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ORIC R-F MODEL H I PROGRESS REPORT 

R. E. Worsham and S. W, Mosko 

The ORIC (Oak Ridge Relativistic Isochronous Cyclotron) radio-

frequency system for which Model III represents the resonator is the 

third system which has received enough consideration to warrant con­

struction of a model. The purpose of the model is to check the calcu­

lations for the frequency range and excitation power of the resonator. 

After an introductory description of the r-f system and model, the 

detailed calculations of the properties of the model will be given 

followed by the data from measurements of the model characteristics. 

The general specifications within which the r-f system must fit 

are listed in Table I. 

Table I: General Specifications for ORIC R-F System 

Frequency range 

Frequency stability 

Voltage gain/turn 

Orbit diameter 

Dee aperture 

Dee-to-liner clearance 

Maximum beam power 

Regulation of dee voltage 

7.5 to 22.5 Mc/s, cont. adj. 
5 1 part in HK, min. 

200 kev (for singly-charged ions) 

63 in. 

1.875 in. 

1.5 in.r max. 

75 kw-

1 part in lo3, tentative. 



In addition to these requirements, the inside of the liner, because 

of valley coils and circular trimming windings, should be flat allowing 

no additional dee-to-liner clearance in the valleys. Further, the time 

permitted for changing the r-f frequency should be, at most, a few minutes, 

since the cyclotron is designed for variable energy and because of the 

operating cost which makes a maximum innage essential. 

Originally, in the r-f design, the voltage gain/turn was arbit­

rarily set at il-00 kev. With increasing knowledge of the beam deflection 

mechanism and orbit properties in general, the threshold voltage has 

since been estimated as 137 kev/turar '; therefore, the value of 200 kev/ 

turn would appear to be adequate and makes possible a simpler resonator 

with lower power loss, lower stored energy, apparently simpler mechanical 

construction, and, altogether, greater reliability than the earlier r-f 

systems considered for ORIC. 

The dee-to-liner clearance was chosen as 1.5 in., a spacing which 

is capable of holding a peak r-f voltage of 100 kv reliably under operating 

conditions. Sections through the magnetic gap are shown in Figs. 1 and 2. 

On these drawings most of the dimensions are tentative and will be revised 

as necessary with progress in design. 

Finally, consider Model III; a drawing showing the top and side 

views with the principal dimensions is shown in Fig. 3. Photographs of 

the model are Figs, k and 5* The model, which is quarter-scale, is con­

structed from wood covered with 4-mil copper foil on all inner surfaces. 

The outer tube in which the shorting plane travels was made, because of 

1H. G. Blosser, ORWL-CF-59-5-59. 



- 3 -

UNCLASSIFIED 
ORNL-LR-DWG 3 4 9 2 4 

i7/B APERTURE: 

23 /4 DEE: 

% L INER-

V2 TRIMMING V ] 
COILS I 

Y/MMMMmM<fMM/M//^ 

t -

DIMENSIONS 
ARE IN INCHES 

MAIN COIL 

Fig. 1. Horizontal Section with Assigned Dimensions 

1 



UNCLASSIFIED 
ORNL-LR-DWG. 30818 R 

L I N E R -

APERTURE 

CARBON 

GAP - ? £ ' 

Fig . 2 . Spacing of Dee and Liner i n Magnetic Gap. 

i 



Coupling 
Capacitor 

-. 

S3 

i 
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Fig . k. R-F Model I I I , 
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availability, of an l8-in. OD stainless steel pipe. Copper foil vas then 

cemented to the inside of the tube. For electrical contact, the shorting 

plane inner and outer edges were lined with finger stock. An item not 

included on the model, but planned for the full-scale machine is plates 

which would allow motion of the liner adjacent to the dee stem. This 

variation of stem characteristic impedance would be used for medium-

coarse tuning. 
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PREDICTED MODEL-III CHARACTERISTICS 

Computation of Characteristic Impedance 

The characteristic impedance of a lossless transmission line is 

given by 

%- f' 
where L is the series inductance per unit length, and C is the shunt 

capacity per unit length of line. 

The velocity of propagation in a lossless transmission line is 

v = 1 
N/LC 

Q 
In air or vacuum, v is 3 x 10 meters/sec, 
Thus: 

2 1 
v = 

LC 

L = 1 
v2C • 

If we substitute this in the impedance equation, we get 

Z - 1 
Z° "vC . 

Now we can find the characteristic impedance for a transmission line if 

we know the shunt capacity per unit length. 

The dee and the flat sections of the dee stem appear as a center 

plate in a parallel plate condenser. The capacity of a parallel plate 

condenser, neglecting fringing, may be found from 
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whe're C is capacity in farads, A is the plate area in meters , 6 is the 

distance between plates in meters, and e = 10~°/^GR farads/meter. 

Since there are two dee and liner surfaces, the capacity for a given 

section will be: 

c = 2 Q-^A ^ 

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

capacity per meter length C/m will be: 

r/™ - 8°85 * (2A) 

9 is the length of the section along the center axis of the transmission 

line. 

Fringing 

Before proceeding with the computation of ZQ, we must account for the 

increased capacity of the dee and stem caused by the fringing field. 
(?) 

According to Smythe^ ' the fringing causes an apparent increase in the 
width of the center plate of a three-plate condenser given by 

AY 
jr. 

= 2 B In / g B l A ^ - A l n ^ ^ - A ) 1 / 2 ^ 

where AY is the apparent increase in width of the center plate, 2A is the 

thickness of the center plate, and 2B is the separation of the outer plates. 

In Fig. 6, the dotted line outside the perimeter of the dee and stem 

encloses the apparent surface area which is used in computing ZQ. In the 

2 
Smythe, W. R., Static and Ifynamic Electricity, 1st Edition, McGraw-Hill, 

New York, p. 104. 
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section from d-d' to the dee tip, the fringe is 1.6-in. wide. For the 

remaining flat section of the dee stem, the fringe is 1.7-in. wide. 

Computations 

The constants which have been computed for several sections of the 

dee stem are shown in Table II. The characteristic impedance data are 

plotted in Fig. "J. 

Section 
(See Fig 
6) 
a-a' 

b-b' 

c-c1 

d-d' 

e-e' 

f_f« 

Table II: Constants 

. (Total Area) 
2A (in.)2 

1522 

1160 

842 
863 
477 
1598 

of the Sect 

(Separation) 
6 (in.) 

1.5 
1.5 
1.5 
1.5 
1.5 
1.5 

ions of Dee 

(Length) 
(in.) 

11.6 

10o0 

10.0 

13.0 

7 = 2 

24,0 

and 

c/ 

Stem 

m (fuuf / 
meter) 

775 
684 
497 

393 
391 
393 

Average Z Q 
for sectior 

ZQ (fl) 

4.30 

4.87 

6.71 

8.48 

8.48 

8.48 

The characteristic impedance of the dee stem in the region follow­

ing section f-f is somewhat uncertain. If the stem-to-liner clearance 

remains constant at 1«5 in. in this region, ZQ will decrease as the 

cross section perimeter of the dee stem increases. A minimum value of 

ZQ occurs at the point where the dee stem becomes fully cylindrical. 

This minimum value of ZQ may be estimated from the equation for the 

n r-. f\ ^ -fi o 
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characteristic impedance of a coaxial line. 

Z„ = 60 In 5. D = outside conductor ID. 
0 d 

= 60 In — = 5-72 fi. d = inside conductor OD. 

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

coaxial with a diameters ratio of 12. . 
30 

Zn = 60ln 12. = 50.8 fio 0 30 

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

shorting plane will be considerably less than 50.8 «, however. 

Voltage Standing Waves and Current Standing Waves 

The standing waves along the dee stem must be known to find the 

required position of the shorting plane; they are also needed for 

computing power losses. The standing waves may be computed from the 

transmission lines equations: 

V-R = v0 cos §2£ + JISZQ sin §H. R s A A 

T T 2jts vs a*„ 2JIS IR = I_ cos -*-— - -^~ sin ~ -R s A JZ O A • 

v-o = voltage at point of interest along line. 

vg = voltage some distance "s" down line. 

Ip = current at point of interest. 

Ig = current some distance "s" down the line. 

A - wave length of the standing wave = — . 

In computing the magnitude of the standing waves at various frequencies, 
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it is assumed that the system is in resonance, and that the voltage 

on the dee is 100-kv peak or 70.7 kv (rms). Since the characteristic 

impedance of the line is not uniform, the ySW and CSW must be determined 

at several incremental distances along the line. The voltage and current 

standing-wave data for the resonator are shown for several frequencies 

in Table III. 

The position of the shorting plane required for a given frequency 

is found as follows; When the shorting plane is very close to the forward 

end of the cylinder, the length of line in the cylindrical region is approx­

imately equal to the difference in liner and stem radiii,, or a length of 

20 inches. The characteristic impedance of the region will depend upon 

the clearance between the shorting plane and the end of the cylinder. 

At the upper end of the resonator's frequency range, we may solve for 

the shorting plane position by assuming S = 20 in. in the VSW equation 

and solving the equation for ZQ. The voltage node should be located near 

the outer edge of the shorting plane. The distance between the shorting 

plane and the front end of the cylinder will be approximately that 

distance which will give the required Z . 

At low frequencies, when the shorting plane is near the rear of the 

cylinder, the cylindrical section behaves like a 50-ohm coaxial line. 

Fringing will cause low impedance at the shorting plane, so that its 

electrical length between the center and outer conductor will appear to 

be very short. When the voltage standing wave equation is solved for S 

in the cylindrical region, S will be the required distance from the 

shorting bar to the front end of the cylinder. A curve of frequency vs 

'shorting-plane position is shown in Fig. 8. . The shorting plane position 



-16-

Table III; Computed Values of the Voltage,and Current Standing Waves 

Shorting Plane 
Distance from Distance from 

Frequency Dee Tip V I o Front End of 
Mc/s (in.) (kv) (ka) (p) Cylinder (in.) 

o.o 70.7 0.00 

10.0 70.1 2.00 4.30 

20.0 68.3 3.78 4.75 

22.5 30.0 64.9 5.09 6.20 5 

70.0 37.8 8.18 8.25 

76.O 32.8 8.50 8.25 

95-0 17.4 9-37 7-00 

0.0 70.7 0.00 

10.0 70.3 1.57 4.30 

20.0 69.2 2.99 4.75 
18.0 11 

30.0 67.1 4.05 6.20 

76.0 46.5 7.13 8.25 

95.0 36.7 8.23 7.00 
0.0 70.7 0.00 

30.0 69.2 3.29 5-10 
13.0 24 

76.0 57.2 5.75 8.25 

95.0 51.5 6.78 7.00 

0.0 70.7 0.00 
7.5 78 

95-0 65.7 4.49 5-74 

■.* -. r ^ 1 'i 
i .u 
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is given by its distance from the front end of the cylindrical line 

section. 

Power Losses 

The 1 % power loss may be determined if we know the current densities 

at every point in the resonant system. The total current at a point along 

the dee stem may be found on the CSW curve. The current distribution at 

any point may be found by considering the geometry of the cross section of 

the dee stem perpendicular 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 concentrated in cross sectional area of 

(ab + cd + ef + gh) - 5/2, where 6 is the skin depth. 

Stem 

Liner 

Fig. 9 

The maximum power loss will occur at the maximum operating frequency, 

since the current densities in the shorting plane region increase with 

frequency. The effects of longer line length at lower frequencies are more 

than offset by the decrease in current and increase in skin depth. 

■KC 
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Power Loss Computations 

The voltage and current standing waves are plotted in Fig. 10, and 

the effective cross section and resistance is plotted in Fig. 11. The 

data from these curves are tabulated for several imcrements of length in 

Table IV. 

The power loss in each incremental area is 1%. The average value 

of I is approximated by the formula 

I2-I21 +2l22 + -—A 
27~rj 

where I, and I are end points, and Ig and I- I . are taken at 

equally spaced intervals. The values required for computation are: 

Resistance of copper = 1.72 x 10~° ohm-meter 

The skin depth for copper = 6 = °'P2 x 1 0 — meters. 

ft 
Therefore, a t 22.5 Mc/s, the res is tance of a section of the dee or stem 

i s given by 
1.214 x 10-3 ( length) 

(width) 

According to Table IV, the total 1 % power loss to be expected when 

the resonant system operates at 22-5 Mc/s and 100 kv on the dee is approx­

imately 180 kw. This figure is based on uniform current distribution in 

the transition region where the dee stem cross section changes from ellip­

tical to cylindrical. Since the r-f current in this region is quite 

high, non-uniform current distribution would cause a considerable increase 

in power loss. Consequently, a study of current distribution was made to 

determine what power loss increase should be expected. 
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Table IV: Computation of Power Losses 

Distance 
from Dee 
Tip (in.) 

10 
20 

30 
4o 
50 
6o 
70 
80 

90 
100 
110 

Cross Section/ 
5 

116 

95 
60 
6o 
60 
6o 
6o 
68 

85 
96 
170 

Resistance per 
10 in. length 
(ohms x 105) 

10.46 

12.78 

20.23 

20.23 

20.23 

20.23 

20.23 

17-84 

14.28 

12.64 

7.14 

Average I2 

(ka)2 

4.1 
l4.1 

26.0 

37-2 

47.7 

57-8 

66.5 

75-8 

84.8 

90.4 

94.4 

Power 
(kw) 

0.4-29 

1.800 

5.26 

7-53 

9.65 

II.69 

13.45 

13.52 

12.11 

11.43 

6.74 

110 
100 

90 

80 

70 

60 

50 

4o 
30 
20 
10 

218 
170 
92 
70 
60 
60 
60 
60 
60 

95 
116 

5.57 
7-l4 

13.19 

17.34 

20.23 

20.23 

20.23 

20.23 

20.23 

12.78 

10.46 

94.4 

90.4 

84.8 

75-8 

66.5 

57.8 

47-7 
37.2 

26.0 

14.1 

4.1 

5.26 

6.45 

11.19 

13.1^ 

13-^5 
11.69 

9.65 

7-53 
5.26 

1.80 

0.429 

Total Power Loss: 179-5 kw 
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Study of Current Distribution 

An approximate pattern of current distribution at various points 

along the transition region was obtained by studying the two dimensional 

flux pattern of electrodes with similar cross section to that of the 

stem and liner. The flux density at any point on the electrode surface 

is proportional to the current density at a corresponding point on the 

dee-stem cross section. 

The flux patterns were obtained from an Analog Field Plotterw/
; 

they are illustrated in Fig. 12. 

The Flux Plotter data were used for plotting equipotential lines. 

Flux lines can easily be determined, since it is known that the flux 

density along a path perpendicular to the equipotential lines is inversely 

proportional to the clearance between the equipotential lines. Values of 

flux for increments of cross section were tabulated in Table V. 

The expected power loss for a system with uniform current distribution 

is proportional to the square of the average value of incremental flux. 

The actual power loss is proportional to the average of the squares of 

the values of imcremental flux. The increase in power loss resulting from 

non-uniform current distribution can be determined from 
% power loss increase = (100) (non-uniform loss)-(uniform loss) 

(uniform loss) 

According to Table V, the power loss increase for the three cross 

sections considered would be: 

3
G. E. Analog Field Plotter, Cat. # 112L152G1. 

(■5 r c 
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Fig. 12c. One-Fourth Cross Section Flux Plot Wear End of Transition 
Region 87 in. Path Length From Tip of Dee. 
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Table V: Data from Flux Plo ts 

*fci 

Clearance Flux (Flux) Clearance Flux (Flux)' Clearance Flux (Flux)' 

Liner 

Stem 

.10 

.10 

.11 

.12 
•31 
.78 
.61 
• 48(.13) 

Total 

.10 

.10 

.10 
• 7 
•19( 

.s 

-6) 

Totals 

(Ave Flux)2 

Ave (Flux2) 

Power 
Increase 

Liner 
Stem 

Liner 
Stem 

Liner 
Stem 
Total 

10.0 
10.0 

9 . 1 
8-3 
3-2 
1-3 
1.6 
2.1( 

44.1 

10.0 
10.0 
10.0 
14.0 

5-3( 

47.1 

100.0 
100.0 

83.0 
69.0 
10.0 

1.7 
2 .6 

.3) h.k{-3) 

368.0 

100.0 
100.0 
100.0 
196.0 

.6) 28.o(.6) 

513.0 

36.5 
io4.o 

50.4 
112.0 

38$ 
8$ 

23$ 

.10 

.10 

.12 

.21 

.41 
1.02 

.82 

.50 
• 35 
• 3M 

.28 

.24 

.18 

.06 

.10 

.10 

• 35) 

. i o ( . i 5 ) 

10.0 
10.0 
8.3 
4.8 
2.4 
1.0 
1.2 
2 .0 
2 .9 
2.9( 

43.6 

3.6 
4.2 
5.6 

17.0 
10.0 
10.0 

-35) 

i o . o ( , i 5 ) 
51.9 

21.7 
71.1 

35.0 
92.0 

61% 
29$ 
45$ 

100.0 
100.0 

69.0 
23.0 
5.7 
1.0 

l 4 . o 
4.0 
8.3 
8.3( 

328.0 

13-0 
18.0 
31.0 

289.0 
100.0 
100.0 

.35) 

100.0(.15) 
566.0 

.10 

.10 

.11 

.24 

.54 
1.08 

.99 

.54 

.39 

.32 

.25 

.28 

.23 

.18 

.06 

.10 

10.0 
10.0 

9 . 1 
4 . 2 
1.9 
0.93 
1.0 
1.9 
2 .6 
3.1 

44.7 

4 .0 
3.0 
h.3 
5-6 

17.0 
10.0 

44.5 

20.0 
55-0 

32.7 
78.2 

64$ 
42$ 
53$ 

100.0 
100.0 

83.0 
18.0 

3-6 
0.9 
1.0 
3-6 
6.8 
9.6 

327.0 

16.0 
13.0 
19.0 
31-0 

290.0 
100.0 

469.0 

1 
CO 

1 

?3 
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a) 2jf> 

b) 45/o 

c) 530 
When the resonator is operating at its maximum frequency, the 

current enters the shorting plane from the dee Btem in two concentrated 
regions. The lowest impedance path from the dee stem to the liner is in 
a radial direction along the shorting plane. Consequently, the current in 
the shorting plane probably remains concentrated in two paths as shown 
in Fig. 13. The power loss increase in the shorting plane would then 
be similar to that in the nearest section of the transition region, or 
about 50$. 

Referring back to Table IV, it can be seen that more than half the 
total power loss in the resonator occurs in the region near the shorting 
plane. A 50$ increase in the power loss of this i'egion would, therefore, 
increase the total power loss of the resonator by more than 25$. There­
fore, a power loss of 230 kw should be expected when the resonator is 
operating at 22.5 Mc/s and 100-kv peak dee voltage. 
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OBSERVED MODEL-III CHARACTERISTICS^^ 

Tuning Range 

A grid dip meter was used for measuring the resonant frequency at 

various shorting-plane position^. These data are shown on the curve in 

Fig. l4. When the plane is 1/8-in. from the front end of the cylindrical 

section, the resonant frequency of the model is 90 Mc/s, which corresponds 

to a full-scale frequency of 22.5 Mc with the shorting plane l/2 in. from 

the front end. A resonant frequency of 30 Mc/s occurs when the shorting 

plane is 20 in. from the front end. This corresponds to a full-scale 

resonant frequency of 7-5 Mc with the shorting plane located 80 in. from 

the front end. 

A set of fine-tuning condensers was installed along the periphery 

of the dee. These trimmers can be moved from a position with clearance 

of approximately 2 in. to a position with complete contact with the dee 

periphery. The system may be tuned from 88.5 to 90 Mc/s by moving the 

trimmers from l/4-in. clearance to 1-1/2-in. clearance. 

Measurement of VSW 

Several holes were cut in the liner so that a VTVM probe could be 

inserted at points along the dee. The data obtained by VTVM measurements 

are plotted in Fig. 15 to show the VSW on the dee when the system is 

operating at 90 Mc/s. The voltage on the accelerating edge of the dee 

The data of this section were obtained from the model as shown in 

Figs. 4 and 5-

1̂  < ' 3 ■*-
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varies from 100 kv at large radius to about 98 • 5 kv at the center. 

In Fig. l6, the observed VSW data are plotted along with the pre­

dicted VSW data. The deviation from the predicted curve shows that the 

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

Direct Power Input Measurement 

Direct power input measurements were made on the model by placing 

in the input loop a directional-coupler type wattmeter which had been 

calibrated at a power level of 7-^ watts with a voltmeter and known load 

resistor. The wattmeter can read either forward or reflected power. The 

difference of the two readings is equivalent to the power loss in the 

resonator. The following data were obtained in a typical power measurement: 

Frequency =89.0 Mc/s 

Dee voltage = 2MQ volts rms 

Power loss = 7*89 watts. 

The power loss on the full-scale machine operating at 100-kv peak 

dee voltage and a frequency of 22.3 Mc/s can be found by the relation: 

p, . _/Pmodel\7rull scaleN2 
P(full scale) -1-jT-X ' v m o d e l 1 ' 

The factor 2 enters because the model operates at four times the 

full-scale frequency, and skin depth varies with the square 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 above method; however, 

a full-scale power loss of kfO kw was predicted. This high value was 

blamed on excessive use of solder in the fabrication of the model. A 

_ 
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new dee was fabricated by improved soldering techniques; the effect on 

power requirements can readily be seen. 

Conclusion 

The power loss in the model is nearly 50$ greater than the predicted 

loss of 230 kw. Some extra loss is due to poor contact and solder joints. 

The discrepancy between the predicted and observed "VSW curves, however, 

shows that the characteristic impedance in the dee region is somewhat 

lower than the predicted value. Consequently, the current density in the 

shorting-plane region would be higher than the predicted value, and some 

increase in power loss will result. 

Improvements in the transition-region geometry will improve current 

distribution, and increase the resonator frequency range. Some reduction 

of ZQ along the slliptical section 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 23O kw. 
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