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ORIC R-F MODEL ITI PROGRES3 REPORT

R!- El- wﬂrﬂm E-ﬂ-d E! WQ mﬂ'k&

The ORI{ {Cak Ridge Relstivistie Isochromous Cyelotrenm) redio-
frequency system for which Model IITI represents the resonator is the
third aystem which has recelved encugh consideration to warrsnt conw
struction of 2 model. The purpogse of the model is to cheek the calou-
latiems for the Cfrequency range and excitatlon power of the resmmator.
After an introductory description of the r»f system and madel, the
detailed caleulationg of the properties of the model willl be glven
Tollowed by the dete from measurenents of the model characteristies.

The generel specificstions within vhich the r-f system must fit

ere 1lisgted in Table I.

Table X: OCeneral Specifications for ORIC R-F System

Frequency range 7.5 to 22.5 Mo /a, cont. adj.
Frequency atebility 1l part in 1G5, min.

Voltage gedn/turn 200 kev (for singly-charged ioma).
Orbit dismeter 63 in.

Dee sperture 1.875 in.

Dee-to-linexr clesronce 1.5 in., max.

Maximm beam power 75 kw.

Begulation of dee woltage 1l part in 1&3, tentative.
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In addition to these requirsnments, the ingide of the liner, hecause
of valley coils and cirenlar trimming windings, showld be flat allowing
no additlional dee~to«liner clearance in the valleys. Further, the time
peraitted for chenging the r-f frequency should he, at most, a few minutes,
aince the cyclotron is deslgned for variable energy and bvecause of the
operating cost vwhich nekes 5 maximum innage essentiel.

Originelly, in the r-f design, the voltage gain/turn was arbite
rarily set at 200 kev. With incressing knowledge of the beam deflection
mechant gm end orbit properties im gemeral, the threshold voltage has
since been egtimated as 137 kevfturn{l} ; therefore, the value of 200 kev/
turn would appear t0 be sdequate and makes pogeibls a simpler regonator
with lower pover loas, lower stored energy, apparently simpler mechanical
construction, and, sltogether, greater reiiability than the sarlier r-f
eystems consldered for ORIC.

The dee-to-liner clearance was chogen ag 1.5 in.; & spacing which
is capable of helding & pesk r-f voltzpe of 100 kv relisbly under operating
conditiong. BSections through the magnetic gap are shown in Figs. 1 and 2.
On thepe drawinge most of the dimenslona are tentative snd will he revieed
g8 neceazary with progress in design.

Fipelly, consider Model ITI; & drawing showing the top &snd side
vigws with the principal dimensions 1s shown Iin Fig. 3. FPhotogrephs of
the model are Figs. 4 and 5. The model, vhich is quarter-scals, is con-
structed from wood covered with 4%-mil copper foil on &ll iomer surfaces.

The oubter tube In which the shoriing plane travela was made, bacause of

4. @. Blosser, ORNL-OF-59-5-59.
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availability, of an 18-in. OD stainlese steel pipe. Copper foil was then
gemented to the inside of the tube. For electrical contact, the shorting
Plane inner and outer edges were lined with finger stock. An item not
ineluded on the model, but planned for the full-scale machine 1s plates
vhioh would sllow motion of the liner sdjacent to the dee estem. Thie
variation of gtem charpeteristie inmpedsance would be uged for medium-

coarge tuning.

gL e
S
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PREDICTED MODEL-TIT CHARACTERISTICS

Computation of Chavacterlstic Impedance

The characteristic impedance of & lossless transmission line is
given by

%:

’

o

where L ie the series inductance per unit length, and ¢ iz the shunt
capacity per unlt length of line.

The wvelocity of propegetion in & loseless transmisalon 1ine is

In air or vacuum, v i 3 x lﬂa meters/see,

Thiua:
z 1
> =
i79)
L=__
.vzc ]

Row we can £ind the charscteristic impedsance for a tronamission 1line if
we lmow the shunt capacity per wnit length.

The dee and the flat sectlong of the dee stem appear asz a center
plate in a psrallel plate condenger. The capacity of s parallel plate

eondenser, neglecting fringing, way be found from

-
b ]
I
3
FEA)

L
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where C iz capacity in farada, A is the plate area in meteraz, B 15 the
distance between plates in meters, and €, = 1079/36m farads/meter.
3ince there are two dee and liner awrfacesa, the capaclity for a glven

gectlion willl he:

- 5.85 x A

¢ &

puf

When the dee and dee stem are treated aa a transmission line, the

capacity per meter length C/m will be;

J{ is the length of the section along the center axis of the transmission

line=.

Fringing
Before proceeding wlth the computetion of Z,, we must account for the

incressed capacity of the dee mnd stem caused by the fringing field.
According to Smwthefz) the fringing causes an sapparent incresse in the

wldth of the center plete of a three-plate condenser given by

1/2
z zB=A | _ AL ZB-A
M=;B“(ﬂ) ““( 5oh )

vhere AY 1s the apparent inerease in Wwldth of the center plate, Z2A is the
thickneaa of the center plate, and 2B is the zeparation of the outer plates.
In Fig. 6, the dotted line outside the perimeter of the deernd stem

enclosez the apparent surface srea which is used in computing %,. In the

2guythe, W. R., Static and Dynamic Blectricity, lat Edition, Molrew-HilL,

Bew York, p. 10h.

T "3t
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section from d-d' to the Gee tip, the fringe is 1.6-in. wide. For the

remaining flat asction of the dee stem, the fringe 1z 1.7-1n. wide.

Computatlons

The eonstants which have been computed for several sectionz of the
dee stem are shown In Teble II. The sharacterlstlce impedance data are

plotted in Fig. T.

Table II: Conetants of the Sectlione of Dee apnd Stem

?‘Eﬁﬁi?i‘g. {Total Ares)  (Separation}  (Length) C/m (Quf ?ﬁiriﬁitfgn
6) 24 (in.)8 & (in.) in. meterg Zo (0)
a-at 1522 1.5 11.6 75 4.30
T -b! 1160 1.5 10.0 684 4.87
cac' 842 1.5 10.0 hat 6.71
3= BE3 1.5 13.0 393 8.L6
e-g' 7T 1.5 T.2 371 8.48
f-f 1596 1.5 zh.0 393 8.48

The characteristic impedance of the dee atem In the region Tellow-
ing eection f-f' is pomewhat uncertaln. If the stem-to-liner clearance
remaing constant &t 1.5 In. 1n this region, Z, will decrease as the
crogs section perimeter of the dee gtem Increagea. A minlmum valus of
2, occurs at the point where the dee stem becomes fully cylindrical.

This winimum value of Z, may be estimated from the equation for the

¢

L sV a" ™~ o
‘i q£3
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characteristic impedance of a coaxial line.

Z, = 60 1n g. D = putgide conductor ID.
- 60 1n %g = 5,72 2. d = inside conductor OD.

The remainder of the dee stes and the liner is cylindrical and

coaxisl with a dimmeters ratic of %’Fﬂl :
= @1n 19 = 50.8
Z, = @ln = 508 g,

The characteristie impedance of the region within a few inches of the

shorting plane will be congldersbly lews then 50.8 &, however.

Voltage Stending Waves and Current Standing Waves

The stending waves along the dee ztem must be knovn to find the
required positlon of the thorting plane; they are slsc needed for
eomputing power losses. The standlng weves may be computed from the

trenamiasion linea equetions;

YR = v, cos E§§.+ J1s%, sin Z72

T
2ns ¥a 2ga
= —_— AN —
IR IB COs 3 Y

g = voltege at polnt of interebst mlong line.

g = voltage gome distance "a° down line.

o
I

Ip = current at peint of interest.

IE = current some distance "5 down the line.

A = weve length of the standing waeve =

Hol o

In computing the megnitude of the standing waves at variocus freaquencies,

[ ) 3
~h

10
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it 15 assumed that the system la in reamance, and that the voltage

on the dee ia 200-kv peak or T0.T kv (rme). BSince the characteristic
impedance of the line is not wndform, the VW and GO must be determined
et several inecremental distances glong the line, The voltage and current
standing-wave date for the reasonator are shown for several frequencles

In Tebhle IIT.

The position of the shorting plane required for a given frequency
1g found aé follows: When the ashorting plane 1a very cloge to the forwanrd
end of the cylinder, the length of line in the eylindrieal reglon ls approx-
imately equal to the diffarence in iiner and stem radid,, or a length of
20 inches. The characterietle ilmpedance of the reglon will depend upon
the clearance between the shorting plane and the end of the eylinder.

At the upper end of the resonator's frejquency range, we may solve for
the shorting plane poeltion by asewming 8§ = 20 in. in the VW equation
end solving the squation for Z,., The veltage node should be located near
the outer edge of the shorting plane. The diptance between the shorting
plane and the front end of the eylinder will be spproximately that
distance which will give the required Z,..

At lovw frequencles, when the shorting plans is nesr the rear of the
eylinder, the cylindrical section beheves like a SO-ohm cosxial line.
Fringing will cause low impedence at the shorting plane, so that ita
electrical length between the center and outer conductor will appear to
be very short. When the voliage stending wave equation is solved for 3
in the cylindrical region, 9 wlll be the required dlstance from the
shorting bar to the front end of the cylinder. A curve of freguency va
shorting-plane position 1s shown in Fig. 8.,. The shorting plane position

o LH

PR
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Table JI1I: Computed Values of the Voltage and Current Standing Waves

Shorting Plane

Idstance from Distance from
Frequency Dee T4 v T 25 Front End of
Me /a (ini {icv ) (ke) () Cylinder (in.)
0.0 70.7 Q.00 -
10.0 70.1 2.00 h.30
20.0 £8.3 3.7 h.75
32.5 30.0 Eh.G 5.09 5.20 5
TO.0 37.8 8.18 B.25
76.0 2.8 8.50 8.25
95,0 17.4 9.77 7.00
0.0 T0.7 ¢L00 -
10.0 70.3 1.57 k.30
20.0 65.2 2.99 k.75
18.0 11
30.0 67.1 k.05 &.20
76.0 L&, 5 713 8.2
95.0 36.7 2.23 7.00
¢.0 TO.T 0.00 -
30.0 69.8 3.29 5.10
13.0 2l
76.0 572 5.75 8.25
Q5.0 51.5 6.78 7.00
0.0 T0.7 .00 -
T+5 T8

95.0 65.7 b.kg 5.7%
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ia given by its distance from the front end of the eylindrical Iline

wection.

Fowver Lospes

The IZR power loae may be deternined if we Ikmow the current densitles
at every point in the resonant system. The total cuwrrent at & point along
the dee glem mey be found an the dsw curve. The current diatributicn at
any point may be found by considering the geometry of the croas section of
the dee stem perpendiculer to the current path.

Due to skin effect, the current will be concentrated on the conductor
surface. Also, the current will tend to concentrate in the regions of
highest capacity. Thus, for the typical cross section in Fig. 9, the
current will be assumed to be concentrabed in cross sectlonsl area of

(6% + cd + ef + gh) + &/2, vhere B is the akin depth.

///r——"—"—- :3fiern

Liner

.-.—-.m
— =

i+
=

o,
{n

x
@l -

Fig. &

The maxizum power loss will occur st the maxwmm operating frequency,
since the current dengities in the shorting plane region ineresse with
frequency. The effects of longer line length at lower frequencies are more

than offset by the decrease in current and inereasze in zkin depth.




Pover Ipss Computations

The voltage and current standing weves are plotted in Fig. 10, mnd
the effective cross section and resistance i plotted in Fig. 11. The
data from these curves arse tabulsted for several imerements of lemgth In
Table IV.

The power loza in each Incremental area is IZR. The average value

of T2 tg approximated by the formula

=)
n

z_ 2 a
I_Il+gIE+itvtI

2ln-1)

where Il and In are end polnts, and Iz aud 13 R In-l are taken at

equally spaced intervals. The values required for computation are:

Repiatance of copper = 1.72 x lO'E' ohm-peter

6.62 x 1072
T

-

The akin depth for copper = 6 = meters.

Therefore, at #2.5 Mc/e, the resistence of a eectlon of the dse or stem

ig given hy

-3 \le }

1.21h x 10 1oL

OVimA

Apcarding teo Table IV, the total 2R power loes to be expected when
the resonant system operates at Z2.5 Mo/s and 100 kv an the §ee 1s approx-
imately 180 kw. This figure ig based on uniform current distribution in
the transition reglon where the dee stem cross section chenges from €llip-
tical to oylindrical. Singe the r-f current in thig region 1s guite
high, non-uniform current Qistribution would cguee o conglderable lncresse
in power loss- Coneeguently, a study of current distribution was made to

determine vhat power lcas incresge should be expected.
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Table IV:
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Cnmputatiﬂn of Power Loaaea

Resistance per

from Dee Cross Section/ 10 in. length  Average IZ Fower
T4p {in.) & (chms x 107} (ks )2 (v )
10 116 10.44 4.1 0.h29
20 95 12,78 1h.1 1.800
20 &0 20.23 26.0 5.26
Lo 60 20.23 37.2 T7.53
50 60 20.23 477 G .65
Stem
60 60 20.23 5.8 11.69
70 s 20.23 66.5 i3.45
80 68 17.84 75.8 13.52
=14 31 14.28 8L.8 12.11
100 g6 12 .64 g0.4 11.43
110 170 7.1 glL.b 5.7k
110 218 5.57 gl b 5.26
100 170 7.4 Q0.4 6.5
90 g2 13.19 84.8 11.19
80 70 17.34 75.8 13.14
70 &0 20.23 66.5 13.45
Liner
£0 60 20.23 57.8 11.69
50 &0 20.23 W7 g.65
40 60 20.23 37.8 7.53
30 60 20.23 26.0 .26
20 95 12.78 ik 1.80
10 116 1046 4.1 0429
Total Power Loes: 179.5 kv
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Btvdy of Current IHatribution

An approximete pettern of current distribution at various pointa
slong the transition reglon was obtalnsd by studylng the two dlmenslconsgl
fiux pattern of electrodes with slamilar cross section to that of the
gtem snd liner. The flux density at any point on the electrode surface
i1s proportional to the current density at a corresponding point on the
flee -gtem crosa section.

The flux patterns wvere cbtained from an Analog Field Plottert3;
they are il]lustrated in Fig. 12.

The Fiunx Flotter deta were used for plotting equipotentisl llnes.
Flux lines can efsily be determined, since it iz known that the flux
denzity along a path perpendienlar to the equipotential linee is invereely
proportional te the elearance betweesn the equipotentisl lines. Values of
flux for incremente of cross section vers iabulated in Teble ¥,

The expected power loas for a2 systenm with wniform ewrvent distrihutien
1s propertional to the aguare of the average value of imgrements] flux.
The actual power lose is proportional to the average of the adquares of
the valuea of imersmental flux. The increase in power loss resulting from

non -uniforn cvrrent distribukion can be deterbidned from

<untform loss)-(uniform loss)

% power loss increase = (100) (non {uniform losma)

According to Table ¥, the power loas increase for the three croes

gections consddered would be:

3¢. E. Analog Field Plotter, Cat. # 11ZL152G1.
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Flg. 1Z2a. One-Fourth Cross Section Flux Path at Beginming of Pransition
Region 80 in. From Tip of Dee.
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= Fig. 12e. Ome-Fowrth Cross Section Flux Plot Near End of Transition
Region 87 in. Path Length From Tip of Dee.
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Table V: Data from Flux Plots

—La-

Clearance Flux {Flux)z Clearence Flux !L'lux}z Clearance Flux
.10 10.0 106.0 .10 10.0 100.0 0 10.0
.10 10.0 100.0 .10 10.0 100.0 .10 10.0
| 2.1 83.0 a2 8.3 69.0 il 9.1
.z 8.3 9.0 Rl h.8 23.0 .24 h.2 18.0
Liner .31 3.2 10.0 J 2.4 5.7 -5l 1.9 3.6
.78 1.3 1.7 1.02 1.0 1.0 1.08 0.93 0.9
.61 1.6 2.6 Bz 1.2 1k.0 .99 1.0 1.0
A7) 2.1(.3) L4 .3) .50 2.0 4.0 .54 1.9 3.6
%ﬁ{ | 3.9[ ] 3.3( ) .39 z.6 é.8
. .35 z.g .35 8.3(.35 .32 E.l 9.6
Totals 11 3@.0 3. 3'23.() T 327.0
0 10.0 100.0 .28 3.6 13.0 .25 4.0 16.0
160 16.0 100.0 2k h.2 18.0 .28 3.0 13.0
Stem 10 10.0 100.0 .18 5.6 31.0 .23 h.3 19.0
T 14.0 196.0 06 17.0 289.0 .18 5.6 3.0
19(.6} 5.3(.6) 28.0(.6) .10 10.0 100.0 .06 17.0 200.0
10 10.0 100.0 .10 10.0 100.0
.10{ .15} 10.0(.15) 100.0{.15)
Totals A 513.0 £1.0 586,00 MY a0
2 ILiner 36.5 21.7 20.0
(ave Flux)® o o0 104, 71.1 55.0
Ave (Flu.xzjl Liner 50.% 35.0 2.7
Btem 112.0 2.0 8.2
Liner 3% 61%
Pawer Stem 8 29% 2%
nereags Toteal Eﬁ Il-ﬁ‘; 53;

23
o




a) 2%
b) b5%
¢} 53%

When the reasonator is opsarating st its maximm frequency, the

current enters the shorting plane from the dee gtem in two concentrated
reglons. The lowest impedance path from the dee stem to the liner is in
& radial directlon along the shorting plane. CQonsequently, the current in
the shorting plane probably remains concentrated in twe paths as shown

iz Fig. 13. The power loge increase in the shoriing plane wouwld then

be aimilar to that in the nearest secticn of the transitiom reglon, o
about 50%.

Feferring back to Table IV, it can be seen that more than half the
totel power loss in the resonator occurs in the region near the shortiog
plane. A 50% increass in the power loss of this region would, therefore,
increasge the total power loss of the resocmator by more than 25"7. There =
fore, & pover loss of 230 kw should be expected vhen the resonator i

opereting at 22.5 Mc/s and 100-kv peak dee voltage.
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Tuning Fange
A grid dip meter wag used for measuring the resonant frequency at

various shorting-plans positioneg. These date are shown en the curve in
Fig. 14. Whes the plane is 1/8.in. from the front end of the cylindrical
segtion, the resonant frequency of the model 1s 90 Me/s, which corresponds
to & full-scale frequency of 22.5 Mc with the shorting plane 1/2 in. from
the front end. A resonant frequency of 30 Mc/s occurs when the shorting
Flane 1t 20 in. from the front end. This corresponds to a full -scale
resonent frequency of 7.5 Mo with the shorting plane located 80 in. from
the front end.

A B2t of fine-tuning condensers was inatalled along the periphery
of the dee. These trimmers can e moved from a positicon with clearsnce
of epproximately 2 in. %o & position with complete oomtact with the dee
periphery. The system may be tuned from 88.5 to 99 Mc/s by moving the

trimmers fréw 1/L-in. clearance to 1-1/2-in. clearance.

Meacurement of VOW

Several holeg were cut in the liner so thet & VIVM probe could be
ingerted at polniz alone the dee. The dats obtained by VEVM measurementg
are plotted in Fig. 15 to show the VOW on the dee when the system ig

operating at 90 Me/s. The voliage on the accelerating adge of the dee

hThE data of this section were obtained From the model as showm In

Fige. b4 and 5.
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varies from 100 kv at large radlus to about 96.5 kv at the center.
In Fig. 16, the observed VSW data are plotted along with the pre-
dicted VBW data. The deviatlon from the predicted curve shows that the

maximm frequency of the model is lower than that which was expected.

Direct Power Imput Measurement

Direct power input messurements were made cn the model by placing
in the input loop & directional -coupler type wattmeter which had been
calibrated at & power level of 7.l watts with a voltmeter and known load
resistor. The wattmeter can read either forward or reflected power. The
difference of the two readings is egquivalent to the power loss in the
resonator. The followlng date were cobbained in & typical power measurement:

Frequency = 89.0 Me/s
Dee voltege = 2Uf volts rms
Pover loss = T7.89 watts.
The power loss on the full-scale machine operating at 100-kv peak

dee voltage and a frequency of 22.3 M j' g cen be found by the relation:

} ,,(Pmndel) Pull aealef _
2

P(ru11 scale B

The factor Z enters because the model operates at four times the
full-scale frequency, and skin depth varies with the sguare root of
frequency. Thus the power loss in the full-scale machine, as predicted
by that in the model, is 320 kw.

An earlier power measurement was made by the sbove method; however,
a full-scale power loss of W70 kw was predicted. This high value wes

blamed on excessive use of solder in the febrication of the model. A
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new dee was fabricated by improved soldering techniques; the sffect on

pover requirements can readily be seen.

Conclusicn

The power loes in the model i@ nemrly S50% greater them the predicted
loss of 230 kw. Some extra lose 1s due to pocr contact and sclder Jolnta.
The discrepeancy between the predicted and observed VBW curvee, howsver,
showa thaet the characterietic impedance in the dee region is somewhat
lowey than the predicted value. Consequently, the current density in the
shorting=-plane region would be higher than the predicted valus, and some
incresse in power loss will reedt.

Improvemente in the transitlon.reglon geometry will improve current
distribution, and increaee the resonator frequency range. OSome reducticon
of Z, along the slliptica) gection of the dee stem will help reduce the
shorting-plane current. With these corrections, it should be possible

to approach the predicted power loss of 230 kw.
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