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Summary 

Dielectric loaded waveguides of rectangular 
cross section are considered as synchronous 
traveling wave particle separators. These struc- 
tures support two linearly independent modes: 
those which have no electric field perpendicular 
to the dielectric, and those which have no nlagnet:c 
field perpendicular to the dielectric. Both modes 
have suitable transverse deflection forces with 
phase velocities which can be slower than the 
speed of light. 

Degeneracies and dispersion relations are dis- 
cussed. The theoretical conclusions are supported 
by experimental studies which include slotted line 
and bead perturbation measurements. 

Synchronous Traveling Wave Separator 

In a synchronous particle separator, as de- 

crihetl l,y lvlor~t,ig~te, ’ the phase velocity of he 
electromagnetic wave is adjusted to be identical 
with the x.elocity of the wanted particle. Viewed 
in a frame of reference which is moving at this 
velocity, the wanted particle appears stationary 
at the RF phase angle it encountered at the time 
of entry into the structure. The wanted particle 
undergoes continuous transverse deflection while 
in the structure. The unwanted particles have a 
velocity which is different from the wanted parti- 
cles andconsequently tend to slip forward or back- 
ward in RF phase; Fig. 1 illustrates this action. 
If the length of the structure is chosen to allow the 
unwanted particles to go through at least 277 radi- 
ans of RF phase, theunwanted particles leave the 
structure with little or no deflection relative to a 
wanted particle which enters at a favorable phase 
angle. The unwanted particles and those wanted 
particles which enter at an unfavorable phase 
angle are stopped in a stopping block downstream 
of the separator. The kinematics of such a device 
have been described in detail by Val’dner and 
Glazkov. 2 

Traveling Wave Structure Propagating Modes 

A dielectric loaded waveguide with rectangular 
cross section 3 appears to meet the requirements 
for a traveling wave particle separator. There 
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are two linearly independent modes which the 
structure can support. Both of these have trans- 
verse deflecting forces. The cross section of the 
waveguide and the coordinate system are shown in 
Fig. 2. A conductingplane can be placed at y = 0, 
in which case there would be only one-half the 
waveguide. i\lthough the latter structure is the 
one which was studied, the results apply equally 
well to the full structure with an even mode 
suppressor. 

The modes 4,5,6 which can be supported by tlie 
structure have either no electric field perpen- 
dicular to the dielectric: called the longitudinal- 
section electric (LSE), or no magnetic field 
perpendicular to the dielectric, called the 
longitudinal-section magnetic (LSM). 

The components of the LSE modes are given by 
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The transverse deflection force is proportiorxll to 
the Hx field component of this mode. 

The field components of the LSM modes are 
given by 
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In the LSM nlode the deflection force in the trans- 
verse direction is proportional to (E - vB ). 

Y x 

The distribution of force a.cross the aperture 
in either the LSM or LSE nr ode for m = 1 is given 

bY 

F y = F 
l-n 

sin 7 cash yy . 

Dispersion Curves and Cutoff Frequencies 

The modes urhich propagate must simultane- 
ously saiisfy ?-he boundary conditions and the 
separation equations. With some rearrangement 
the separation equations yield 
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The boundary conditions at the dielectric inter- 
face give rise to a transcendental equation which, 
when solved simultaneously with Eqs. (1) and (2), 
gives the phasexrelocity - frcquencycharacteristic 
for the waveguide. The transcendental equation 
for the LSE mode is 

a cota i = 
n 1, 

-yn coth \i,(P -7) , (3) 

and for the LSM mode it is 

a tana T = 
n n 

cryn tanh y,(P -7) . (4) 

The value of y can be imaginary, in which 
case the wavegui .a c supports a fast wave mode. 

The cutoff frequency of the various modes is 
found by setting h equal to zero in Eqs. (1) 
through (1). Fig\i?p3 is a plot of Eqs. (1). (3), 
and (4) for an experimental section of waveguide. 
Any intersection benveen the curves for Eq. (1) 
and Eqs. (3) and (4) corresponds to a cutoff fre- 
quency of a propagating mode. 

Table I is a compilation of the lowest frequency 
modes for a guide with 1 = 3. 4 cm, s = 7.21 cm, 
T = 1. 25 cm, and F = 2. 55. 

r 

TABLE I 

Cutoff Characteristics of a 
Dielectric Loaded Waveguide 

fc(GW LSM/LSE m n - - 

1.7975 LSM 1 0 
3.4212 LSM 2 0 
3.6358 LSE 0 1 

3.9972 LSE 1 1 
4.0222 LSM 1 1 
4.7789 LSM 3 0 

4.8893 LSE 2 1 

Power Requirements 

The power which flows down the waveguide is 
related to the deflecting fields through the integral 
of the Poynting vector, 

P = 
f 

+ J,” SW; (E x i?:, 2 dydx .(5) 

Obviously, the power which propagates in the 
dielectric does not contribute to deflection and so 
represents an inefficiency in the structure. How - 
ever, for L- and S-band structures which use 
dielectrics with a relatively high dielectric con- 
stant (E > 3. O), this bypass power is of tolerable 
proport?on. 

Losses in the structure must be kept suffi- 
ciently small so that the unwanted particles do not 
receive a sizable deflection due to asymmetrical 
force interactions in passing through the RF cycle. 
The conductive losses in the waveguide walls are 
given by 

P = s ss 
- 2 

c 
;iix HI ds , 

conducting walls 

where R 
S 

is the surface resistance of conducting 
walls and i; is the normal vector to walls. The 
dielectric losses are given by 

s/s E $’ dv 

Vol. 

From the latter it is obvious that ;a low loss 
dielectric is necessary. Either aluminum oxide 
or beryllium oxide meets the necessary require 
ments of low loss and high dielectric constant 

Aperture 

Theaperture can be limitedin twoways. From 
Eq. (5) it can be seen that the required power is 
directly related to the size of the aperture. A 
typical high power klystron can deliver up to about 
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10 MW for 40 to 50 ps duration. Thus for a given 
field, i.e. , deflection, the aperture is limited by 
the available power. 

The second aperture limit is created by the on- 
set of degetikracies. Increasing the cross section 
of the waveguide without changing the frequency 
tends to lower the cutoff frequencies of the higher 
order modes. These will divert power from the 
primary mode and might have adverse interaction 
with the particle beam. 

Experimental Studies 

The experimental arrangement used to deter- 
mine the phase velocity - frequency characteristic 
is shown in Fig. 4. The distance between nulls in 
the standing wave pattern corresponds to one-half 
the wavkguide wavelength. The phase velocity is 
the product of the frequency and twice the distance 
between nulls. The calculated and measured 
phase velocity - frequency curves for an LSMIO 
mode are shown in Fig, 5. 

A modal expansion for this system indicates 
that no LSE modes or even LSM modes will be 
excited by a centrally located y-directed current 
probe. From Table I it is apparent that no other 
modes should be excited before the LSMll mode 
at about 4 GHz. This action is verified by the 
slotted 1:ne measurements. Figure ha shows the 
standing wave pattern below the cutoff frequency 
of the LSMll mode, and Fig. 6b shows the pattern 
above the LSMll cutoff The LSM~O and LSMll 
modes in Fig. bb are verified by wavelength 
measurements. 

Field patterns were verified by perturbation 
measurements in a cavity which had the same 
cross section as the waveguide and was made 
4. 38 cm long. The resonantfrequency was 3.296 
GHz, which is in good agreement with the LSMIO 
waveguide calculations. Figure 7 shows the shift 
in resonant frequency as a function of y-position 
of the bead. The x- and z-positions were cen- 
tered in the guide. A calculated curve is also 
plotted from the following formula: 

f = fit 
cash’ \iy - co&’ yyl 

cash’ yyZ - cosh2 yyl 1 
The values of f2 and fl are chosen to normalize 
the predicted curve to the data. 

Trajectory Studies 

A computer program for the 360/75 was 
written which calculates particle trajectories 
through the separator. including cross coupling 

between x- and y-forces. The program divides 
the separator length into increments and calcu- 
lates the motion due to the field on an incremental 
basis. 

As a typical separator example, a 6. 5 in. x 
3. 94 in. waveguide operating in the LSM10 mode 
at 1. 42 GHz was chosen. The effective aperture 
for particle separation is 3 in. x 3 in. A 1. 41 
GeV/c kaon can receive a deflection greater than 
1. 0 mrad in a 4. 0 m structure with 7. 5 MW of 
synchronous propagating power. The calculated 
attenuation constant is 0.004 per meter. 

The deflection results are summarized in the 
phase plane diagrams shown in Fig. 8. At entry 

K-, 6, and T;- have the same distribution. At the 
exit of the separator the limiting phase plane 
diagrams for kaons are shown in Fig. 8a. The 
diagrams for pions and antiprotons are shown in 
Fig. 8b. The aberrations due to variation of 
deflecting force with x-positions are included in 
the last figure. 

Discussion 

In a separated beam, eiiher the L,SM or LSE 
mode could be used. However, the LSMIO mode 
is usually the dominant mode and for reasonable 
apertures would operate at L-band. For ~~>ornenla 
greater than 1. 5 GeV/c, the required structure 
length tends to be too large and so the LSE mode 
becomes more appealing. However, operation in 
this mode does require Imode filtering to prevent 
degeneracies. 

Several types of mode filters without loss of 
propagating bandwidth would appear possible, 
Experiments are being performed which will test 
their success. 

A reasonable bandwidth is desirable so that 
the separator can be used over a wide momentum 
range. This is accomplished by operating at 
different frequencies with a tunable klystron. 
The dispersion curve of the dielectric loaded 
structure is ideally suited to this type of opera- 
tion. Particle velocities between 0. 9 c and 1. 0 c 
can be matched by the phase velocity of the wave 
with a * 10% frequency variation. 

Conclusions 

We feel that a synchronous particle separator 
using a dielectric loaded rectangular structure is 
practical and, for low momentum beams, offers 
several advantages over electrostatic separators. 
While it would appear that available klystron 
power would limit the use of these separators to 
bubble chamber beams, our analysis indicates 
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that a synchronous separator excited as a cavity 
would be usable for some counter experiments. 
Our interests at the moment involve the use of a 
synchronous separator in a very short 0. 5 to 1. 5 
GeV/c kaon beam. 
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Fig. 3 - Plot of separation equation at cutoff 
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Fig. 2 - Geometry and coordinate system of 
dielectric loaded waveguide 
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phase velocities 
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Fig. 6a - Standing wave pattern below cutoff of 
LSMll mode 
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Fig bb - Standing wave pattern above cutoff of 
LSMll mode 
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Fig. 7 - Shift in resonant frequency of a dielectric 
loaded cavity as a function of bead position 
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Fig. 8a - Phase plane diagram at entrance to and 
exit from traveling wave separator for kaons 

Fig. 8b - Phase plane diagram at entrance to and 
exit from traveling wave separator for pions and 
antiprotons 
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