
Sumna ry 

A description of the design and performance of a 
20 MeV, side-coupled, S-Band Standing Waveguide for 
electron acceleration is given. Performance data per- 
tinent to the application of this accelerator to 
cancer therapy Is given and discussed. 

General Description 

The HeV 20 Standing Waveguide was designed for X- 
ray energies of 12 or 15 MeV and electron tzncrgies fran 
3 to 20 HeV. The guide is a single 1.6 m long LASL- 
type structure operated in the X/2 mode at 2856 MHz. 
It uses a 3.5 cavity buncher of constant phase velocity 
.9Oc to capture and bunch the injected beam prior to 
the velocity of light section. 

Table I gives a surnrary of the guide parameters. 
Figure 1 shows a photograph of the braze assembly. 

Energy range is obtained by varying RF power and 
injection voltage except for the lcwest electron 
energy which is obtained by tuning to an adjacent 
resonant mode in the accelerator. Spectral width is 
minimized over the range of energies required for high 
beam current, 12 to 15 HeV, by optimizing the buncher, 
and analyslng slits are placed in the vacuum envelope 
in the bending magnet to prevent out-of-tolerance 
spectra! contribution frcm contributing to the beam 
used in treatment. 

Figure 4 shahis the experimental load lines ob- 
tained by varying per and injection voltage. 

Examples of parameters used for several operating 
points is given in Table 2. 

The electron gun has a triode structure with a 
dispenser cathode .25 inches in diameter. The gun 
develops up to one ampere of beam current over the 
voltage range 5 to I.5 Kv. The spot size the gun op- 
tics produce at the waist is .O20 to .oK) inch at a 
position about .I inch beyond the anode structure. 

Table 1 - Standinq Wavequlde Characteristic; 

Length 1.6 m 

Frequency 2.856 MHz 

Power 4.5 NW 

Load Line 20 - ti lb Mev (ibin amperes) 

Coup1 ing 1.15 over coupled 

Shunt impedance 70 Mfi/m 

injection Voltage 5- 15 Kv 

165co 

7m 
lot ity .04 c 

, K -03 

Phase Orbits 

Qo 
QL 

Group Ve 

Coup1 ing 

The buncher was designed as a compranise between 
high energy and the need for a good spectrum at X-ray 
energies; 12 and 15 MeV. The choice was to optimize 
the spectrum sharpness at 16 HeV. 
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Phase orbits were calculated using single-orbit 
phase and energy gain versus distance equations and 
doing stepiso integration. 

The electric field configuration was taken from 
bead drop data and stored in an array in the ccmputer 
program. Electric field as a function of position is 
then obtained by interpolation. For short structures 
such as this the assumption 1s made that the average 
electric field intensity is the same throughout the 
length of the wavegulde. 

Note in Figures 2 and 3 the phase convention uses 
-900 as the phase of maximum acceleration. Also note 
Z Is distance daEtn the guide in meters and that on 
each orbit is tabulated the inJection phase and corn- 
puted energy. 

The no-load phase orblts are shawn in Figure 2 
for the case of 10 Kv injection voltage and 4.5 Mw of 
RF power. Electrons injected over the range -800 to 
+lOo are accepted and bunched into the asymptotic 
range -&!o to -1160 wlth energies from 18.4 to 21.3 
MeV. Electrons injected at more positive angles than 
+lOO are rejected. The orbit for -900 develops IO.8 
MeV. 

Figure 3 shws the phase orbits for 90-100 ma of 
beam at 10 Kv injection voltage and 4.5 Mw of RF power. 
Electrons injected over the range from -600 to POo 
have output phase positions from -1270 to -900 and 
energies of 13.7 to 16.1 MeV. Electrons Injected at 
more positlve angle than +2Oo are rejected, as are 
those injected at more negative angles than -800. The 
orbit or -700 develops 8.5 MeV and comprises part of 
the spectral tail. The experimental spectrum for this 
energy is shcwn in Figure 5. 

Phase orbits for the adjacent mode operation were 
not calculated. 

Cold Test 

The internal configuration of these cavities was 
based on the 2998 MHz cavities developed earlier.6 
To offset loss of shunt impedance by frequency re- 
duction, the cavities were made more re-entrant. 
Total shunt impedance measurements taken using the 
sapphire rod technique give on axis a total RT = 164 
MQ/m and at the I.D. of the drift tube 172 m/m. 

The coupler was designed for overcoupling of 1.15 
at zero beam loading to favor coupling to the high 
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energy case. With a Q of 16500 the resulting QL is 
7600. This gives a rise time of 2 QL/w of .54 vs. 

The cavity to cavity coupling was set by opening 
the coupling apertures to the point that the frequency 
of the x mode and 0 mode differed by 3% of the center 
frequency. Beyond this degree of coupling it was found 
that shunt impedance started to decrease. 

Tuninq 

Waveguide tuning is accomplished by isolating each 
cavity electrically 

!t 
then measuring, and adjusting the 

resonant frequency. The resonant frequency Is a func- 
tion of the boundary conditions created by the isolat- 
ing elements, so that each cavity-type is adjusted to 
a frequency offset slightly from other cavity types to 
compensate for the variation in short conditions. 

Centerline cavities are isolated by shorting the 
two adjacent side cavities and inserting probes fran 
the two ends of the waveguides into the drift tube 
sections adjacent to the cavity in questfon. These 
probes serve to short-out adjacent center1 ine cavities 
as well as transmit r-f. The probe diameter must be 
close to the drift-tube diameter to prevent coaxial 
modes from coupling pwer to other cavities. The 
state of the adjacent side cavities affect this mees- 
urement slightly, so the tuning is iterated. Dlffer- 
ent phase-velocity cavities have different dlamaters 
and slightly different coupling, so that frequency off- 
sets differ. These are determined in prior measure- 
ments using sets of identical cavities. The end cells 
have reflecting planes near their midplane. This 
boundary creates a frequency offset of several mega- 
cycles which must be compensated for in tuning. 

Side cavities are isolated and measured by insert- 
ing two loops mounted in a long shot-tin: tube. One 
loop transmits from one centerline cavity, the other 
picks up from the adjacent centerline cavity and the 
resonance measured is indication of the frequency of 
the side cavity, although influenced by the state of 
the centerline cavities and the quality of the isola- 
tion of other cavities. 

The resultin? stop band is 5-150 KHz. The stop 
band for this waveguide was Cl0 KHz. 

Mechanical Description 

The 31 cells of this waveguide are divided into 
three regions: 3.5 buncher ccl Is, one coupler cell, 
and 26.5 standard cells, where a cell is two hali- 
cavities and the attached side cavity. The end plates 
for the structure are OFHC copper pads brazed Into 
30&L stainless steel flanges. The final assembly of 
the waveguide includes electron gun with silasttc pot- 
ting, r-f windcw, 5 l/s vacion pump, vacuum envelope 
Tar beam transport through the bending magnet, support 
tubing, and a focussinc solenoid near the buncher end. 

Both input and output end of this waveguide are 
terminated in half-cavities. One reason is to provide 
boundarles at a reflection plane. The input end is 
also so terminated to altow for 1~ voltage injection. 
These boundaries do not form true reflection planes, 
haqever, the side cavity cutouts normally alternate 
from one side of each cavity to the other. With the 
end plate in place, the side cavity cutouts are on the 
sane side. The result is a frequency shift between 
this cavity and others so that the cavity must be com- 
pensated in diameter to account for the effect. 

The r-f input coupler was placed in the center of 
the wavegulde for symmetry and to allow focussing 
lenses to be placed over the buncher area without 
mechanical interference. Location of the coupler in 
this positIon had the effect of suppressing the modes 
irnnediately adjacent to the n/2 mode. 

The RF window is a chip-ceramic of the SiAC type. 
It Is titanium coated on the vacuum side with 50-70 A 
of titanium to prevent single-surface muitipactor and 
charge build-up from cracking the ceramic. 

The structure is designed to be baked-out; 
hah’ever, several bakeable flanges are used: Gun, RF 
Window, Pinch-off, Vacuum Envelope, Vacicn Pump. The 
guide is baked-out and pinched-off initially. If a 
failure occurs in a component in place, the component 
can be replaced aasi ly. 

The tolerances in this structure vary frun area 
to area, the closest tolerances being maintained on 
the contoured surfaces of the main cavities. These 
are constructed osin$ ground templates and diamond 
tools on a high speed tracer lathe. The resulting 
uniformity can be expressed In terms of frequency 
uniformity: 21.5 MHz. Other i nterna 1 tolerances are 
held t.001 to 2.003 inches. 

Internal surface finish is important in this 
structure for the reason that r-f-induced field emis- 
sion can produce dark current. In the X-ray modes 
this is not important for beam current is 50-100 ma 
peak, but in the electron mode where beam currents are 
l-3 ma peak, dark current can produce a significant 
percentage of the required field. For this reason, 
critical parts are electropolished to a mirror finish. 

Electron Depth Dose 

The application of electrons for treatment of 
cancer is a complex subject and only the briefest com- 
ments are made here. The electron beam developed in 
the accelerator must Se proccsjed carefully to obtain 
the foIlming characteristics: 

I. Energy hcmoSenei ty. 

i: 
Minimum penumbra. 
Variable field size. 

. Uniformity of intensity across the field. 

t;: 
Useable, controlled dose rate. 
Low X-ray contamination. 

7 0 L~J leakage outside treatment area. 

The characteristic of electrons that make them 
useful for medical application is the depth dose they 
exhibit. In Figure *5 is displayed the depth dose fran 
this waveguide beam for three energies: 6, 12 and 20 
rrev . The energy was determined with the use of a 300 
spectrum analysing magnet usinS 1% 51 its. The beam 
was taken from the analyser port and subjected to min- 
imum scatter prior to striking the depth-dose tank 
100 an from the exit window. The 1.9 cm line on the 
figure is the inside wall of the tan::. The surface 
dose measurements have not been made at the time of 
this paper. 

In the machine, spectrum analysis is not avail- 
able and a number of other measurement techniques are 
used; a cornron one being extrapolated range. Rp = 
.52T - .3 cm &O, 5(T<SO, where T is the kinetic 
energy in MeV and Rp is t!;e range extrapolated by 
continuing: the dmnslope. of the depth dose (.IIryc to 
the base1 ine.4 



The shape of the depth dose curve is affected by 
the spectral width of the beam wlth a wide spectrum 
causing a more graduat fall-off. For this reason 
energy defining slits are placed In the achranatlc 
magnet system to obtain 28% maximum spectral width to 
be transmitted. 

Penumbra is avoided by collimation down to the 
surface of the patient with lc~ 2 applicators. Field 
size is varied with the use of a set of different 
applicators or by one that is variable. Intensity 
uniformity Is obtained typically by scatter From a foil 
or by magnetic scanning. 

Dose rate is set and controlled typically by 
sensing and servoing the output. Accurate and are- 
fully int4rlocked dosimetry is one of the most impor- 
tant aspects of the use of electrons. X-ray contami- 
nation Is mlnlmized by use of minimum amount of 
scattering material. 

Leakage is minimized by maintainlnc all collima- 
tion devices greater then one electron range thick for 
the hlShest energy. X-rays produced in the applicators 
ar4 quite IW in intensity. 

Note th4 convex shape of the electron depth dose 
as ccmpared with the X-ray. This can often he used in 
multiple port treatmnts for enhancing tumor dose 
reletive to skin dose. 

X-Ray Depth Dose 

The demands on the X-t-a+ field 
are similar to those For electrons, 
differences. 

used For therapy 
but ‘with some 

Intensity unifom?ity or flcld flatness 1s ob- 
tained by field shaping with an appropriate absorber. 
Useable intensity is a Few hundred Rads/minute at 1 m. 
At 12 MeV this requires 20-30 ua average beem current. 
The lcmlzlng capability of electrons at this snergy is 
approximately 1000 times greater than X-rays and as a 
result the amount of beam current is considerably less, 
depending on the method of application. 

Penumbra is mfnimizod by having a small spot size, 
a short spot length, and accurate beam defining coili- 
mators. 

Lcw electron contamination is obtained either by 
using an absorber or a sweeping field. 

Low leakage is obtained with adequate shieldin? 
around the target and beam collimators. 

X-rays in the MeV ran 
9p 

are considerably more 
penetrating than electrons. Flgura 5 shows the depth 
dose for a 12 Fell beam. The definition of X-ray 
energy used here is to identify it with the incident 
electron beam energy. The equivalent photon energy is 
approximately one third this number. 

In the measurement shown in Ffgure 5 the electron 
spectrum r/as taken with a 300 spectrum analyser 

through 1% slits. After tha energy was sstablished 
by the analyser the beam was brought through a 2610 
achromatic bending magnet used In the medical systun 
to a water-cooled platinum target. The beam was then 
collimated by a set of tungsten jaws set for 10 x 10 
us Field size 100 cm from the target. The depth dose 
tank was set 100 an fran the target and a scanner 
carrying a Victorsen 555 probe (.I) was used to record 
intensity versus depth. The data obtained compares 
favorably with published values. 
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20M.v STANDING WAVEGUIDE PHASE ORBITS 
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Figure 2. 
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Figure 3. 
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15 Mev SPECTRUM AND DEPTH DOSE. 
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Figure 5. 
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