two rf.. frequencies,
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This difference frequency was fed into the Hewl ett-Packard type 5004 frequency |
meter, and relative fréquency deviations as' the BB is moved to various posi-
tions in the caﬁty are‘ read directly on a meter,
It was found pqssible to measure freqi).ency deviations to enm accuracy of
about 50 cycles and total deviations up to 50,000 cycles by the above method.

: A.bloqk di‘agram of the Frequency Deviation equipment is shown in Fig, VI-12,



UCRL-1173

-3 -

ANTENNA TO PIGK UP

'STRAY RADIATION FROM
) CAVITY OSCILLATOR

<

1s 17sru| |aTren-| APR-4 | | H.P TYPE

FREQUENGY |-UATOR — RADIO H500A

MeTER || REGEIVER| |FREQUENGY o
3 a | | | METER

" BLOGK DIAGRAM OF EQUIPMENT USED TO MEASURE
FREQUENGY DEVIATIONS RESULTING FROM mssarms
BB'S INA CAVITY.

' 'FIG. n_lz
' : MU 1540



UCRL-1173

=82
VII MEASUREMENT OF Q ¢

~ In order to check the value of Q calculatedvfrom thé field distributioﬁs
(Section X); a direct measurement of the Q of the caﬁity was made, .The method
used was the foilowing. The cavity was excited with a loosely coupled qscil-‘
lator, Thé voltage level in the cavity was then measured with a monitor which
did nof absorb an appreciﬁble amount of power. Thus for a constant voltage At
the oscillator, the level in the cavity could be determined as a function of ’
the frequency of the signal fed into the cavity. Actually, it is sufficient to
determine the difference in frequency between the points on either side of the
resonance curve where the level of the cavity is Q.707 of the value at the pegk
resonance, These points»are sometimes referred to as the one half power points,
The Q is defined as: : -

Resonant Frequency
£y = £5)

. o -

where fl and‘leare the frequencies at the one half power pointé° The quantity
(f1 - £5) is also sometimes called the bandwidth of the céviti.
If results accurate to one or two percent are desifed, the  problem is one
of instrumentation, The resonant frequency of thevcavityiwas measured with suf-
ficight‘accuracy with a T/S 175 Siénal Corps Frequency.Meter° However, meaSﬁring
“the bandwidth ﬁas more difficult, If the Q of the cavity is between 50,000 and
100,000 and the resonant frequency is 100 megacycles per second, the bandwidth
of the cavity will be between_l;OOO and 2,000 cycles. Thus it would bé neceééﬁry
to measure the bandwidth fo‘an accuracy of between 10 and 20 cycles per sécéﬁﬁ.
One wa& to obtain stabiliyyvand fiﬁe control is to design and build a
special crystal gontrolled oscillator, Since it is not usually practical to

use crystals cut to a frequency higher than 5 or 10 megacycles per second, it
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4@9u1dmbe,hecessary to‘incorpqrate frequency multipliers and power amplifiers
to obtain sufficient ocutput at the frequencies desired., Rather than do this,
‘it was decided to use a system which included, in as far as possible, commer-
cial type units, | |

It was found that the Hewlett-Packﬁrd-VHF oscillator_type 6084 would opéf-
ate with a drift of the order of 50 cycles per minute if the line vdltage fed
into it was stabilized with a type 1000S Sorenéon regulator, 'Tﬁe control of
the. frequency of this oscillator was not fine enough to use for a Q measurement.
However, provision is made in this oscillator for modulation up to 1 megacycle
per sgcond. Thus, if the frequency of the VHF oscillator is modulated and’
the cavity excited_by the sideband; a fine adjustment of thevexciting,fre-
quency could be made by Simély changing the frequency of the modulating oseil-
lator., If the sideband frequency is sufficiently far from the fundamental fre-
qﬁency, there will be no appreciable field in the cavity from excitation by
the fundamental. An approximate calculation can be made of how far away the
- sideband 'should be. Terman™ derives an expression for Q which, to a very'good

A

approximation, can be written. :
2

Q =
CSf
wheres fres =. -the resonant frequency of the cavity
Af = the number of cycles that the oscillator is away
from the resonant frequency .
V}eS' = the voltage level in the cavity when the oscil-
o lator is on the resonant frequency

v ¢ = the voltage level in the cavity when the oscil-
a lator is Af cycles away from the resonant fre-

quency of the cavity

% F, E, Terman, Radio Engineers Handbooks, McGraw—ill, 1943, p. 914, Eq. (13)
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;fga_Q ofHSO,OOOJis assumed, and the resonant frequency is 120 megacycles per
' second,_the sideband distance necessary to reduce the fieldsfromvthe fundamental

by a factor of 100 is calculated as: -

120 x 100 V12 - (1072)2
Af 2 x 1072

Solving for - Af:
| o 120 x 106

: Af = — = = 75,000 cycles
| 8x10%x2x107° 2»000 cycles

' fherefore,,by-chooSing,a modulating frequency higher than 100 kKilocycles the
fields in the cavity caused by' the fundamental can be made essentially zero.

‘The VHF oscillator was moduiatedeifh a HewlettAPaékard 650 A test oscil-
| 1Atoi4._ It was found quite stable and had sufficient outpub to modulate the VEF
| oscillatdr‘leo percent, 'The size of the main tuning knob'én the 650 A oscii4
iator was increaééd to.give a finer control,

The‘cavity ﬁas coupled to.the VHF oscillator by means of a small 1oop,
similar to those mentioned}in Section.VIﬁ Since the output impedance of the
oscillator is 50 ohﬁs, the length of the line was not critical, |

- Begause the first sideband will move the same number of cycles that the
modulating frequency-is'shifted, the diffgfence between the frequencies at the
haif power points is merely the change in the modulating frequency. A second
Hewlett-Packard 650A test'oscillator‘was used as a constant reference frequency,
fnib oscillator was set at a frequency #ery‘close to that of the'hodulatihg oseil-
lafor.i A mixer circuiﬁ vas devéloped (by'anéther group) which put out a sine
wave of a frequency equal to the differenée between the two 650A test oécilr
lators, This butput was fed into a Hewlétt—Packard 500 A Frequency Meter which

in turn fed a signal into an Esterline Angus 1 ma Recorder.i This recorder, then
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would show the frequency shift of the modulating oscillator,

_ V;Tpeumqst important reason for showing the frequency shift on a chart is

to eliminate the drift in the system from the final result. Although it helped
to run all the instruments from Sorenson 110 volt a.c. line voltage regulators,
drift did result from instability of the oscillators and the shift in the feson-
ant frequeﬁcy of the cavity with change in temperature.

The nature‘of the dfifts was sﬁch that for short periods_of time they were
linear, The tﬁc half-power pqints were recorded altefnately three successive
tim@s° If the dfifts we;e linear, straight lines could ﬁé drawn through the
one half power points, The separation of the two lines defined the Bandwidth
of thé cavity. It was required that the lines be both straight andiparallel.
Any non-linearity or instability:in any part of the system was evideﬁé;d on fhe

chart, Sometimes instéﬁilities in the oseillators could be eliminafed by vary-
ing the line voltage a small amount causing the VR tuﬁés in the oséillatorsvfo

| operate on é slightly differént characteristic, The pen of the Esterline

Angus Recorder was carefuily'balanced to reduce the drég of the paper to its
lowest ﬁractical value, By holding the frequéncy of the modulating‘oscillator

at the one half power points for seﬁeral seconds, the pen had sufficient time

to stabilize. -

The chaft used had a range of 0 = 2,500 cyclés per secéndo Calibration'
was done in two ste'ps° First a low frequency signal (600 cycles) was f;d.into
the Hewleit-Packard'Frequency Meter and the pen set on the proper mark by the |

‘zero adjust. Then a higher frequency signal (2,400 cycles) was fed in and the
pen set on the proper mark with the calibrate knob on the frequency meter. A
check of other frequencies on‘the chart showed errors caused by noﬁ-lineafity
of the recording system to be less than 20 cycles per second, |

It was desirable that the recorder chart be calibrated using a signal from
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the mixer, To accomplish_this,'the input signal to the frequency meter was
placed on the vertical plates of anﬂoscilioscope with 1,200 cycles per second
on the horizontal plates. Lissajous figures were obtained for 600, 1;200, 1,800,
- and 2,400 cycles output from the mixer, T; beﬂéertain that the calibrating éscil-
lator was operéting on exact1y 1,200 cycles its output was placed on the horizon-
tal plates of a seéond oscilloscope., On the &ertical*plates of this oscilloscope
-wa§ placed the 600 cycle per second siénal broadcast by radio station WWV. The
_ calibration oécillétor wés a Héﬁlett—Packara 200C; the radio réceiver-uéen was
o National NC57. |
A very important facfor in measuring Q precisély is the accurate deter-

mination of the level of the cévity at the one half power points with respect-
to the value at peak resonance, A1l in,vdiameter loop was constructed and
- mounted on a goniometer (see Fig. VII-1). ‘The signal pickeﬁ up by the loop was
fed into an APR-4 receiver. The sigﬁél was read by inéefting a largé‘ZOO micro-
ampere signal strength meter in the receiver. If the loop follows the cosine
law, the scaie of the signal strength meter can be calibrated by rotating the
| goniometer and observing the meter reading for the various _angles° Measure-
ments of the signal reading as a function of the éngle of the loop in the field
indicated that the receiver signﬁl monitoring circuit was linear within 1 per-
cent if a constant of about 2 bercent was subtracted from all readings.‘ This
2 percent was, presumably, noise in the receiver. Although the cosine law.of
the loop was not verified independently, it would be unlikely that the errors
in the cosine law of the loop would be Qanceled'by errors in the signal strength.
monitoring cireuit of thé A?Rpa;

In aciual measuremeﬁt of Q the cosine law of the loop is assumed. With the

goniometer set on 45°, the frequency of the modulating oscillator was adjusted
to give a,maximﬁm signal strength on the APR-4. This reading on the meter is
noted. The goniometer is then set on 90° and the frequency of the modulating
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| oscillator adjusted to give the same signai strength on the meter as was obtained
e?vthe¥45°_pbéifion.wThis freéuéncy~is held long enough’to‘allow the-penden'ihe
recorder to stabilize, | Thefirthe frequency is'adjusted to cause the signalgstrength to
move uputhroughva maximum - and back to the same setting previously ebmained.
This precednre is‘repeeteditwiee.. The goniometer is‘then returned'tob45° and
the“signal,stiength maximize& to;check the drift in the eutput,level of'the'
oscillatof. &he»fesult is a series of'pedestals on the chart.which represent
“the frequeneies at the one half power po:.n.'bs° A photograph of one of the Q
.charPS'is glven in Flg. VII—2.’ Flg. VII-3 shows a block dlagram of the Q meas-
uring equipment; A photograph of the instruments is given in Fig, Vii-4.

The velue_of Q measﬁfed for the 1/10 scale model cavity wes 77,800 £ 2
pepcent. This gives a Q for the full scale machihe QM = 246,000 ¥ 2 per-
v'cent The measured Q's are analyzed and comparea with those calculated from'

-the field" plots in Sectlon X1,
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VIII 74 DRIFT TUBE MODEL

: ___h'n;é oriéiﬁal design’éf the Mark I was for T4 drift tubes and the 1/10-
scale éavit& wﬁg_cdnstructedaén this basis, The measurements program was by
néumééns_qompiete when the design was Qhanged to 8%'drift tubes, The prcgfam_
| ?éé ¢§gtiﬁﬁéafﬁhiiéitﬁe ;edééiéﬁ'was»ﬁeing éémpleted but the ﬁeasniements.wefé
“ of.a qué1ita£ive-nature;. No information was obtained which was not repegted
fén;theHS%'ﬁiin:a mﬁch morévcbmplete manner, - For this reason the M heasure—_

ments will not be detailed here,
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~ IX DRIFT TUBE STEM INVESTIGATIONS ON'Sé DT MODEL

- One oi the important investigations made in connection with the model was
that of the arift tnbe stem position, ‘ﬁ c. bias voltages are required on the
 final machine on some of the stems, hence they cannot be tied directly to the
’1iner skin but must be electrically isolated. (In the full scale machine only’
part of the DT's will be isolated, but the measurements on the model were made
with all the stems 1solated ) In order that large rf voltages do not build up -
on the stems 80 isolated, it is necessary to include a bypass capacitor at the
outer extremity° The problem then arises of minimizing the rf current which
must flow through the bypass capacitya This was done by a judicious choice of

DT stem positions.

- A, Stem position determination

.7 In general, the position chosen must be both mechanically and electrically
tolerable,  From the mechanical standpoint the best position for the‘stem is
along the transverse center-line of the drift tube as snown in Fig. Ix;la.l
This has the advantage of simplicity of manufacture and installation and the
center of grav1ty of the system falls naturally along the transverse center—
line, The latter is important where such a large mass as that of the combined
DT and focussing magnet is concentrated on the end of the slender DT stem.
Electrically this position is not tolerable because of the large rf current that
would flow through the bypass capacitors, | | ‘ »

From the abstract electrical standpoint the best position would be with
the axis of the stem coincident with the surface of symmetry dividing the two
cells formed by a DT as shown in Fig. Ixélb° This surface is not a_plane and
does not cut the DT exactly at the transverse center-line because of the as&mp

- metry of adjacent cells., Experiment shows that these surfaces are approximately
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fconécgl‘ip»shape with a base angle of the order of a few degrees>and with the
apex toward the entrance end, Mechanieally this position is awkward because
(a) the handling of the drift tubes in their installation, which is at beét a
delicate procedure, would be considerably more difficult, and (b) there is a
bending mqmentvto}be taken into account in calculating the forces and position-
ing the stems. | |
An accepfgble compromise was reached, after some'investigaticn, in which

bnthe'stem is plaéed perpendieular to the drift tube axis Eut diSpiﬁced from the
transverse center-line by a critical amount to minimize the rf current., (Seé
Fig, IX-lc.) This requires that the DT magnets be displaced enough to keep the
center.of magss along the stem cenﬁer-line, An account of the procedure for

the investigaﬁioh is given below.

The first question which arose in choosing this stem position was that of
stem losses, It seemed'possiblé that if the.stem was not on the surface of
symmetry bétween half-cells ﬁhat the differential E-field on Opposiﬁe sides of

' themsfem would cause.greatervlos‘ses° Such a field would result in a circum-
ferential cufrent.around the DT stem which in turnvwould inducé'a component
of_magnetig field longitudinally along the stem. The prcbg showﬁ'in Fig, I¥=2
vas designed to detect this longitudinal field, The plgne of the loop was
lined uﬁ perpendicular to the stem axis as hearly as possible and the trans-
mission line wﬁs-run through a hple;in tﬁe side of the stem and out of cavity
where the signal was detected by a bolometer, Quantitative data was not easiiy
obtained because of the fact that the readings were barely‘detectaﬁle, but this
was sufficient evidence that the 1osseS'dﬁe to’ the circumferential currents
were at least an order of magnitude below those due to the longitudinal currents.
These tests were carried out on DI=5 at a distance of approximately 120 iﬁchesi

- from the liner. It has more recently been noted that the effect ﬁight be greater
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near thg'DT where the E»fieid is greater but it is difficult to conéeive of it
reaching the magnitude of the longitudinal curfent;

With the assurance that the losses.would not become excessive the remaining
problemn was to determine the exacﬁ offset from the transverse center-line for
‘each DT stem, Due to the interaction'between stems it was necessary to have all
eight stems scaled, fitted with a detecting device, and positioned in the cavity
simultaneousl;;o A stem and detecting assembly is shown in Fig, IX=4., The cou-
g box (e) was originally designed to house a bolometer detector element but
was cpnverted for use with the ﬁoPo AIOA voltmeter because the 1/100 ampere
Littlefuse detecting elements were too easily burned out by chan@e'moveménts
of the séemsa A sketch of the system is shown in Figo.IXmBa; An adaptor té
allow the use of standard coaxial connecters and to contaiﬁ the fields was de-

- signed and is shown in Figs, IX-4d and IX-5, The coupling box 1s grounded to
the liner by resting it on the slot edgeg and the stem is entirely inside the
cavity, - This prevents fields from being pr@pagatgd outéide the cavity by the
stem, The system is coaxial from the end of the stem to the diode probe9 where
the ﬁoltage,between stem and Iliner wﬁll appears,

The mechanical poéitioning of the stems was first a@complished'simpiy by
resting the tip of the stem in theIZ%uinch slot (4 in, model) cut in the DT's,"
later V-grooves were filed in the lower surface of the DT slot at 25-inch (%_in.
model) intervals on each side of the transverse centercline; - |

The first step in the investigation was to place all eight of the stem
. agsemblies in the cavity and align them on their respectivebDT tﬁansverse
center-lines, As a first approximation seven of the stems were left in this
position and the remaining stem was moved by 2.5-inch steﬁs (4 in. model) on
the inner end and the outer end moved until the voltage minimum point was ob-

- gerved, The position of the stem was then plotted for each 25-inch (# in,
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model) increment. Such a graph is shown in Fig, I¥-6. The common center of
?qtation was fortuitous because it prbvided a direct evaluation of the desired
étem position (ioe?, perpendiculaf to DT axis)9 For the sample stem (#6) the
predicted position was 3 3/ inches (3/8 ino'mbdel) toward the exit end from
‘thé transverse center-line of the DT, It did not’séem practical to use this
process on DT-1, 2, and 3 because of the spéce limitations. The next step was
" to align each stem at its predicted positi'on and then, starting with #8, adjust
the outer end for minimum voltage on its own meteroj'(Because of interaction
between cells the adjacent‘stem voltages would éhange radically.) This proved
to be a converging process. When all eight of the stem voltages had been re-
‘duced to a few tenths of a volt (model) on the H,P., 410A VIWM, the positions of
the outer ends of each stem were measured (the inner.ends were nqt moved in
- this process)e The inner end was then moved one=fourth of the Qay tbward the
new outer position and the outer end moved threenfbﬁrths of that distance towar&
the inner position. For e;amplég if the inﬁer end vas at +2 (602 iﬁo model) -
| incheé and the final adjusted outer_po&itibn was +3 inches (0;3 ino-model),
“the new stem position would be with inner and outer ends at 2 ég(O,ZZS in, model)_
inches, This one-fourth ratio was deduced from Fig. IZ-6 in which the distance
from the inner ena of the stem té ﬁhe center of rotation is roughly one-fourth
rthevlength of the stem, ‘Starting from these new positions the'process ofvmini-
mizing voltages individually was repeated and a new set of stem poéitions deter-
minedo This prqcedure was repeated until it was not necessary to move the outer
e;d of the stems to minimize the voltage after resetting their positions from
the previous run, | |

'There were fwo doubtful points about these results: (a) how much was the
20 inch siot adjacent to the stems affectiﬁg the results? (b) what effect wouldv

the liner nozzles have on the positions? In order to study these a set of slot
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closers were madé which fitted around the coupling boxes and were taped to
the liner., In addition, tﬁe liner‘nozzle for stem #6 was scaled ana attached
to the cavity., Fig. IX=7 shows the liner with the slot élosers and liner
nozzle installed, Note that stem #1 and # are not in the cavity, Within the
accuracy of measuremént no change could be observed in the stem poéition with
the slot closed or with the liﬁer nozzle, ‘

There was étillra lingering doubt as to the accurady of the positions
detérn_xined° It had already beén decided to check the stem bypass capacitor
currents and this program was extended to include a more elaﬁorate positioning
system for the stems to‘further.check the data already obtained,

A set of offset spacers.were made as shown in Fig, IX-3b. Dimensions
A" and "B" were made so that with three sizes of spacer the stem_coﬁld be
offset from a given 24-inch groove on the DT by O, 5/'849 1}, 1-7/8, or 2% inches.
The pointer was a later addition to aid in determining the correct BT grdove
to insert the stem, It should be hoted that all operationé involving the posi-
tioning on the DT were tedious and delicate, partly bécause of the poor visi-
bility ahd partly \from the mechanical instability of the lucite stems (dis=~
.cussed in Part IV)9 which made frequent readjustments necessary. Following
the same procedure as above a new set of stem position measurements was made,
Only slight differences were noted., Table I below itemizes the stem offsets
considered as final for‘design purposes, These were considered éccurate to

1 5/8'ipch.
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Stem Offsets

Stem Numbér ' Offset from DT Center-line
, ' (in¢hes)- '

1 | +17/8 *5/8

2 | 3304

3 x4 3/8

- ¥+ 55/8

5 v 5

é + 4 11/16

7 +21/2

8 ~11/4

Notes A (+) sign indicates an offset toward the exit end

A (=) sign indicates an offset toward the entrance end

Table IX-1
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B, Bypass Qapacitoré and currents

r?he bypass capacitors were not exact scalé modelé of the final full seale
dgsign since this was physically impossible. As a reasonable approximation
they were made coaxial with the stem and of a capacity compatible with the full
scale design, Two different physical sizes were required, Because of the space
limitations near the entrance end numbers 1 and 2 were smaller than those used
on the balance of the stems, Fig. IX~-8 shows the components in each type and
oneiof_the large ones assembled on a stem, The base plate was fastened to the
cavity by means of épring finger strips above and below the slot running the
full length of the cavity. A mockup of this assembly is shown in Fig. IX-9.
The top plate made contact te the stem through a sylphon which was a very tight
fit over the stem, The clamping disc was then placed over the top plate and
bolted to the lower plate, Several thicknesses of polystyrene spacersvwere
made so that the capacity could be adjusted. The capacity was measured on a
GR Type 650A Impedance Bridge, This bridge operates at 1000 cycles/sec,,»so it
was first verified that the same results were obtained on it as on a Boonton
Qaméter Type 160-A operating at the frequency of the model, All ;he capacitors
were adjusted to 5000 ppf (500 prt model} ‘Four slots were cut in the clamping
plateAto allow the insertion of a specially shaped probe adaptor for dicde
head on the VTVMo This probe could be insérted in place of the coaxial input
to fhe adaptor boxes, Fig, IX-10 shows detail of probe in position on capacitor,
Pig, IX-11 shows an adaptor box with coaxvinpgt and one with probe input, By
measuring in.four places the uniformity of the plate spacing is rouéhly checked,
i,e.; if the screws on one side are tighter tﬁan those on the oﬁher side the
caﬁacity is not uniformly distributed and the current must be célculated from
an average voltage, This is n§t a serious matter because the direction ofvadu

justment for this measurement is always toward zero voltage and all points on
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(a)-(d) parts for stem capacitor # 's 3-8

(a) base plate

(b) top plate

(c) polystyrene spacer

(d) bakelite clamping disc

(e),(f) &(g) parts for stem capacitor #'s 1&2
(e) bakelite clamping ring

(f) top plate

(g) base plate

(h) stem
(i) assembled capacitor

FIG. IX-8

CONFID
0z 1031
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(a) stem

(b) capacitor

(c) output connector

(d) base plate

(e) spring finger clamp

(f) slots for voltage probe

(g) lucite plug with scribed center

MOCKUP OF CAPAGCITOR SPRING FINGER CLAMPS

FiliG s X =9

0Z 1037
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BASE PLATE SYLPHON \ -
/, Top

-CLAMPING

COAXIAL CONNEGTOR
PLATE
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GROUNDED BY SCREW
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TOP VIEW
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MTA 137

(a) stem
(b) probe coupling box
(c) stem extension

HP4/0OA VTVM PROBE ADAPTOR BOX WITH
(d) coaxial input
(e) capacitor voltage probe input

FIG, IX~=Il

OZ 1035
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the capacitor will reach zero at the same timéo

Fbr the measurements w1th the capacitors it was requlred that the stems
be conducting over their entire length, Thls requlred that the coupling box
‘be removed, because of the insulating ring, ~In its place an eight inch all
metalystem ektenéion was élampedo. Fig, IZ-11 is a photograﬁh of a stem with
both types of terminations.

The stems with capacitors were mounted on the cavity in the positions of
Table IX-1, ‘It was found necessary to aligﬁ‘the DT g with the stems in placé
and this required the modification of the cathetometer table so that a sight
could be taken through a hole punched diréctiy above the DT center-line as
described in Part ;Vo As a further aid for accurate stem positioning a set
of lucite plugs with aécurately scribed centers were madé to fit into the
- outer ends of the stem extensions, These %1lowed the position of the outer
end of the stem to be accurately measured wifh the cathetometer,

The stem positions were checked under these new conditions and found to
be essentialiy the same as those given'in Table IX-1,

One of the results to.be obtained from the capacitor setﬁp was‘the rf
eurrents which could be expected to flow in them, Table IX-2 is a sample
set of data taken on.the capécitbrso* These méasureménts were nmade with an
 accurately calibrated H.F 410A VIVM with the probe adaptbr of Fig. IX-1lle,

_,Froﬁrthis data, and the impedance of thevcapaéitersp the currenté were cal-
culated fof the average voltagENaﬁd the maximum voltage of ‘each stem,

As a final check on the accuracyﬁand reproducibility of(the measurementé
the liner nozzles were scaled, aﬁd when thé system was cqnverted to the metal

stems these were installéd with the coaxial bypass capacitors mounted on them

*a design change increased the capacitance from 5000 ppf to 18000 ppf after
the measurements were started, It was impractical to obtain that high a
capacity (1800 ppf on the model) S0 results were scaled,
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Sample Set of Capacitor Voltages and Currents

(Values are full scale for Mark I)

Drift tube Quadrant voltages Voltage Voltage Current
number (For 5000 ppf) (For 5000 ppf) | (For 18000 puf) | (18000 ppf)
0° 90° 1800 360° | Av. Max. Av. Max, | Av, Max,
1 400 360 280 380 360 400 100 111 137 152
2 2200 60 40 200 | 130 220 36 61 49 8
3 400 320 460 460 | 410 460 114 128 156 175
4 320 400 260 220 | 300 400 8 11 | 1 152
5 400 480 380 280 | 380 480 106 133 145 182
6 420 340 580 64D | 500 640 139 178 190 244
7 2000 260 300 240 | 25 300 | 70 83 % 11
8 380‘ 380 420 440 400 440 11 12 152 167
1
mfare X, = SWTe = 0,729

£ = 12,1 x 10° cycles

¢ = 18000 x 1012 farads

V@
I = = -= 1,37 V@
% |
V18000 — o000 _ 0,278
V000 13000

Table IE=2
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by means of spring finger in a manner similar td that used on the initial méasure-
ments, In no case did the voltages measured exceed 170 volts (scaled to 18000 ppf)
which corresponds to 233 ampéreso

A second investigation was concerned with the variation of voltage with capa-
city. 'Theory predicts that the current will be constant for a given geométry
fegardless of the value of the bypass capacityo‘ Fig. 1X-12 shows the experimental

results - and also the theoretical curve, plotted from the relations

v = Ix = Io  _ K _ 3.678x 106
¢ ce  2Tfe L+ e
assuming the ¢ = 5000 puf point to be correct. The two curves agree within

the accuracy of measurement and the theoretical point for 18000 ppf is used
hereafter for calculations involving the actual capacit&jto be used in the mach-
ine. Since all measﬁrements were made at the 5000 ppf point the séaiing faetor
for converting capacitor véltages to the 18000 ppf base iss

V. _
Scaling factor = 18000 _ 5  _ 0,278

Y5000 18

C. Drift tube pérturbations o ' ..

A 1ogieé1 adjunét td the measurements made.above with the capacitors was
the investigagioh of the effect on the bypass capacitor currents when a drift
tube and stem were moved aiiallyo This would ﬁe valuable information in the
event that the conditions for acceleration of the idns were not met or could
be iﬁbroved by readjustment of the gaps. |

\ This information was obtained by movingithe DT system by small increments
toward both the entrance and exit ends, This increment was measured with the
.cathetometer and the capacitor.and stem moved exactly the same iﬁcrement“to
retain the relative geometry of the system, The voltages were then read on the

; ( :
perturbed drift tube and the adjacent drift tubes, These increments were
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plotted to obtain the slopes of the perturbation curves which fortuitously
turned out to be straight iimes, ' Fig. IX-13 shows two sets of data for DT #5
plotted on the same coordinates, ' The two édjacent drift tubes were aiso plotted
to ihdicate the‘trend ofqinteractivé effects; It was notéd that the effect
on ﬁhé.seéoﬁd drift tube away was very small., The important infofmation ob-
tained from these graphs is the average slope., A horizontal displacement indi-
ggtes that the drift tube was slightly out of position for that run, Note that
if the &rift tube stem Is in its cortrect position the apex of the cone formed by the |
pefturbation curves will fall at the zero.perturbation point. The twq sets of
data shown were taken on different days, which indicates a reasonable degree
of reproducibility., Table IX-34 tabulates the results obtained for other drift
tubes, All were measured in the same manner as number 5 except number 1 which
was extrapolated from the curve of Fig. I1X-14, which is a plot of the average
slopes of the perturbation curves for all the drift tubes, Number 6 presents
the oniy anomaly, and since it represents the average of two sets of nearly
identical data, it is not 6bwi@us why it does not fall on the curve, |

A second set of drift tube perturbation data was taken after ﬁhe metal
stems were installed but the results lagicaily belong in this section, The
conditions of measurement are more completely outlined in later sections but _
roughly it was simply s measurement of the slope of a perturbation curve similar
to the one detailed above, thg_only difference being that the drift tube stem
was rggtrained at itz out end so that in moving the drift tube the stem was M
forced to bend, This information was important in deéigning the chussing mag-
nets as the& have axial forces associatedeith them which cause this type of
motion, v '.

It was difficult tb create these perturbations synthetically without

affecting the cavity in other ways. It was considered sufficient to move
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PERTURBATION OF DT #5| 3000
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Drift Tube Perturbations

A, Voltage across 18000 ppf bypass capacitdrs for move-
ment of both DT and stem axially along cavity.

Drift Tube ' Average Slqpe of Perturbation Curve

Number
Volts/Inch °  Amperes/Inch
(Peak) (Peak)
1 624 855
2 480 . 658
3 43 470
4 N 244 334
5 \ 196 j 269 _
6 217 (180)% 207 (u7)*
7 166 o 227
g . 155 212

* VYalue in parentheses is value from curve of Fig, IX-1l4.

B, Véltage across 18000 ppf bypass capacitor for movement of
DT with outer end of stem restrained. (This is the con-
dition existing for movement due to focussing magnet forces,)

1 1670 2290
2 1380 1890
3 | 1130 "-'1559
b 890 1220
5 681 930
6 500 685
7 417 570
8 350 480

Table IX-3
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drift tubes’mumbers 1, 6, 8 by means of a small cord passed through the ¢enter
hole and back around the outside. Capacitor voltages were measured for several
diffe:ent gisplacements. The curves again turned out to be straight lines. The
remaining slopeé were intérpolated along a sméofh curve joining these three
points. Table IX-3B tabulates the slopes of voltage and current for each drift
tube, Fig. IX-1, shows a graph of the current slopeé as a function of drift tube
position, ‘

Note that if the present design figures are used (73 capacitors with rat-.
ings 250 ppf, 20 kv, and 20 amperes at 12.1 megacycles) drift tﬁbgé number 1;
2, and 3 cannot be allowed to move one-inch from this type of motion or the maxi- -
mum current rating of ~1400 amperes will be_exceeded. This 1400 ampefes must
include the algebraic sum of the initial current; the current due to the first
type of perturbation discussed above, and the current due to thiq second type of

perturbation,
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| ‘X FIELD MEASUREMENTS ON THE &% DRIFT TUBE MODEL

If will be assumed that the rea&er is acquainted with the preceding seetioﬁe
of this paper because much of the detailed information pertaining to this section
is contained in them. o

-The drift tubes and metal stems were silver plated and'asSembled with the
proper offsets, and the liner nozzles were scaled. and mounted on the liner in the
proper orientation, i.e., in the center of the 126° sector, A new DT sﬁspension
system was designed, The DT assemblies were mounted with the coaxial bypass
capacltors used in the prev1ous measurements°

The obJect of these measurements was to obtain reasonably accurate values
for the shunt impedance, Q, the relative losses in the various portions of the
cavity, and ﬁhe stered energy. Explicitly, the measurements required to deter-
mine the above quantities are: _(a) The tangential magnetic fields at all con-
ducting surfaces to compute the power losses as expressed in Eq. (II-16). (b)
The ‘j’ B ° dA over any plane which includes the axis of the cavity as one
boundai;eggr computing the end to end voltage, v iy of the cav1ty as expressed
in Eq. (II'-21)° This requires a magnetic field of the chosen plane, (c) The
( J; BR . dv) over the entire volume of the cavity to determine the stored
1eneggy‘as expressed in Eq, (II—23); This infers a map of the magnetic field
threughoﬁt the volume,

Based on the experience gained oﬁ the 74 drift tube model it was consider-
ed sufficient to determine the longitudinal field variations of the cavity by
mapping only the variations along the DT transverse center-lines end along the
transverse center-lines betweenrDT's° Smooth curves drawn through points ofi
equal radius determine the variations with z. Ina given plane, for ;r B« dA,
the variations with r are determined by the previous measurement, The giitie
integration requires that these be extended to include the variations with 6.
This‘is a more subtle variation which results from the irregular polygonal shape

of the liner.
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A, Procedures for measurement
The following system was set up for taking the variousrmeasurementé:
(a) Two probe supports were built, one along the horizontal slot 96 degrees
frog-the stems (called the A-plane) and the second 180 degrees from the stenms
(called the B-plane), Both of these planes are of importance because of the 90
degree physical asymmetryﬁwhich jnducés & field asymmeﬁrY5 Figs, X-1 and X-2-
show the two probe support members with probes mounted on them.': (b) A special
‘set of probes was built with flexible tips for measuring.thé.DT éurrenﬁ dis-
tributions. (c)vA scaled stem was fitted with a special probe for measuring.
thé'stem current distributions, (d) A system for regulatiﬁg, controlling and
accurately measufing the cavity level was assembléd.
.The probes used were the magnetic field'sampling probes, described in de-

- tail in Section Vi, in conjunctionvwith a bolometer detector,

~ The data identification code (Fig. X-3) indicates the standard nomenclature
,adopted for identifying the various types of runs made. The data was recorded
on special data sheets which inéluded the eésential information required for
its iﬁterpretation and reductionol'ﬂﬁsinformation included: (a) probe number
(in'ofder to recheck data if ﬁecessary);'(b) cavity excitation level as measured
on the standard monitor loop (described in Section VI)j (c) probe reading at
the calibration poiﬁt, which was placed symmetrically with the standard volt-
~meter loop 80 that the fields were identical., (See Fig, X-3,) A reading at
. the calihrétiénvpoint Qas taken before and after each run to detect any efrors
due to cévity level shifting or probe changing during the run., A maximum dif-
ference of 3 percentrwas allowed in the two readings for acceptable data. The
average of thé two rgadings was used as a normalization value to reduce all
data to the éame relat;ve caviﬁy level. (2) A O-T ratio was measured for the

probe as an index of its reliability in the p}ésence of electric fields as
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, detailed in Section VI, (e) The actual data was read on the bolometer bridge
meter in terms of "milliwatts" which were propertional to 32, the square of

the magnetic induction field at the position of the probe,

B, Fleld mapplng ( J’ B - da)
field '
There ‘are two obvious planes for measurlng the J/ B ° dA. These are

field
the two planes of symmetry of the cavity which have been previously denoted in

Fig, III-1 by “A"eand "B, ® Theg&easurements on each plane are divided into
two categories: (a).rﬁns along the transverse cenﬁer-line of the DT's denoted
by "DI" and (b) runs along the center—lines.between'drift~tﬁbes denoted by ng,n
It shoﬁld be noted that the entrance end wall is denoped by Ry but is also the
centernline-of the'half'DT mounted on the entrance~eﬁa and hence is also DT-O.
‘Similarly the exit wall is denoted by Ry but it also C-8 since it is between
_ DT=8 and what would be DT-9 if ‘the tank were extended

The following sequence of operations for a paﬁticular set of measurements
is 4’ ncluded in order to give a clear picture of the proceedings. Fig;=xg4 is a
dlagram of the general setup and Figo VIalO is a photograph of the oscillator
control cabinet and standardizing equlpment

As preliminary measures the osclllator was tuned, the standardizing equip—
ment balanced for the pgoper level of approx1mate1y 4 volts, and the data sheet
heading fi%led out, Two persons were'requireds (a) the-recorder, who main-

tained the proper cavity level by adjusting the oscillator plate voltageé zeroed

| and read the bolometer bridge, and recorded the deie; and (b) the probe opera-
tor who controlled the movements of the probe and determined ite peeition in
the'cavity. | |

Step 1, Probe.selection and test for O-WT ratio°

The probe was inserted in the cavity at the O0=7w ratio test point (see

Section VI) indicated on Figs. X-B and X-4. If the ratio was 0095<IF°/FTr 1.05,
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the probe was considered acceptable,
Step 2, Probe positionihg.

) The probé was mounted on the holder but not inserted in the cavity, The
audio bgat note between cavity frequency and the standard oseillator frequency
was then adjusted to be about one kilocycle and a remote meter indicating rela-
tive audio frequency placed in view of the operator. Noting the meter reading

s\

the probe was inserted almost to the DT and pointed directly at the transverse

.center-line of&the DT (assuming the run to be ﬁade is a DT run). Retaining

i

this inner posiﬁion the probé was rotated about the cepter of the mount and
translated aleng the cavity until the original audio frequency was obtained.
Then the probe was slowly withdrawn in a straight line and the deviation meter |

observed, If the meter showed a variation of more than 50 cycles (model) during

 the process the angular position was poorly set or the probe was not straight‘

over its entire_lengthoi Usually about two or three adjustments were sufficient
to provide a good position,

Step 3, Probe insertion calibration,

A dummy probe was ingerted until it touéhed the DT (with_the rf off) and
the length from the inside of the linér.wall was measured accurately., The
first position of the good prébe was then set to be i-iﬁch less than this as

measured to the center of the pickup loop, The distance from the DT transversé

i <
center-line at the liner wall to the position where the probe cut the liner wall

was then measured, The ruler used for measuring the probe insertion was set so

‘that the desired.readings fell on even inch, or fraction of inch, marks,

Step 4. Ievel bubble seto.

The probe was inserted at the calibration point of Figs, X-3 and X-4 and

* Except for a narrow region of probe resonance about 21 inches from the liner,
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supported horizoptally at thé outer end. It was then carefully rotated about
vthe probe stem axis until the méximum reading was obtained on the bolo.~4. The
level bubble (Fig. X-1) was then clamped in a level position, This adjustment
was checked several times, The purpose of this was to aliow the operator to
set the ﬁrobe for maximum signal without seeing the bolometer,"It shoyld be
noted that in the B-plane whefe the probe is vertical this was not possible(aﬁd
the probe waé then rotated slpﬁiy and the maximum vaiue réad by the recordef.-
'Steg‘S, While sét at the‘Calibration point a reading'was taken and recorded.
Step 6. The data. | | ,
The probe was again inserted in the cavity at the‘desired poéition and a
set of’readings were taken startiﬁg with the innermost point, The number of
points taken was varied with the variation of the field, In the region of a DT,
readingé were madé_every-%_inch and near the liner every inch;
§§§p_2, The probe was again placed at the calibratiop point and a reading
~ taken,, Differénces betﬁeen this reading and the one taken in Steplﬁ usually
varied about 1 percent and if the variation was morevthan 3 percent the run was
ngt accepted. |
Step 8. The data was reduced in a standard mAnner by the following-stéps:
(a) The probe position, originally taken in inches from the wall for convenience,
was converted to inches of radius from the center-line, (b) Bolometer readings
~were corrected from tﬁe instrumeqf calibration curve (deﬁailed in Section VI).
These readings, which are proportional to the square of fhe magnetic induction
field, B2, we call F%. (c) Corrected readings were normalized by the éalibration
point reading, resulting in a diﬁensionless quantity which we call FNZ. (d) The
square root of this value, Fy, is proportional to B and from Eq, (II-71) the
absolute magnetic field, B = Fy B' , where B' is the absolute field at thé

'position of the standard volﬁage loop.
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The above proéedure was modified slightly to take care of the special re-
quirements 9f the various types of runs made, In the case of the "C" runs
there were no critical measurement points near the DT so it was not necessary
to carry out Step 3. For thése runs the probe was aimed at the junction of the
cavity centér-line and the transverse center-line between DT's, 1In the case of
the runs along Ry and Ry which are metal boundaries, and hence force the field
lines to conform to the boundary conditiogs, it was not necessary to laboriously
align fhe probe aiong a line of constant frequency, as indicated in Step 2. It
was sufficient to take the readings with ﬁhe probe % inch from- the metal bound-
aries,

In mapping the B-plane the operator sat beneath the cavity as shown in
Fig, X=2, Except for thé level bubble which isg inoperative in this position,
~ measurements were made as for the A.«-pla.neo

‘ The graphs of Fy vs, r for the DT's were all placed on one sheet in order
to check their compatibilifyo From this plot it was clear that a few of the
cﬁrves,did not fit into the scheme of things, These curves were readjusted to
make the family of curves look reasonable, In no case was the readjustment of
any-éprve more than 2 percent, (This is.less théﬁ the desired error of meas-
urement,) The resulting curves for the A-plane are shown in Figs. X-5 and X-6;
for the B-plane in Figs. X-7 and X-8. As a f£inal check of consistency of the
data near the DT's a plot was made of the fields at the DT skin° This plot is
shown in Fig. X-9 and includes data for both A- and B-planes, The resuits are
remarkably consistent. The break inAthe curve is appa;ently due té‘change iﬁv
shapé of the contour of the first three DT's, For the last five, the ends have
the same contours and vary only in length,

A similar set of plots for the 1C" curves was made and tieated in the same

manner, Figs. X-10 and X-11 are for the A-plane and Figs. X-12 and X=13 are for
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the. B-plane,

From thé.above curves the J; o dA was obtained by graphical integration.
The integration areas for Cell #5 are shown in Fig, X-14., For‘any given radius
the relative field, FyR, to be used along with the area associated with that
radius is obtained by averaging the value of Fy from the curves for DT-4, C-4,
and DI-5 At that radius,‘ This is not an exact evaluation, but since the vari-
ation is small over the length of the cell except very near the DT as evidenced
by the curves of Fig, X~15 (which are curves of Fy vs. z at constant radius
the error is very small., A value of Fyp was obtained for each radius listed
above the integration area charﬁs° This value was multiplied by the ares with-
in which it fell. This area is (Ar)([) where Ar is found beneath the charts
and | 1is the lenwth of the cell (8.75 inches model dim, for Cell #5), The
prdduct (FNR)( Ar)(L)wasﬂaen summed over the entire plane. Each cell was treated
in the same manner for both the A~ and B-planes. The k.J/ deA for the
entire plane is then found by summing gll the cell contribgiziis for that plane.
_The‘besults from the two planes should be identical according to theory. The‘
'total integral was calculated in three wayss plane A by the DT—ceil«Z method
(see Fig,.l-i for definition of DI-cell-l and cell-2) and plane B by the DI-

celi=2 method and also by the DT~cell=l method, Table;X;i.compiles these

résults°
Table X-1 |
Resglts of Field.Inte%ration to Obtain -J;ield FN ° dA
. ".::{ : . © dA
Plane , Method of q;viding ar§%s j;ield N
A : DT-cell=2 lf 115,3 meter2
B DI-cel1-2 S 1189
B - DT-cell-1 - 117.7

Average 116.3
Note: See Fig, I-1 for definition of DT-cell-l and DT=-cell-2.
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Aside from the total integral; the ihdividual cell integrals are also
of some interest when plotted as a function of cell number, Table X-2 indicates
the results in terms of the design end-to-end voltage of 45.18 x 106 volts. The:

‘results tabulated are also plotted on Fig. X-16.

Table X-2 ‘ .

Peak RF Voltage per Cell

Cell © Peak %
Number Voltage . ' Total
per Cell per Cell
1 1,059 x 100 2.3k
2 2,192 485
) 3 3.332 S T.37
4 4;468 ’ v9089
5 5.565 12,31
6 6,762 14,96
7 7.931 : 17,55
8 9.011 : 19.94
9" 4o 860 10,75
2 = 45,180 99.96

¥ #9 cell is the last half gap and has therefore approximately one—
half the voltage as a full cell (but less because the next half-cell
would have a greater voltage).
The design of the machine was made with the hope that the curve of Fig.
X-16 would be a straight line and it was very gratifying to know that it is

very near to that.
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C. Vb}ume integration

In addition to the above data taken in the A- and B-planes it was neces-
sary to take enough data to obtain the angular distribution of field with radius.
This is necessary because the outer conducting boundary is not a cifcular cylin-
der but an irfegular polygon (with the A- and B-planés of syirxm.etry)° Thg corners
of this polygon are points of zero magnetie field* and hence of zero current in
tﬁe-liner° The field perturbatitn due to these corners is a maiimum at the con-
ducting boundary:and "washes out" as the center of the cavity is approached. 1In
order to get a reasonably clear picture of the manner in which the field varied,
data was taken radially at the O, 9, 18, 27, 36, 45, 54, 63, and 90 degree
angles around the cavity and at the center-line of DT #5., Fig, X-17 shows one-
.quarter of the cavity with these angles indicated on it, They correspond to
the corners-of_the polygon gnd.the center-lines of the sides. These data were
left in tefms of FN2 because the integrals in which they are used are in terms
of~Bz. They were normalized a second time to the value of FN2 in the B-plane
at the same radius (call these values FNB2)° This had several advantages, the
chief one of which was the fact that curves when plotted as a function of radius
for constant anglé show very’clearlj when the distribution starts to deviate
from the distribution of the B-plane., Such a set of curves is shown in Figs,
X-18 and X-19.

' In addition to this radial data, the distributions across the wide flat

(at the 90 degree point) and the narrow flat (gt'the.zero degree point) were
taken oﬁe-half inch inside the cavity. A plot ofvthese tﬁo curves, each norma-
lized to its own maximum value, is shown in Fig. X-20A. Fig. X;ZOB‘shows*varia-
tion of field with 6, ‘Tt was not possible to measure exéctly in the corner be-
cause of the finitevsize of the probe and the erronéoqs readings due to images

of the probe when it is closer than about one-half inch to the conducting

3 : _ '
. This can be shown mathematically through the use of a Schwarz transform but
will not be treated rigorously hére,
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Dimensions are for model.
(Multiply by 10 for full scale)
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boundafy. It was assuméd that the field did go to zero in the corner and the
curve was extrapolated smoothly to this point as §hoﬁn by the dashed line,

The actual volume‘integration will not be dealf with in detail, but it
was carrie& out in roughly the following stéps: |

1, On the basis of the curves of Figs, X-18 and X~19Vthe areas of inte-
gration as shown by @), s and © on Fig. X-17 were chosen, In region .
the fiel&s are uniform with © and hence can be integrated in a'straightforward

manner using the distributions of the B-plane, Areas ® and (© require

.special treatment,

2. The integration was carried out by plotting curves of constant radius
from the curves of constant €, This was done for the average radius of each
small area of integration within (&) and . The resultivng curves were inte-

2 over the 45 degree sector.

grated gréphicallj to obtain the~average7FN

3. From this value an area integral was obtained by multiplying by the
area of the individual sectors. . v”

L. As a convenience in extending to thé volume these areas were nqrmalized
to the haximnm radius at DT-5, This left the data in a completely normalized
form, i.e,; none of the dimensions or values of DT-5 were iﬁéluded.

5. All DT areas were normalized in radius to the maximum radius at the DT
center-line included in that area.,

6., Curves of the average FN2 plotted against normalized radius were

drawn using the average across the DT-area obtained in a manner similar to that

used in determining the u[élo dA above., -

7. To convert the results of step 3 into the volume integration it was
necessary to multiply the individual areas by the square of the radius and the
average FN2 of the DT-area under consideration, This value when multiplied

by length of the DT-area provided the volume integral of that area., The
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complete volume integration is found by summing the individual DT-area inte;_

- grations,

The results of this integration, in terms of FNZ_arez

,L: FN2 cdv = 3,03 x 103 (meters3) . - (X-1)
olume

D, Iosseé

» Therlosses'in the machine were calculated from the magnetic fields at the
conducting boundaries using Eq. (II-16). There are a numbér of types of geo-
metries which must‘bé treated Separately, €.8.5 ends, side pénéls, dfift tubes,
and stems, Table X-3 tabulaﬁes the results for'these various portions of the
machine and the folloﬁing paragraphs sketch briefly the method fér determining
each. v |

The end losses can bhe calculated ffom an intéimediate_step in the vqiume

integration of the preceding section. Step 4 of ihat infegration is JfféB ds

2 normalized

over a normalized plane parallel to the ends, where FﬁB is Fﬁ
to the value on the B-plane. To remove the normalization it’was necessary to
miltiply by the square of the radius and the value of FN2 on the B-plane at
egch.end separately, This yields /(FNZ o ds for one-fourth the entrancefand
exit ends respectively.. |

The side panels are of two different sizes, the wide panels perpendictilar
to the A-plane and the narrow panels makihg up the reéainder of the liner. The
distribution across each of these panels is shown in Fig. %-20A. |

The stem losses were calculated usiﬁg the relation of Eq. (II-83) for the
field distributién around the stem, This assumes that all of the losses are due
to longitudinal currents arising from the insertion of the stem in the field,

4

i,e.; that no losses arise from the ¢ircumferential currents discussed in
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Stem #1
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Detail of Losses

fo g
Fy~ods % Total
meters? Losses Losses
20.6 15.2
1602 1109
| 63.2 46,8
81,7 100 73,9
2.1 .3
403v 06
N "‘502 08
5,5 . .8
8.2 1.2
11.2 1.7
Mog 202
20,0 3.0
28.6 42
174.5 100.0 1.8
11.8 1.3
12,0 1.3
] 12,2 1.4
12,5 1.4
12.5 1.4
13.0 1.5
13,0 1.5
13,0 1.5
133.3 100.0 11.3
1179.5 £100.0

Table X=3

UCRL-1173

Mega-
watts
loss

1.333
1.044
4.104

6,481

.026
.053
.070
070
«105
-149
2193
264 .
0368

1,298
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Section IX. It also negleéts the end effects due to the finite length of the
rod, Thésg%gfﬁygaéher‘compliqated in the actual cése because of the -drift tube
on one end and the liner nozzle on the other end but there is no reason ﬁo be-
lieve that the errdrs are éxcessive. A special probe was constructed to work in
conjunction with a.scaled stem to check the thsoretical cosine fiéld distribution,
for this test the loop was coplanar with the axis of the stem and approximately
120 inches inside the liner at the number 5 drift ﬁube position., Fig. X-22 shows
the loop mounted on the stem and Fig, X-23 shows a rough field plot of the cavity
fields with the'stem inserted.. Measurements were made as 'a function of stem
rotation at several radii and the data reduced to the skin of the sﬁem. The
results corroborated the theory well within the estimated experimental errer,

The loss for each stem was calculated Separately usiné the proper length of stem
and rgdialffield distribution with no stem péesént as given in Figs. X-7 and X-8,
For calculation purposes Eg. (II-83) can be rewrittens:

Bt = 2B cos &

f[lBﬂz ds: = 4[ /J B2 cos? o] adrde
o : : 0 Kl ‘

= 4ya [ 82| ar

Thens

Wheres B = magnetic field distribution along stem axis with
' no stem present from}Figs,Ax;7‘and x-8.

drift tube radius and liner radius for the particular

A
- drift tube being calculated -

1312 =

‘a = radius of the stem = 0.375 in.f(mode1 dim, )

Applying this equation to each stem ( in terms of FNZ instéad;of'Bz) results in

a felativevlbss fof"each stem, These are tabulated iﬁfTaEIQiII-B.
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SKETCH OF FIELD PERTURBATIONS NEAR STEM
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vThg drift tube losses were meaéured with special flexible tip probes as
shown og‘Figs. X-24 and X-25. These were designed so that the surface field
‘distributions could be meésured.without perturbing thevfields. This was ac-~
complished by inserting the rigid probe stem into the center of the drift tube
-where it could be positioned on a frequency constant line. The flexible tip
was then adjusted outside the cavity on a drawing of the drift tube section to
the desired position and a réading taken, This process was repeated for one-
inch intervals around the drift tube and the results plotted,> The process was
1aborioﬁs and a number of the points did not fall on a reasonable curve., This
became more and more true for the smaller drift tubes, However enough data were
taken to show that for all the drift tubes the distribuﬁion was sinusoidal,
Fig. X-26 shows the theoretical and measured results for drift tube #8., The
plot isiin terms of the square of the field because this is the gunantity meas- -
ured and also the way it appears in the integral, On this‘bas%s the iosses for
each drift tube were calculated using the cos? © distribution and ﬁhe individual
geometriés. In order to place the drift tube losses on the same relative sc;le
as other losses the maximum field at +the longitudinal center of the drift tube
was taken ffom the curves of Figs. XZ-5 and X-6, The results of the surface inte-

gration for the drift tubes are tabulated in Table X-3.
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NOTE: Ordinates are proportional to H2, The
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XI RESULTS

With the data of the preceding section and the design characteristics it

is possible to calculate some of the operating characteristics from the formulae
derived in Section II,

A, Shunt impedance, Zg

Eq. {I-53) can be written

. . . 2
1,241 x 107 Jpena®

s )\ 22 ohms
2
Fu™ o ds
| L |
~/\3/2 = (24;,67)3/2 = 122,5 metersB/2
ﬂ Fy odA =" 116.3 meters® (from Table X-1)
“field

\\»\ ff FN2 s'ds = 1179.5 meters® (from Table X-3)
Z, = 116 x 10° oms * 3 percent (X1-1)
B. Q

From Eq. (II-60)

~ - 1
smeni L meer

volume
\[—}\— v | L JI: SFNZ ds

JT=' 2,67 = 4..967' : |

=

=
4
|

= 3.03 x 16° meter3 (from Eg. @®1) )
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/[]‘332 ds = 1179.5 meters? (from Table X-3)
ZS‘
Q = 2,71 x 10° % 3 peféent | (XI-2)
~ This value must be compared to that measured directly as described in
Section VII, It is |
QM = 2,46 x 10° £ 2 percent

The difference between the two values is 9 percent.

It is convenient for the.following'analysisvto workiin terms of the results
on the model. We will use priﬁes on all model values to differenﬁiaterthem from
full scale values,

. o
W'

Difference = 9 percent

85,830 £ 3 percent

77,800 £ 2 percént

. Originally this difference was 17 percent but by means of the silver

, plating((discussed is Section III and Appendix A) the improvement was effected.
As a check on the location of these losses Q wgs determined by field plots and
measurement for the unloéded cavity (i.e., no drift tubes or gtems) aé discussed

in Appendix C, yieldings
g

Q(unloaded) 96,100 £ 3 perpent
Difference = 8 pércent

This indicates that the discrepancy between measured Q and calculated Q is
almost entirely in the liner, 'This is not a serious matter_pfovided the power

~ loss represented by‘this diffefenéé does not occur in a'smﬁll area., The éébmetnf
of the liﬁer is such that a highly concentrated 1oss is very unlikely, Fﬁrther,'
‘&t is conceivable that the construction of the model cavity, althdugﬁ”done wWith

great care, differs from the ideal conditions assumed in the calculéﬁiongbyfthisv
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amount, - Several checks were made of obvious_possibilitiés for differeﬁcesz

(a) The.slots were covered with a copper strip to prevent fringing of the fields.
kb) The liner nozzles were shorted out by placing a flat copper sheet.flush with
the liner on thé inéide making good contact to the stems. (c) The bypass capaci-
tors were shorted with copper straps. It ié perhaps worth noting that the two
values differ by less than two probable errors and would require some refinement '
of techniques to detect small improvements. In any case, after due consideration,

it was decided not to pursue the investigation further,

C. Absolute fields and currents
In order to convert the field quantities, Fy , t§ absolute fields it is
necessary to calculate the);bsolute value of the field B' at the position of
the calibration point because this was the normalizing point. This can be done
using Eq. (II-66)
| B(r,8,z) = Fy (r,0,2) Bf
Integrating both sides

ﬂ B - dA :'B'ﬂ_FN°dA
field field

o

\TEebleft hand side can be determined from Eq. (II-21)

- o A A
B ° dA - (A_; - 0 © 591
field . ‘

Wheres Vv, = 45.18x 106'volts (a design figure for the end-to-end

voltage) :
W = 2Wf = 2w x12.16 x 1° = 76,403 x 10°
)57’ Fy©dd = $116,3 neter® (from Table X-1)
field .
C,591 - : .
Bt= —— = 5,08 x 10 ? webers/meter? (x1-3)

116.3 :
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As indicated in Section II-H currents will scgle in the same manner as fields,

If we choose a field value, Fy, from the curves of Section X at a conducting

boundary the current is expressed by Eq. (II-67)3 7
B!
I, = ™y 107
N 4T
B =

5,08 x 10™2 webers/meter?

I -
8 .

(4.04 x 103) Fy peak amperes/meter (ZI-4)
D, Stored energy
From Eq, (II-23)
Oy = —(B' /// dev
volume
= 47 2'10_7
B! = 5,08 x 103 webers/meter?
fff P2 dv = 3,03 x 10° meters’

volume _ ;
Uy = 3,11 x 104 joules % 3 percent (X1-5)

E, Power loss

From Eq. ( Ileé)

. 1.431 x 10 2 2
PL,,- [A _(B') ﬂ FN. dv

s
I = 4967
H Fy* dv = 1179.5
)

(B')% =25,806 x 10°

(PL) tbtal = 8,77 x .',LO6 watts £ 3 percent- (X1-7)
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A further useful relation is the power density at any point on the conducting

surfaces, This can be obtained from Eq. (XI-4) and the power density relation,

2R ‘
Py = \—I-S-—i ohms /meter<
= ‘me
= 3 p
I, = 4.04 x 103 Fy
R, = 9.101x 104 ohms/square
Py = 7420 FN2 watts/m?

The values of FN can be obtained from the curves of Section X.

(X1-8)
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XII ABSOLUTE FREQUENCY AND PERTURBATIONS

- An accurate determination of the frequency of oscillation of the cavity
Wgs'essential for the thimum design of other components of the mcahine. The
following paragraphs summarize the frequency measurements_and calculations of
the absolﬁte ffequencj and its variation with physical perturbations of the
cavity struéture. A1l of the measureﬁents were made with the cavity initially

~aligned to the design conditions as set forth in Sections II, III, and IV,

A. Absolute frequenéy

Measured with Signal Corps Frequency Meter TS-175/U, Serial #833. Drift
tubes aligned to + 0.20 inch, end walls flat to % 5/8 inch, radius acéurate
to £ 5/8 inch,

The following limits of error have been estimated for the actual manu-
facture tolerances of the 1/10 scale model° These have been translated into
freduenéy shifts of the full scale méchine using the perturbation coefficients

set forth in the succeeding sectiohs of this report:

Component, Mechanical Frequency Variation

Accuracy o Limits
Frequency meter accuraecy —- t 0,01 Mé/sec.
Entrance end flatness 5/8 inch £ 0,006 "
Exit end flatness 5/8 inch + 0,005 u
Cavity length . 5/8 inch £0,001 M
Cavity radius 5/8 inch ' _i 0,020 "
Drift tube position | |
(8 tubes): axially 0.2 inch/DT * 0,002 n
' tranversely 1,25 inches/DT -~ * 0,001 n

Drift tube length - |
(8 tubes) - 0.05 inch/DT + 0,004 "
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Component, . Mechanical Frequency Variation
: Accuracy Limits '
Drift tube diameter Different for |
(8 tubes) each DT 1 0,002. Mc/sec.
Temperature effect for :
10° C variation T e——— - : £ 0,002 n

Total spread + 0,053 "
R.M.S. of error + 0,023 "

The,experimentall& determined frequency is 12,26 £ 0,023 ¢

Notes The 1/10 scale cavity is 0,25 inch longer than design figures.
Full scale this is 2,5 inches and this raises the‘measufed frequency

0,002 Me/secs which is outside the accuracy of measurement.

B, Frequency perturbation coefficients

This table is a éummary of frequency'changes to be expected with various
perturbations of the full scale caviﬁy; The followingvsections indicate how
the figuresbelow were determined. | |

_ . ' ' Direction to Decrease
Item Coefficient Resonant Frequency

DT #1 moved : '
along axis 1.7 £ 0,1 Ke/inch Move towards exit end
DT #8 moved |

along axis 0.7 £ 0,05 Ke/inch Move towards exit end

Move drift tube _ . _ :
off axis . less than 0,15 Ke/inch  Move towards axis

'Chahge length of
drift tube 10 ¥ 2 Kc/inch Increase length of drift tube

Change diameter of
“drift tubes

DT #0 1.5+ 0,3 Ke/inch Increase diameter of drift tube
DT A1 1,7 £ 0,03 ¢ ’

DT #2 : 2,27 0,5

DT #3 3,08 £ 0.6 "

DT #, 4.20 £ 0,8 °

DT #5 5.4 %1,1
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. Direction to Decrease
Item Coefficient Resonant Frequency
Change diameter of
drift tubes
DT #6 6.6 £ 1.3 Ke/inch
DT #7 7.7% 1,5 0
DT #8 ' 9,2 1,8
Entrance End Wall ' :
0il Can Tuning 9.3 # 0.5 Ke/inch Push in entrance end wall
Exit End Wall ' ,
0il Can Tuning 8.0 £ 0.5 Kc/inch Push in exit end wall
Entrance End Wall
Parallel Displace-
ment Along Axis 1.0 £ 1.0 K¢/inch Decrease length of cavity
Exit End Wall
Parallel Displace- :
ment Along Axis 1,3 2 1,0 Ke/inch Decrease length of cavity
Wide Panel =~ 3.8 * 0,4 Ke/inchC Move away from axis of cavity
. Narrow Pénel _ 1.7 £ 0.2 Ke/inch® Move away from axis of cavity
Change Radius of- ‘
Cavity 32 £ 4 Kc/inch Increase radius
Chaﬁge Cavity : o |
Temperature 0.2 £ 0,01 K¥e/0C Increase temperature

C, Drift tube perturbations

1. Drift tube displacement

Frequency perturbations measurements were made by measuring the change in
modulation frequency necessary to reétoré.resonance when the cavity is excited
-with a sideband from a high frequency oécillator_using the equipment set up for
Q measurement (Section V_'.[I)° | |

(a) Axial displacement

The drift tubes were displaced axially along the‘cavity with the stems
restrained at their outer extremities. It was convenient to measure only
drift tube #l.and #8 but these represent the limiting cases for size of

tube and length of gap.
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(1) Drift tube #1
Af

Al
(2) Drift tube #8

= 1.7 £ 0.1 Ke/inch

- Af

. Al '
Displacing the drift tubes towards the exit end decreases the resonant

= 0.7 £ 0,05 Ke/inch

frequency of the cavity,

The above variations are small, as expected, because there is very
little net change in total loading capacity due to a tube moved in such a
manner. The capacity is decreased in one gap but there is a nearly com-
pensaling increasé in the second gaé_affected. It ié expected that approxi-
mately the same frequency shift would occur if the drift tubes wére displaced

by translating axially the entire drift tube and stem support.

(b) Transverse displacement
Displacing the drift tube off the axis shifts the resonant frequency
of the cavity less than one-fifth the amount that the frequency is shifted

when the drift tube is dispiaced the same distance along the axis,

2. Change in drift tube dimensions
(Q) Change in length

A rbugh“estimate of the perturbation due to a change in length of
the drift tubes was taken from some measufements on the high- g cells
relaiing a #ariable g/1 with'frequency, for constant d/D and S o This’

could be obtained for only one drift tube_(#é) and only approximately.

(b) Change in diameter
The fréquency change as function of drift tube diameter was calculated

approximately from the change in volume effected by a given change:
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Af funloaded = floaded
AV g -
:E: volume of drift tubes
£ ,
funloaded = 13.82 mc/sec.
fioaded = 12.26 me/sec,
g8 .
ji:volume = 3.,5x 106 cu, in,
)

With this equation and the Av calculated for each drift tube for
a change of diameter of 1 inéhy the table of'part B was calculated,

’ |
D. End wall perturbations

1. End wall diaphragm movement ‘
ProviSion-wasvmade to vary thé resonant frequéncy of the cavity by applying
| forces at the centér-df both the entrance and exit end walls,'sometimes.called
oil-can-tuning. Frequency changes effected by such tuning are as follows:

(a)  Entrance end wall

- Af |
AL ?1 9.3 ¥ 0.5 Ke/inch’
(b) Exit énd wall
Af
— = 8,0 % 0,5 Ke/inch
Al S / .
Pushing in either end wall decreases. the resonant frequency.

é.~ End wall motion

No ﬁrovisioﬁ waé made for moving the completé end wall'along the axis in
the manner of a plunger§ héwever; consideration is given to the frequency shift
that would -occur iﬁ such a case because manufactufing tolerance will allow the
complete cavity to deviate slightly from ﬁhe exaqt design length,

The basic equations for the calculation of this perturbation are found in
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Section II-I, Eqgs, (11-63) and (II-64). This condition falls under Case 2 of
that section. The magnetic efféct, Z&fH, can be calculatéd from the field
digtribution curves for either end and the electric effecf‘can be determined
approximately from the measured diaphragm movemént. Examination of the field
distributions indicates that the electric field is concentrated at the center of
the cavity and the mégnetic-field is small at the center of the cavity. This
being the'caée the diapﬁfagm movement perturbatioh is essentially one involving
phe electric field.only (within the accuracy required, at least). Then the

*perturbation, A f, is the differeﬁce between the calculated  Afy, and the

measured ASfE for the same physicalvpertufbation. The resulﬁs for. the entrance

hand exit end wallé areé |

(a) Entrance end wall

Af
Al

='1,0 £ 1,0 Kc/inch

() Exit’end wall

-ﬁ—i— = 1.3 £ 1,0 Ke/inch

Again, pushing in either end wall decreases the resonant frequency.

E, Outer cylinder perturbatiohs

These were calculated as indicated in Section II-I (Case 1), In this
case the result is simplified because the f Eaz AV f Ha2 &V’ and |
' ' : ' nY av

f H,” dV can be evaluated from the field plots.
av : S ‘

1. Wide flat panels
If just one of the wide side panels were displaced normal to the cavity
-axiss

BLf 3.8 % 0.4 Ke/inch
Al
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2, Narrow flat panels
For a single narrow side panel displaced normal to the cavity axis:

% -= 1,7 £ 0.2 Ke/inch
Reducing-diétance from panel to axis increaseé frequency,
If the results of "1" and "2" are summed around the cavity for the 14
‘small panels;and the 2 large panels the perturbation for a change of the entire

.. cavity radius is obtained.

AT _
A1 — 32Kec/inch

Reducing the radius increases frequency..'
(This can be roughly compared to a right circular cyllnder without drift

tubes of the same frequency., Its radius will be 940 cm.

Af
Al

= 3% kc/iﬁch )

er Temperature coefflclent of frequency“

It is assumed that the frequency effect is due prlmarily to the change in
dimensions of the cavity due'to expansion of the copper. From Part B it is
noted that the frequency perturbation due to a change in length is very much

less than that due to a change in radius. 'Neglecting the formers:

Af

= 0,2% 0,02 Ke/°C
A°C

Increase in’ temperature will decrease frequency.
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APPENDIX A

SILVER PLATING

wé silvef plating program ﬁas conducted by this group during the measurements
on the 8 ¥ M for the reasons given in,Seetien III. The procedures used were
petterned after those used by Cook in obtaining high conductivity silver (UCRL-
1068). | N '

The.surfaees of the DT's and stems were carefully prepafed to give a smooth
base upon which to ple.te° A1l scratches and pits were filled with 70-30 soft
solder, Also a smell filet (about 1/8 in, radiﬁs) was builf up around the base

Aof the stems to form a transition from the ﬁf to the stem, The drift tubes and
 stems were then sanded smooth with a Speedmatic Sander ;odel 1000 work to #600
paper, |

The drift tﬁbes and stems were cleaned with a detergent and C.P. alecohol.
The commerclal degreasing bath available could not be used because the heat
caused the soft solder joints in the DT's to break due to differential expansion.

The drift~tubes and stems were plated with approximately 2 mils of copper,
This was done to give a uniform surface over the entire drift tube and stem |

which could be easiiy silver plated. Although a eold copper sulphate bath was
used, no difficultj was eiperienced in etriking the copper over thelsoft selder
joints, Both the'cepperfstrike and the copper plating were done in the same
bath, which consisted of 33 oz/gal. copper sulphate and 10 oz/gal. sulfuric
acid. -

The copper plated Df's were sanded with #600 paper and buffed to a high
polish. All surfaces were examlned carefully for defects which would affect
the silver plate. If any doubt existed about the surface of any drift tube,

- 1t was repla?ed. Those drift tubes which were considered satisfactory were

again cleaned with a detergent and C.P. grade alcohol in preparation for silver
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plating.
Unlike the copper plating, the silver strike and silver plating were done

in separate baths. These baths were composed of:

Strike bath
Siiver cyahiae 9 éz/gal.
Potassium carbonate 2 oz/gal.
‘Potassiumlcyanide lb oz/gal. |
Plating bath
'Silvér cyanide 4.8 oz/gal.
Potaséium carbonate 3,6 oz/gal. .
Potassium cyanide 8 oz/gal.

Distilled water and C.P. érade chemicals were used for both baths,
| Because of the geometry of the drift tubes with stems attached, plating
currents.in terms of ampers per square foot of surface to be plated have little
meaning, fherefore, the currents used were determined empirically. No doubt
there was some variation in the thickness of the plating. However, by plating
- 1-% mils at the base of the stem where the current denéity was as low as at any
point on the tube or stem, the minimum silver thickness was of the order of 6

skin depth at 120 megacycles/sec.
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APPENDIX B

HALF-WAVE RESONATOR

In.order to measure the conductivity resulting from several silver
plafing processes, a half—wave'coaxiél transmission line resonator was con-
strﬁcted.

The outer cbnductor was a copper fube six feet long with an inside diameter
of six inches, Métal rods one inch in diameter and four feet 1ong could be
inserted to act as the center conductor., The extra foot in length of the outer
conductor preventéd radiation from the tw§ open circuit ends of the trans-
mission line. |

For equal'conductivitj, the ratio of losses in the iﬁner and outer con-
ductor are inversely proportional’to their rédii. Thus when the trahsmission
line is resonafedg about six times as much powef is dissipated in the inmer
‘conductor as in the outer conductor. By measuring Q when various rods are
used as the inner conductor it is possible to determine relative conductivity
of different rods and to calculate the actual conductivity of the variéus con-.
lductors thﬁt are inserted.,

Relative d.c. conductivities can be detérmined to an accuracy.of about
2 percent by means of the Q-measuring equipment meﬁtioned in Section VII, and

absolute conductivity can be calculated with an accuracy of about 6 percent.
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APPENDIX C

Q OF THE UNLOADED CAVITY

Thevfirst éxperimental measurements of the Q of the model cavity‘gave a
rggu}t»yhich was.approximatelyvl5.percent lower than thé value calcuiated from
the magnetic field distributions, In order to separate the liner and drift
tube effects a set of measurements was made on the unloaded cavity,ri.e., with
the stems an& drift tubes removed, The measnﬁed‘Q was determined by the band-
widthvmethod exactly as for the loaded éavityo The ffequency‘was 138.2 mega-
cycles/sec. It was not possible to make a compiete'field plot qf the cavity |
because the taﬁer Oflcavity Qith no drift tubes present causes the field lines '
to curve near the liner in order to satisfy‘the boundary conditions. This makes
Cit impossible to insert probes along fréquepcy constant lines as wa; done in
the 1oaded cavity. It was believed that the radial fiéld distributions were
independent of z which would allow the use of the radial field distributions
at the endé by ﬁormalizing to the fiélds as measured along the side for planes
in between, This was checked by making several radial B-B runs at different
values: of z., Our belief was corrobérated as all the distfibutions taken had
the same shape, Figs, C—l.and C-2 show the field distributions at the liner
valls, Fig. C-3 shows a coﬁparison of the radial distributions on the A- and
B-planes with J1(2,405x), which is the theoretical radial distribution for a
right circular cylinder._ The integration was carried out in the samé manner és
for the loaded cavity. The results obtaiﬁed weres .

88,000 x 3 percent

Qmeasured

Q

integration of fields 96’000 * 3 percent

These‘results indicate that about 8 percént of the discrepancy in the Q

of the loaded cavity as obtained by the two methods was due to the liner and the



UCRL-1173

=174~

] . RADIAL 'MAGNETIC DISTRIBUTIONS FOR ENTRANCE

5 s |l . AND EXIT ENDS OF 1/,,-SCALE UNLOADED MARK I
2.5 Rl : 10 A
CAVITY . ?\)\
. RS
W .
&5 (B-PLANE)
ey £NTRANGE END
Y T EXIT END (A-PLANE)
T I N "~ EXIT END_(B-PLANE) ,
LINER WALL -<§
o ¥ 1 | _1 | L {
- F 1o 15 20 25 30 . 35
" .MODEL RADIUS (INCHES} : '
FIG. C- 1 MU 1871




- N UCRL-1173

~175-
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remainder was due to the drift tubes and stems, These differences are prob-
ably due to losses in poor'soldef joints or other imperfections in the manu-
facture of the liner, It should be noted that the two values listed above

are less than one probable error apart.
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APPENDIX D

CYLINDRICAL CAVITY

~ The first electric and magnetic field measurements were made on a cylind-
rical cavity‘in order that the measuring equipment and techniques could be tested.

When a‘cylindrical cavity is excited in the T™™ mode, the electric and mag-

010
netic field distributions are bessel curves of the form Jo(Kcr) and Jl(Kcr)
respectively,. This not 6ﬁly gives an excellent overa11 check of the measurement,
~but enables one tq learn the effect that slots and holes in the eavity wall have
on the measurements taken in the proximity of these slofs and holes. This is
important in determining thé-skin losses in the cavity walls inasmuch as theée
‘measurements shouid be taken éé'close to the wall as is practical.
A One mﬁst be careful to differentiate between incorrect readings caused
By faultyAmeasuring equipment and those resulting from incorrect insertion of
the probe. The frequency aﬁd level of the cavity should be monitored at allr
times to aid-in lécating'equipotential lines. One of the advantages of the
eylindrical cavity is that the equipotential lines are radial,

The cavity used was constructed as shown in Fig, D;l. The two halves of
the cylinder were spaced-% inch apart, giving a slot completely around the
cavity. Thus the cavity was not a perfect cylinder. Also the two halves did
not match by 1/8 inch. Neitheriof these facts affected the resonance of the
cavity as long as shorting strips were placed less than 1/8 wave-length apart
around the slot. .

Fig. D-2 shows the efféct of measuring near an.open slot, a "filled " slot,
and a wall without slots; The measurements were'taken af.a constﬁnt'radius which

for the TM,1, mode means at constant field. The probe was inserted into the

cavity far enough not to feel the effect of the slot through which it entered.
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CYLINDRICAL CAVITY
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As,?h? probe_approached the 1/2 in, slot, the field fell from 100 percent at
a point 2 in, from the slot to 95.8 percent at a point 1/2 in, from the slot.
The.slot was then "filled"® by'placing a piece of 1/2 in., bar stock between the
flanges and flush with the ineide wall, It was found that the field dropped
from 100 percent 1 in, away from the bar to 98.6 percent 1/2 in. away. This
was probably caused by the fact that the slot ﬂfiller" was not perfect., A
' measurement was then taken from a longitudinal.slot in the top of the cavity
so that the probe ceuld'afproachbthe end wall at a place where tﬁeré was no
slot. In this case, the field remained constant until thevprobe came within
about 1/8 in, from the wall where the signal rose to about 107 percent, due to .
image effect. |

Fig, D-B shows the agreement obtained between the theoretical and measured

E and H fields distributions taking into account the slot effect,
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APPENDIX E

PUMP-OUT SLOTS IN THE MODEL CAVITY

_rTowardltheeﬂﬂ.of'the measurement program on the 1/10 séalevmodel, a

second 234° section of fhe*liner was built to ineclude pump-out élots in the
bottom and exit end'(Figé; E-1 and E-2), The purpose was to find' out if any
largé power loss would‘ocqur as a resﬁlt of energy from the rf fields radiating
thrdughvthe slots., To redﬁée the radiation,’coﬁper}skirts were soldered around
the slots.' | - |

The measured Q of the éavity with the slotted liner was about 7 percent
less than that measured for the cavity with the selid 1iner. However, when all .
of the slots were covered Wifh cdpper sheet no change inﬂQ was observed, indi-
cating that the loss waé not due to radiation through the slots.
| The 7 perceﬁt difference in Q was greater than would be expected from
losses resulting from current bunching around the slots alone., Part of the
lqss may have been due to poor rf joints ét the skirtévor.elsewhére in the
slotted section, However, since the.éffect of bunching at the slots can be
calculated with reasonaﬁle aCcuracy{ no effort was made to investigate further

the losses in the liner,

Information Division
scb/3-20-51
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SCALE MODEL CAVITY SHOWING PUMP-OUT SLOTS

ElG. E=i

(674

1066



690l

= 1857

20

1NO-dWNd

-3 9ld
N3 11IX3 ANV W01108 NI
Ol
ONIMOHS ¥3NIT 3JWOS T 40 NOILO3S

S1071S
WO1108




II-1
II-2

I11-1

III-2

I1I=3
ITI-4

III-5

IIT-6

II1=7
IvV-1
IV-2

V-1

V-2

-186= .

LIST OF FIGURES

Definition of areas

N

Definitions of planes and surfaces

Field calibration loop

(a) Cavity orientation for stem position
determination : : ‘

(b) Cavity orientation for field measurements

1/10 scale model cavity with 126° section removed
to show drift tubes supported on lucite rods

Drift tube layout
1/10 scale model stem support assembly

Iiner nozzle sections

1/10 scale model cavity with lower section removed
‘to show the drift tubes supported by metal stems

in the final silver plated condition
Drift tube and stem aSsembly'jig

Flatness gauge for cavity ends

Mechanical alignment of drift tubes

Oscillator schematic

(a) Cavity oscillator front view
(b) Oscillator loop (inside cavity)

Oscillator grid keying circuit schematic
Control cabinet block diagram

H probe shieiding design

H probe construction detail -

Crystal detector o |

(Deleted)

One element bolometer detector

Page
g

- 12

22

33

34
35
37
38

41
43
45
46
53

UCRL-1173

54

56
57
.60
61
63}

68



~187-

Four element bolometer detector schematic
four”element bolometer holders

Calibration correction H.P. bolometer serial #107
Blogk'diagram of slide back voltmeter

Cavity control and monitoring equipment

Slide back velﬁmeter_crystal holder and loop
Block diagram.cf equipment used to measure
frequency deviations resulting from inserting
BBfs in a cavity ' '

Q measﬁrémént detector loop and goniometer

A typical Q chaft

Block diagram Q measuring equipment

1/10 scale model Q measuring equipment :

Stem positions

Stem probe ‘

Test DT stem

Scaled stem and monitéring equipment for
investigating drift tube stem positions

Adaptor from H.P, dicde probe to coaxial line
Stem position nomograph

Liner with slot closers and #6 liner nozzle for
stem measurements

Parts for stem capacitors

Mockup of capacitor spring fiﬁg;r clamps
Large capacitor

Adaptor bexes with coax inputvand probe inpﬁt

Variation of voltage with bypass capacity
Stem #5 ' :

Perturbation of DT #5

Page
70
!

72

76
78
79

81

89 .

90

g1

UCRL-1173

94

9%
97

98
98

100

102

105

106

107 -

108

112

114



- IX=14
X-1
X=2
X-3
X-4

-5
X-6

X7

X9

X-10

X=12
3-13

X-14
X-15

X-16

X-17

X-.18

X-19

-188-

DT perturbation data
A-plane probe support rack
B-plane proﬁe‘support rack
Data identification code
Field mapping_"Aﬁaplane

Magnetic field on drift tube longitudinal center-
lines: on the A-plane vs, radius for drift tube

‘nos, 1« 4 .

Magnétic field on drift tube longitudinal center-
lines on the A-plane vs. radius for drift tube
nos, 5 -~ 8 o

Magnetic field on centermlines between drift tubes.

on A-plane vs, radius for drift tube nos. 1 - 4

Magnetic field on center-lines between drift tubes
on A-plane vs radius for drift tube nos. 5 =8

Fields at drift tube skin extrapolated from data

Magnetic field on drift tube longitudinal center-
lines on the B-plane wvs, radius for drift tube
nes, 1 - 4

Magnetic field on drift tube longitudinal centér—

. lines on the B-plane vs, radius or drift tube

nos, 5 = 8

Magnetic field on center-lines between drift tubes
on B-plane vs. radius for drift tube nos., 1 - 4

Magnétic field on center-lines between drift tubes
on B-plane vs., radius for drift tube nos, 5 - &

Cell division integration areas for celi #5
Field variation with Z for several radii

P@rcentage of total voltage gained/cell vs, cell
number . '

Cavity geometry and regions for volume‘integration
Curves of FN2 vs. radius

Curves of FNZ vs. radius

Page
115
120
121

122

124

128

1129
130

131

132

133

134
135

136

138

139

VAL
143

145

UCRL-1173



UCRL-1173

~189-
. . ” Page -

X-204 Normalized FNZ'distributions across polygonal sides

: at liner wall _ ﬁ 146
X-20B  Variation of field with @ 147
X-21 Mégnetic field at liner boundary : 151
X-22  Stem field distribution probe | 153
X-23  Sketch of field perturbations near stem 154

X-24 ‘Drift tube field distribution probe setting card 156

X-25 Drift tube field distribution probe in measuring

position ' 156
X-26 Drift tube field disﬁribution S 157 |
C-1 Radial magnetic distributions for entrance and |

exit ends of 1/10 scale unloaded Mark I cavity 174
C-2 Magnetic distribution along side-panels of Mark I
| 1/10 scale unloaded cavity 175
c-3 Radial magnetic distributions of unloaded 1/10 |

scale Mark I cavity compared to Jq(2.405x) 176
D-1 Cylindrical cavity ‘ 179
D-2 Cylindrical caviﬁy ~magnetic field-slot effect 18@
D-3 Cyiindrical cavity magnetic field-slot effect 182
E-1 1/10 scale model cavity showing pump-out slots 184
E-2  Bottom section of 1/16 séale liner showing pumb—

out slots in bottom and exit end , 185



P

III-1

VI-1

IX-1-

IX-3

X-1

X-2

X3

=190~

LIST OF TABLES

Iiner Nozzle Lengths (Full Scale)
Scale Linearity Corrections for Bolometer #107
Stem offsets. |

Sample Set of Capacitor Voltages and Currents

' Drift Tube Perturbations

Résults of Field Integration to Obtain
field
Peak RF Voltage per Cell

Detail of losses

Page
3
T4
103
110

| 116 .

137

10

150

UCRL-1173 -

\





