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This invention relates in general to particle accelera 
tors and more particularly to an improved linear ac 
celerator useful for atomic research, therapy, steriliza 
tion, polymerization and other important uses. 

In the fabrication of disk loaded linear accelerators it 
is necessary that there be a large number of accelerator 
section parts, such as the loading disks, machined to very 
close mechanical tolerances. For most of the length of 
the electroin accelerator, the structure and the dimensions 
thereof may be identical. However, in the first few feet 
of the disk loaded slow wave structure, termed the bunch 
ing section, the velocity of the electron beam as it travels 
through the bunching section increases to a large degree 
after entering the section. It is desirable that the field 
strength, E, and the phase velocity, vp, of the wave travel 
ing through the slow wave structure be varied as a func 
tion of position in this bunching section in a manner 
which will provide the optimum energy interaction be 
tween the wave and the beam and thus the best possible 
bunching consistent with efficient conversion of the R.F. 
power into electron energy. This variation is produced 
by changing the dimensions of successive cavities. 
There are two electrical quantities E and v to be de 

fined, andi four cavity dimensions-beam aperture 2a, 
cavity diameter 2b, disk spacing d, and disk thickness t 
to be determined. The physical realization of a particle 
electrical design is therefore not unique. Two arbitrary 
restrictions may be placed on the cavity dimensions. One 
of these has been to hold the disk thickness constant 
throughout the buncher and the remainder of the accel 
erator. A second restriction is to hold the disk spacing 
constant. A more common second restriction is to hold 
the phase shift per cavity a constant, generally one-quar 
ter cycle. This condition of operation is termed the 

r 

2 

mode. In either instance, there remain two parameters 
to be determined. The adjustment of the design values 
of E and v as functions of the axial distance along the 
accelerator, in order to produce perfect bunching, can 
only be accomplished by successive trials. For each 
choice of E(x) and v(x), the equations of motion of a 
relativistic electron must be integrated for several elec 
trons entering at different phases with respect to the 
Wave. The phases of the electrons at the output are then 
examined and compared with the ideal case in which 
either all electrons emerge from the accelerator at the 
Same phase angle or all electrons emerge at the same en 
ergy. The former criterion is most significant for a very 
long accelerator, the latter is more significant for a short 
accelerator. It is extremely difficult to handle this prob 
lem with two variable functions. The problem is con 
siderably simplified if one of them, generally the dis 
tribution of field strength, is fixed in advance and only 
the other function is considered variable. Heretofore, 
the above design procedure has resulted in a mech 
anical design in which the beam aperture, the cavity di 
ameter and the disk spacing must all be varied. The 
variation in bean aperture diameter required a separate 
setup for machining each disk. The disks were then 
aligned for assembly in the slow wave structure on a 
mandrel which also had to be machined in steps to the 
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correct diameter for each successive disk positioned on 
the mandrel. 

It is, therefore, the principal object of the present 
invention to provide a novel disk loaded type linear ac 
celerator in which the slow wave buncher section of the 
accelerator device comprises disks of constant thickness 
having beam apertures of equal diameters to eliminate 
a great deal of machining, the wave structure being other 
wise dimensioned so as to produce a phase velocity there 
in which increases in variable accordance with the in 
crease in velocity of the electrons through the Section. 
One feature of the present invention is the provision 

of a novel disk-loaded linear accelerator wherein the 
beam apertures in the successive disks have equal di 
ameters, the thickness of the disks also being equal, the 
phase velocity of the radio frequency wave through the 
structure being correctly maintained by proper spacing 
of the successive disks one from another and the proper 
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dimensioning of the outer diameter of the loading disks. 
Another feature of the present invention is that the 

electric field in the buncher is comparable to the electric 
field in the uniform guide, with the result that the elec 
trons gain energy rapidly and efficiently while bunching. 

These and other features and advantages of the present 
invention will be more apparent after a perusal of the 
following specification taken in connection with the ac 
companying drawings wherein, 
FIG. 1 is a schematic diagram of a linear accelerator 

in which the present invention may be utilized, 
FIG. 2 is a longitudinal cross section view of the first 

accelerator portion or buncher of the linear accelerator of 
FIG. 1 in which the novel slow wave structure of the 
present invention is utilized, 

FIG. 3 is a longitudinal cross section view of a typical 
buncher section utilizing the present invention in which 
the various dimensions are illustrated, 

FIG. 3A is an end view of the buncher section shown 
in FIG. 3, 

FIG. 4 is a plot of normalized attenuation of power or 
(nepers per free-space wavelength) as a function of the 
normalized disk spacing 

in a test cavity operating in the Tr/2 mode. The normal 
ized disk spacing is equal to the normalized phase ve 
locity: 

4.dºe 
X?? 

FIG. 5 is a plot of the normalized field strength. A 
(energy gain per Wavelength at one megawatt power 
flux in units of the electron rest energy) as a function 
of normalized disk spacing and phase velocity in a cavity 
operating in the 7t/2 mode, 
FIG. 6 is a plot of the cavity diameter 2b required to 

provide that the cavity operate in the ir/2 mode, as a func 
tion of normalized disk spacing and phase velocity, and 

FIG. 7 is a cross-sectional view of a typical test cavity, 
Referring now to FIG. 1 of the drawings there is shown 

in block diagram form a linear accelerator system in 
which the present invention may be utilized. A linear 
accelerator system of this type is more fully shown and 
described in U.S. patent application Serial No. 744,608 
filed June 25, 1958, in the names of L. E. Brown and 
C. S. Nunan and assigned to the assignee of the present 
application. The linear accelerator system will first be 
described briefly followed by a more complete descrip 
tion of the novel improvement of this invention. 
The specific linear accelerator described herein is espe 

cially designed for accelerating electrons. However, the 
present invention is equally applicable to devices for ac 
celerating other particles such as, for example, protons, 
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A pulse generator delivers a relatively low voltage 
Square pulse as of, for example, 13 kV. to a pulse trans 
former 2 which steps up the voltage of the pulse to ap 
proximately 150 kV. The pulse generator a contains 
eans therein for varying the width of the pulses up to 

a maximum width of 6 microseconds. In addition means 
are provided within the pulse generator for varying the 
pulse repetition rate from 0 up to 360 pulses per second. 
The desired pulse width and repetition rate is selected 
according to the research or process being conducted. 
An antisag network 4 is connected to the secondary of the 
pulse transformer 2 and serves to square the high voltage 
pulse. The squared high voltage pulse is applied to the 
electrodes within an electron gun assembly 5 and serves 
to trigger the emission of an electron beam. The pulse 
transformer 2, antisag network 4, electron gun assembly 
5 and a portion of the pre-buncher 6 are submerged in 
an oil tank 3 to prevent arcing over of these components 
and to provide cooling thereof in use. 
The beam of electrons is fed to a pre-buncher 6 which 

contains therewithin a pre-bunching cavity 7 disposed in 
the beam path and through which the electron beam 
passes. As the beam passes through the pre-bunching 
cavity 7 the beam is velocity modulated such that the 
beam will form into bunches of electrons as it passes 
into the first accelerating section 8. 
A high power, high frequency source 9 such as, for 

example, a klystron amplifier serves to provide peak R.F. 
beam acceleration power in the order of 5 megawatts at 
a certain high frequency as of, for example, 2,800 mega 
cycles via waveguide 1 to the first accelerating section 8. 
The high frequency source 9 is pulsed on in synchronism 
with the pulses derived from the pulse generator 1 and 
its R.F. input power is derived from a synchronously 
pulsed R.F. driver 10. A portion of the high frequency 
energy propagating through waveguide i to the first ac 
celerating section 8 is picked up via a power pickup 2 
and fed via a coaxial line 13 to the pre-bunching cavity 
7. The power pickup 12 includes neans for varying both 
the magnitude and phase of the power applied to the pre 
bunching cavity 7. Since the same high frequency source 
9 supplies the R.F. to the first accelerating section 8 and 
to the pre-bunching cavity 7 and since the power applied 
to the pre-bunching cavity may be varied in phase and 
amplitude, as desired, with respect to the power applied 
to the first accelerating section 8, the bunches of electrons 
within the beam arriving at the first accelerating section 
8 are controlled to arrive substantially at a desired phase 
stable position on the traveling sine wave of the electro 
magnetic waves propagating through the slow wave struc 
ture therewithin as, for example, 30 ahead of the crest. 
In this manner optimum utilization of the beam is ob 
tained; i.e., a large fraction of the injected electrons are 
accelerated, a large fraction of the input R.F. power is 
converted to electron beam power and the accepted elec 
trons are bunched to a small phase spread with small en 
ergy spread. 
Two gas tight wave permeable windows 14 are pro 

vided in the waveguide 11 on both sides of the power 
pickup 12 for vacuum sealing the high frequency source 
9 from the remaining linear accelerator apparatus as leaks 
in the vacuum system of the remaining portion of the 
linear accelerator would contaminate the high frequency 
source 9. The section of waveguide 11 between the wave 
permeable windows 14 is pressurized with a gas having 
substantial dielectric strength for cooling the windows 14 
and further to prevent voltage breakdowns in the wave 
guide 11 in the vicinity of the power pickup 12. 
As the accelerated electron beam emerges from the 

first accelerating section 8 the particles making up the 
beam will have attained energies of approximately 3-4 
million electron volts. The remaining R.F. energy that 
has not been transformed into beam energy is propagated 
outwardly of the first accelerator section 8 to a phase 
shifter and power attenuator 5 wherein the phase and 
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4. 
magnitude of the power applied to the second accelerator 
section 6 may be adjusted, as desired, in order to further 
accelerate or decelerate the particles to any pre-selected 
energy to within the range of from 2 to 12 mev. 
The beam output of the second accelerator section 16 

is fed through the gap of a beam deflecting magnet 7 and 
thence through a scanner head i8 closed off at its flared 
end by an electron permeable window 19, and onto a 
suitable target, not shown. The beam of electrons may 
be swept across the electron permeable window 19 by 
varying the magnetic field within the gap cf the magnet 
E7. In addition, by selecting a certain magnetic field 
strength, the beam may be deflected approximately 45 
degrees through an energy selecting slit and into a collec 
tor 2 wherein the bean current and beam energy may be 
measured, as desired. By reversing the direction of this 
certain magnetic field strength the beam may be diverted 
an equal amount on the other side of the center line of 
the scanner and through a second electron permeable gas 
tight window 22 for irradiating certain samples, as de 
sired. 
The remaining R.F. energy that was not converted into 

beam energy in the second accelerating section 16 is 
coupled outwardly thereof through a vacuum tight win 
dow 23 and waveguide 24 to a dummy load 25 wherein 
the energy is dissipated and prevented from reflecting 
back through the accelerating sections and waveguide 
plumbing to the high power source 9. Such undesired 
reflected energy sets up standing waves which may pro 
duce arcs within the guides or cracking of the vacuum 
tight wave permeable windows due to excessive heat be 
ing generated therein. 

Evacuation of the accelerator apparatus is obtained by 
a plurality of pump-out tubes connected at intervals to 
the accelerator and thence to a vacuum manifold which 
is pumped via a high vacuum pump. The evacuating 
System is not shown. In addition, portions of the accel 
erator are cooled via coolant jackets and pipes affixed 
to the linear accelerator apparatus and carrying there 
within a circulating coolant. The entire cooling system 
is not shown. 
The first beam accelerating section 8, in which the 

pre-ent invention is utilized, is shown in FIG. 2. More 
Specifically, the R.F. driving energy derived from the high 
power source 9 is fed to the first accelerating section 8 
via rectangular waveguide 1. The R.F. energy passes 
through rectangular waveguide 1 and thence through 
a short tapered transition waveguide section 26, thence 
through a short section of lower impedance rectangular 
guide 27 which intersects with a hollow cylindrical cham 
ber 28 at a coupling iris 29. 
The structure of the accelerating section 8 includes a 

disk loaded waveguide forming a slow wave structure. 
More specifically, a hollow cylindrical conductor 30 
carries there within a plurality of centrally aperatured con 
ductive disk members 31 forming a plurality of cavity 
resonators 32 capacitively coupled together through the 
central apertures 33. 
The phase velocity of the slow wave structure is de 

signed such that it is approximately equal to the average 
velocity of the electrcins at any given point within the 
structure. This requires that the phase velocity must 
increase from the beginning of the slow wave structure 
to the end thereof in variable accordance with the in 
crease in velocity of the electrons. The phase velocity of 
the slow wave structure is a function of the disk spacing, 
i.e., the distance between the center lines of adjoining 
disks 31, the diameter of the coupling holes 33, the out 
side diameter of the disks 3 and the thickness of the 
disks 31 and the shape of the disk at the perimeter of 
the hole 33. In previous linear accelerator sections of 
this type the disk coupling hole diameter and other 
parameters were varied from cavity to cavity within the 
accelerator Section to provide the necessary changes in 
phase velocity. 
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In the present accelerator section the disk thickness 
and coupling hole diameter have been held constant 
throughout the accelerator structure 8 and the disk spac 
ing has been progressively increased and disk outside di 
ameters, have been progressively decreased down the ac 
celerator section to maintain the increasing phase velocity. 
Thus the present accelerator section utilizing a constant 
cCupling hole diameter and disk thickness presents an 
accelerator section which is considerably easier to build, 
as one of the variable parameters has been eliminated. 
This particular feature is discussed in more detail below 
With relation to FIG, 3. 
The R.F. driving energy is coupled into the accelerating 

section 8 via a centrally disposed coupling hole 34 com 
municating between the first resonant section 32 of the 
slow wave structure and the hollow cylindrical chamber 
28. The end closing wall 30' of the hollow cylindrical 
chamber 28 is centrally bored at 35 to allow the passage 
of the beam of electrons therethrough. However, the 
end wall 30' is made relatively thick such that the bore 
35 forms a cylindrical waveguide section having a cutoff 
frequency substantially higher than the operating fre 
quency of the slow wave propagating structure such that 
negligible R.F. energy is coupled outwardly of the cyl 
indrical chamber 28 via the bore 35. 
The unused driving R.F. energy after passing through 

the slow wave accelerating section 8 is coupled outwardly 
thereof via a centrally apertured disk 36 into a hollow 
cylindrical chamber 37. The energy is coupled out of 
chamber 37 via coupling hole 38 and rectangular wave 
guide tapered transition section 39 through the rectangu 
lar waveguide 45 to the phase shifter and attenuator 15. 

Three beam confining solenoids 42 circumscribe the 
hollow cylindrical slow wave structure. The solenoids 
42 are carried upon a hollow cylindrical sleeve 43 which 
is carried coaxially of and slightly spaced apart from the 
hollow cylindrical conductor 30, thereby forming an 
annular chamber 44 therebetween for the circulation of 
a cooling fluid. 

Referring now to FIGS. 3 and 3A there is shown a 
typical X-band accelerator section utilizing the features 
of the present invention. This section is so designed that 
the thickness of each of the disks, t, and also the diameters 
of the beam apertures, 2a in each of the disks are main 
tained constant, and the requirement of operation in the 
T/2 mode (one quarter-wave phase shift per cavity) is 
used. The particular design depends on the properties of 
the accelerator system with which the buncher is to be 
used, which determines the operating wavelength, the 
available R.F. input power and the velocity of the elec 
tron beam as it enters the buncher. The disk thickness, 
t, and beam aperture, 2a are chosen to be the same as 
in the uniform section of the accelerator. The design 
procedure is in three parts: (1) determination of cavity 
parameters, (2) determination of the proper variation 
of phase velocity, and (3) determination of the mechani 
cal configuration of the buncher waveguide. 

First, a demountable test cavity is constructed in which 
two disks 45 and 46 with standard thickness, t, and 
central aperture, 2a, are sandwiched between three spacer 
rings 47, 48, the entire assembly clamped between flat 
end-plates 49, one of which is apertured for a coupling 
loop 51 for making R.F. test measurements, and aligned 
by an outside aligning sleeve 52 (see FiG. 7). The thick 
ness, l/2, of each of the two end spacer rings 48 is half 
of the thickness, l, of the central spacer ring 47 such 
that the thickness l is equal to a desired disk spacing, d, 
less the disk thickness, t. Initially, the diameter 2b is 
chosen equal to the diameter of the cavities in the uni 
form section of the accelerator and the disk spacing, d, 
is chosen a small amount shorter than that in the uni 
form section. The three resonant wavelengths of this 
cavity are measured, and the phase and group velocity of 
the wave in the cavity are calculated therefrom in a 
manner described in chapter 8 of "Microwave Elec 
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6 
tronics,” by J. C. Slater, Van Nosstrand, 1950. The wave 
length at which the cavity operates in the tr/2 mode will 
be shorter than the desired operating wavelength of the 
accelerator. The diameter, 2b, of the spacer disks is 
then enlarged in proportion to the desired wavelength 
change and the new resonant wavelength measured. A 
second trial may be required before the correct diameter, 
2b, is found at which the cavity will operate in the ar/2 
mode at the operating wavelength of the rest of the 
accelerator. The thickness of the spacer rings 47, 48 is 
then reduced slightly in a manner to provide a shorter 
disk spacing, d, and the process repeated. In such a man 
ner may be obtained a graph of the cavity diameter 2b 
required for operation in the T/2 mode versus the disk 
spacing. Such an experimentally determined graph is 
presented in FIG. 6. 
A second required property of the cavities is the at 

tenuation a which may be determined from the formula 
"?? ?? t 

in nepers per wavelength where group velocity vig was 
determined from the measurements in the test cavities 
and Q is known to be proportional to 

where l=d-t. The attenuation of any cavity with disk 
spacing, d, may therefore be computed from the above 
formula and knowledge of the Q or the attenuation in 
the uniform portion of the accelerator; O for a particular 
accelerator is plotted in FIG. 4. w 

Finally, the relationship between the field strength in 
the cavity and the power flux must be determined. This 
may be done experimentally for each of a series of cavities 
by frequency perturbation techniques as described in 
chapter 10 of “Microwave Measurements" by E. L. 
Ginzton, McGraw-Hill, 1957. It is a feature of this 
invention, however, that in all cavities the electric field 
distribution in the portion of the cavity outside the beam 
aperture is virtually identical and that therefore the energy 
storage in the fields is proportional only to the length, 
d-t, of the cavity and the axial field strength, E1, at 
the edge of the aperture. This allows the accelerating 
field on the axis of the cavity to be computed in a manner 
considerably simpler than in the case of a variable-aper 
ture buncher. The energy storage per unit length, Es, 
is equal to P/v when P is the power flux through the 
cavity and v the group velocity. It is also equal to 

d?? 

where E is the axial field strength at the aperture radius, 
and F is a form factor which depends only on the bean 
aperture. In the constant aperture buncher, the factor 
F is thus a constant. The field strength on the axis, E, 
may be determined by a formula derived in pages 72-73 
of “Traveling Wave Tubes” by J. R. Pierce, Van Nostrand, 
1950. 

where Io is the modified Bessel function Io (x)=Jo (ix). 
The above equations may be rewritten in the form 

is computed from the above formula and F is then deter 
mined by comparison with the value of 

E 

E. 

where 
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in the uniform section; A for a typical accelerator is 
shown plotted in FIG. 5. 

Methods for measurement of the properties of the uni 
form section are well-known and are discussed in all the 
above cited references. 
The second phase of the design is the determination 

of the required variation of v. This is accomplished by 
numerical integration of the equations of motion and of 
power flow in the accelerator. 

k? 
where yn is electron energy in units of electron rest energy, 
$ is distance measured in free-space wavelengths along 
the buncher axis, A2 is 

E2 
P 

normalized to units of energy gain in mass units per wave 
length, P is power flowing at point 8, 0 is the phase angle 
between the klystron and the wave crest, kw is the propa 
gation constant of the wave, k is a propagation constant 
for the electron, and c is the power attenuation in nepers 
per free-space wavelength. The input power and initial 
energy are the same for all electrons. The equations are 
integrated for several electrons with initial phase 0 =n, 
0<h<2T. An excellent first approximation is obtained 
by choosing the wave propagation constant kw during the 
first integration for an electron one radian ahead of the 
wave crest. The propagation constant kw is chosen such. 
that the electron remains one radian ahead of the crest 
throughout the buncher. A still better design can be 
achieved by slowing the wave somewhat so that more elec 
trons are trapped by the wave. This, however, can be 
done only by successive trials: a graph of the electron 
orbits yn vs. 0n is prepared for each trial function kw, 
and the process of bunching in each graph is compared to 
determine the best function kw. 
Once the desired function 

C 

=2 
has been chosen there remains only the third phase 
of the design: the translation of the electrical design into 
the actual structure. This requires only choosing disk 
spacings, d, for successive cavities such that for each 
cavity 

is equal to the value of 
?p 

specified for the center of that cavity. That is, 
ad-b 
? C 

as determined for the point 
I1 -1 din 

---? a??? ? 

Since 2a and t are constant and 2b is determined by d, 
the mechanical design is complete. 

8 
This design offers several advantages over the design 

of a buncher with variable aperture. Some of the dis 
advantages of the variable-aperture buncher are as fol 
lows: The simple formula for Q used in computing at 

5 tenuation and the assumption of a constant form factor 
F used in computing 

E2 

are not valid in the variable-aperture buncher. A double 
0 series of test cavities with varying 2a and varying di must 

be measured and the value of 
E2 

15 must be measured experimentally by perturbation methods 
in a series of these cavities. Both the variation of the 
field-strength parameter A and the wave propagation con 
stant k must be adjusted to provide best bunching in the 
variable aperture buncher, which will require more tria's 

20 during the orbit-calculation phase of the design. And 
the fabrication is more difficult since the disk thickness 
it is the only dimension held constant. 

Typical dimensions for an X-band accelerator buncher 
section of the type shown in FIGS. 3 and 3A, wherein 

25 the beam aperture diameter, 2a, is .255 inch and the 
disk thickness, t, is .071 inch are set forth in the following 
Table 1. 

Table 1 

30 Distance of 
Centerline Tiameter of 

Cavity Number n 0f Disk Cavity 2b 
frotr Gull 
Endi cn 

0 (junction cavity).----------------------- 0.089 1.030 
0.26 1 03?0 
0,44& 1.0386 
0.685 1. 0*10 
(.832 1.0276 
1.038 1.0248 
1.25. 1.0226 
1.49 1.006 
1.72 1. 01:0 
.953 1.0.177 
2.201 1,066 
2.455 1.015) 
2.75 1.0143 
2.980 1.040 
3.20 10134 
3.525 1.0128 
3.80? 1.01.23 
4.0S7 1. 01.19 
4.373 1.0115 
4.66 1.02 
4,988 1.0305 
5.287 ). OOSO 

(Remainder of cavities are uniform.)----------------------------------- 

50 Typical dimensions for an S-band accelerator section 
of the type shown in FIG. 3, wherein the beam aperture 
diameter, 2a, is .8225 inch and the disk thickness, t, is 
.2300 inch, are set forth in the following Table 2. 

55 Table 2 

Distance of 
Ce terline 
of L) isk 

from Gin 
Endan 

Diameter of 
Cavity Number in Cavity 2 

0 (junction cavity).------------------------ 251 3.23. 
126 3.271 

2.046 3.265 
2.99) 3.26 
3.974 
4.952 
5.96 
6.96 
7.973 
8.985 
10 000 

1. OS 
2.037 
3.058 
14.030 
15.1Q? 
16. 129 
17,15? 

Remainder of cavities are uniform------------------------------------- 

75 Since many changes could be made in the above con 
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struction and many apparently widely different embodi 
ments of this invention could be made without departing 
from the scope thereof, it is intended that all matter 
contained in the above description or shown in the ac 
companying drawings shall be interpreted as illustrative 
and not in a limiting sense. 
What is claimed is: 
1. A particle accelerator comprising a particle emitter 

adapted to produce a beam of particles and a disk 
loaded slow wave structure aligned with said particle 
emitter through which said beam of particles is directed 
for energy interaction with a high frequency electromag 
netic wave traveling through said slow wave structure, 
said slow wave structure comprising a waveguide having 
a plurality of disks positioned transversely thereof with 
central apertures therein through which said beam of 
particles passes, the thickness of successive disks and the 
central apertures of successive disks being equal in size, 
the inside diameter of the waveguide progressively de 
creasing and the spacing between the successive disks pro 
gressively increasing at locations progressively spaced 
from the emitter end thereof whereby the phase velocity 
of the slow wave structure varies in accordance with the 
increase in velocity of the beam particles through the 
slow wave structure. 

2. A particle accelerator as claimed in claim 1 where 
in said waveguide comprises a hollow cylindrical tube 
tapering to a smaller internal diameter at the end furth 
est removed from the emitter end. 

3. An electron linear accelerator comprising an elec 

20 

25 

30 

10 
tron gun adapted to produce an electron beam and a disk 
loaded slow wave structure aligned with said electron gun 
through which said electron beam is directed for energy 
interaction with a high frequency electromagnetic wave 
traveling through said slow wave structure, said slow 
wave structure comprising a waveguide having a plurality 
of disks positioned transversely thereof with central aper 
tures therein through which said beam of electrons passes, 
the thickness of successive disks and the central apertures 
of successive disks being constant, the inside diameter 
of the waveguide progressively decreasing and the spac 
ing between the successive disks progressively increasing 
at locations progressively spaced from the electron gun 
end thereof whereby the phase velocity of the slow wave 
structure varies in accordance with the increase in ve 
locity of the electrons through the slow wave structure. 
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