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Introduction 

An important consideration in the design of 
a practical radio-frequency quadrupole (RFQ) 
accelerator is the electromagnetic properties of 
the rf power coupling circuit. Coupling rf 
power through an iris or coupling loop into one 
quadrant disturbs the symmetry of the azimuthal 
field distribution and the uniformity of the 
longitudinal field distribution, both of which 
are crucial for good performance of an RFQ 
accelerator. 

Stabilizing the field distribution against 
perturbations with some form of resonant coup­
ling was found to be impractical because of 
limitations inherent in the RFO structure. 
Instead, a means was developed for coupling to 
the RFQ by using a resonant power manifold with­
out perturbing the RFQ fields. This paper dis­
cusses the properties of rf power manifolds for 
the RFQ in the context of a coupled-circuit 
model. 

A Circuit Model for the RFQ 

The success of the coupled-circuit model of 
Nagle, Knapp, and Knappl has led us to con­
sider a similar concept for studying the RFQ. 
The coupled-circuit model has been an effective 
means for understanding some of the rf prop­
erties of the side-coupled, the post-coupled 
drift tube, and the disk-and-washer linear 
accelerator structures. However, these struc­
tures can all be approximated to some degree by 
one-dimensional chains of coupled discrete 
oscillators. 

This approximation is not well suited for 
describing the RFQ because, except for the small 
modulations of the vanes necessary to produce an 
accelerating component of electric field, it is 
a waveguide transmission line of constant cross 
section. Two-port network analysis using the 
chain matrix notation 2 on the other hand, 
provides an ideal fra~ework for describing con­
tinuous transmission lines. This theory also 
accommodates discrete circuits easily, per­
mitting them to be combined with distributed 
circuits in the same model. 

Let us examine, brieflv, a two-port model 
for the RFQ. The general form for a uniform 
transmission line of length ~ is: 

[

cosh y£ 

M = z-l sinh y£ 
y~ ] 

y£ 

z sinh 

cosh 

*Work performed under the auspices of the U. S. 
~partment of Energy. 

where y is the propagation factor for the trans­
mission line and Z is its characteristic imped­
ance. For wavequide, both y and Z are functions 
of the excitation frequencY and the cutoff fre­
quency. The characteristic impedance is also a 
function of the normalization chosen. Note that 
this matrix represents only one waveguide mode. 
A different set of parameters, y and z, are 
required for each waveguide mode being 
considered. 

The matrix M relates the voltage and 
current at the output port to the voltage and 
current at the input port (Fig. 1). That is: 

[ :: 1 M [ : 1 
The variables need not actually be current and 
voltage. In fact, a more useful normalization 
uses variables related to the square root of 
stored energy analogous to the variables used in 
the original coupled-circuit model. 3 

The RFQ operating mode is an electric mode, 
heavily loaded,capacitively, by transverse vanes, 
topologically equivalent to and derived from the 
TE2l0 mode of a right circular cylinder. This 
mode is chosen because it has the necessary 
quadrupole component of electric field with a 
uniform distribution from end to end. 

Existence of the TE210 mode requires 
open-circuit boundary conditions. This is 
achieved, in practice, by terminating each end 
of the RFQ with a shorting plane spaced a small 
distance from the end of the vanes. The effec­
tive shunt inductance of this termination is 
resonated with the capacitive end tuners 
(Fig. 2) to achieve a high impedance termination 
at the frequency of the TE210 mode. 

A suitable model for this configuration is 
illustrated in Fig. 3. In the stored energy 
normalization, the shunt conductance of the 
parallel LC combination becomes 

Y = o 
2 2 

1 - Wo /w 

I' 

_V_'~·I,"-_M_~_V_· 
Fig. 1. Representation of a general two-port 

network. 
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Fig. 2. 

Fig. 3. 

Fig. 4. 

~ VANES 

• TUNERS 

The RFQ end cap and end tuners. 

M( e 0) 

Two-port model for RFQ. 

Two-port model with added perturbation. 

The effects of perturbations on the field dis­
tribution can be studied by breaking M into sec­
tions of length less than iIo and inserting 
appropriate two-port representations of the 
perturbing elements (Fig. 4). 

The above model describes only the longi­
tudinal field distribution of the RFO. Because 
the symmetry of the vane-tip potentials is 
important to the quality of the beam in the 
transverse plane, we would like the abilitv to 
model the azimuthal distribution of fields as 
well. The four-fold symmetry of the RFO cross 
section suggests that we could descrihe an arbi­
trary distribution of vane-tip potentials hv 
considering the fields to result from an 
admixture of TE 21 , TEll' ann TEal waveguide 
ljIodes. 

Although such a model might he feasible, it 
is unnecessarily complex for our present pur­
poses. Instead, we propose to ignore coupling 
between the azimuthal and longitudinal fieln 
distrihutions and to develop a separate model 
for the azimuthal direction. 

with increasingly heavy loading, i.e., a 
smaller aperture, the frequencies of the TEllO 
and TE 2l 0 modes asymptoticallv approach each 

Fig. 5. Four-resonator model for RFO. 

Fig. 6. Field patterns for the four-resonator 
model. 

other. This suggests that if we ignore the 
higher modes, TElln ann ~E~ln for n > 0, we 
can approximate the RFQ hv a ring of couplen 
oscillators as illustraten in Fig. 5. This 
amounts to ignoring the longituninal extent of 
the RFO. 

A ring of four oscillators is characterizen 
bv four modes of oscillation (Fig. 6). The ring 
will have a IT mone, corresponding to the TE 210 
mode; two negenerate IT/2 modes, corresponding to 
the two TEllO modes; ann a zero mode. We are 
tempten, bv simple extension, to inentifv the 
zero mode with the TE010 mone. However, there 
is a problem: experimentallv there is no fourth 
mode in the mode spectrum near the other three 
modes. Furthermore, the effect of the vanes on 
the TEOIO mode suggests that it wouln he far 
removen in frequency from the TEllO and TE 2l0 
modes. 

This apparent prohlem has an interesting 
resolution. For an appropriate form of resona­
tor, the zero mode frequencv can he zero Hertz. 
Figure 7 nepicts two forms, equivalent through a 
series-to-parallel transformation, that the unit 
oscillator might take to have a zero mode of 
zero frequencY. That is, the network will pass 
direct current. Four of these oscillators are 
loined together (Fig. 8) to form a circuit monel 
for the azimuthal nirection of the RFO. 
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Fig. 7. 

T 
Equivalent unit cells for RFO 
coupled-circuit model. 

Fig. 8. Equivalent circuit for RFQ. 

Resonant Coupling Techniques 

At first, resonant coupling methods were 
considered as a means of stabilizing the azi­
muthal and longitudinal field distrihutions 
against perturbations. Figure 9 shows a scheme 
for stabilizing the azimuthal field distribution 
with coupling cells using the same principle as 
the side-coupled structure. This version 
suffers from a fatal defect: the IT/2 mode is 
doubly-degenerate because of the circular svrn­
metry. With only a slight tuning error most of 
the stored energy could end up in the coupling 
cells. 

Although azimuthal resonant coupling has 
been rejected for now, it could probably be 
saved if the degeneracy were eliminated by 
removing one of the coupling cells. 

Attempts to find internal modes suitable 
for longitudinal resonant coupling in the manner 
of the post-coupled drift tube or disk-and­
washer structures have failed. 

Fig. 9. Resonant couplinq of four-resonator 
model. 

Fig. 10. Four-resonator model with 
non resonantly coupled manifold. 

Fig. 11. Field patterns for four-resonator 
model with manifold. 

These problems led to the investigation of 
an external means for stabilizinq the RFQ fields 
using an arrangement related to the manifold of 
Voelker. 4 

A Nonresonantly Coupled Manifold for the RFQ 

The manifold concept that subsequently 
evolved is not suitable, directly, for stabi­
lizing the field distribution. However, it does 
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Fig. 12. Two-resonator, coupled-circuit model 
of RFQ with manifoln. 

provide symmetric nrive points that nO not, in 
principle, disturb the RFQ field distribution. 

Figure 10 illustrates the simplicity of the 
nonresonantly coupled manifoln. The central 
oscillator represents the manifold. with five 
oscillators there are five modes of oscillation 
(Fig. 11). Only two of the mones shown can he 
excited hy driving the manifoln. These two 
modes can he thought of as radial zero ann ~ 

modes involving only the RFO TE 210 mode and 
the man ifold. 

By symmetry, we see that tne coupling k2' 
at worst, perturbs the azimuthal distrihution in 
a way that cannot mix in the c/2 mones ann 
introduce sextupole field components. 

The situation is even hetter than it seems. 
To see this we first simplify the discussion hv 
reducing our model to two coupled oscillators, 
one representing the RFQ TE 2l 0 mode ann one 
representing the manifold. Figure 12 is a sche­
matic of a discrete-circuit model of two coupled 
oscillators. If LIC l equals L2C2 , then 
II equals 12 for zero mode and II equals 
-1 2 for the IT mode. Furthermore, the fre­
quency of the zero mode is (L l Cl ) -1/2, lndepen­
dent of M. 

How does this relate to the RFQ and mani­
fold case? Suppose that an otherwise unper­
turbed RFQ is magnetically coupled to the mani­
fold through a slot. If the frequency of the 
TE 2l0 mode equals the manifold frequency 
before the coupling slot is cut, the zero mone 
of the combination will he at the frequency of 
the TE 210 mode. The consequences of this are 
that the longitudinal field distribution of the 

RFQ is still flat because it is being excited at 
its cutoff frequency. In addition the current 
intercepted by the slot is equal and opposite on 
opposite sides of the wall. There is no excita­
tion of the slot and, therefore, no perturbation 
of the RFQ by the slot. 

This fact is not easy to illustrate using 
the coupled-circuit theory in the stored-energy 
normalization because the definition of the fre­
quencies of the oscillators includes the effects 
of the coupling slots and because the wall 
currents are related to the stored energy in a 
geometry-dependent way. 

Fig. 13. Cross section of RFO wit~ 
nonresonantlv couplen manifold. 

A Physical Renlization of the Manifoln 

The requirements of symmetrv dictate that 
the manifoln should couple equally to each quan­
rant of the RFO. This is achieved hv placing 
the RFO insine the manifoln that operates in a 
TEM coaxial resonator mode with the RFO shell as 
its center conductor (Fiq. 13). The length of 
the manifoln must he a multiple of a half­
wavelength at the operating frequency or tunen 
to the electrical equivalent by capacitive 
tuners at the electric field maxima. Coupling 
between the manifold and the RFO takes place 
through slots cut in the RFO walls at the 
current maxima of the manifoln. Advantnge is 
taken of the mUltiple maxima to increase the 
effective coupling. 

The fielns to be coupled are orthogonal to 
one another. The manifoln magnetic field is 
azimuthal and the RFO magnetic fieln is longi­
tudinal. To couple them, the coupling slots 
must make an angle with respect to both fields 
to intercept wall currents on hoth sides. The 
sign of the slot angle must be alternated to 
compensate for the alternating signs of the RFO 
fields azimuthally and the manifold fields 
longi tudina 11 v. 

The relative stored energies of the RFO ann 
manifold can be controlled hv adlusting the slot 
angle to intercept more current on one sine and 
less on the other. The tuning considerations 
discussed above insure that the intercepten 
fractions of the wall currents are equal. 

Coupling to the manifold is achieved by a 
loop or iris at a magnetic field maxima. If 
center drive is desired, the manifold should be 
an even number of half-wavelengths long. 

Experimental Data on a Cold Model 

A cold model of the RFO with constant 
vanes was combined with a nonresonantly coupled 
manifold as described above. The model is 
pictured in Fig. 14. The RFO structure operates 
at 313 MHz, nominally. The manifold is one­
wavelength long and coupled to the RFO through 
twelve 450 slots about 90 mm long by 10 mm 
wide. 
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Fig. 14. The RFQ cold model with nonresonantly 
coupled manifold. 

The frequency of the zero mode was 
313.268 MHz and the frequency of the IT moae was 
310.618 MHz. The net coupling constant from the 
twelve slots was determined to be 0.0085 by 
measuring the change in RFQ stored energy 
resulting from a perturbation of the manifold 
frequency. According to the coupled-circuit 
analysis of the two oscillator mOdel, the 
coupling constant is given by 

k 

if the oscillators have the same frequency. 
The accuracy of the coupling-constant 

determination was insufficient to permit cal­
culating the individual frequencies of the two 
oscillators from the frequencies of the zero and 
TI modes. Figure 15 is a graph of (6URFO/URFO) 1/2 
versus manifold detuning. 

The change in RFQ stored energy was meas­
ured by comparing the frequency perturbation of 
a needle pulled along the RFQ axis for various 
perturbations of the manifold to the case with 
no manifold detuning. The fraction of stored 
energy in the RFQ was similarly measured by com­
paring beadpulls with and without the manifold. 
In the zero mode 71% of the stored energy was in 
the RFQ and in the TI mode 30% was in the RFQ. 
The fact that the ratio of RFQ to manifold 
stored energy for the TI mode is the reciprocal 
of the same ratio for the zero mode is predicted 
by the coupled-circuit model. 

variations on a Manifold 

It is possible to construct a resonantly 
coupled manifold by interposing a resonator 
between the RFQ and the manifold resonator 
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Fig. 15. The RFO ampli tude error versus 
manifold detuning. 
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Fig. 16. Four-resonator model with resonantly 
coupled manifold. 

(Fig. 16). The intermediate oscillator is most 
conveniently a TEM-mode resonator coaxial with 
the RFO and manifold. Coupling between the 
manifold ana coupling resonator is through azi­
muthal slots in the magnetic fiela region of the 
intermediate wall. 

In principle, this "triaxial" manifold 
should lock the average RFO amplituae to the 
outer resonator amplitude in the TI/2 mode. How­
ever, it does not serve to stabi.lize the inter­
nal field distribution of the RFO. In addition, 
there are two serious drawbacks to this scheme: 
fabrication and tuning are more complicated than 
for the relatively simple non resonantly coupled 
man ifolr'!; and the RFQ slots are exci ted and 
could affect the longitudinal field distri­
bution. The cold model was adapted to the tri­
axial configuration, hut test ~esults were 
inconclusive because of a design error in the 
intermediate cavitv. 
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Fig. 17. Four-resonator model with individual 
coupling resonators. 

If each of the coupling slots could be 
replaced by individual resonators (Fig. 17), 
perhaps stabilization of the RFQ internal fields 
could be achieved. An attempt to model t~is 
concept was made using resonant coupling loops. 
Insufficient coupling was obtained with these 
loops for proper mode separation. 

Conclusions and Opinions 

A simple manifold has been developed that 
permits coupling rf power to the RFO without 
seriously perturbing the field distribution. 
Resonantly coupled manifolds could provide 
better performance at the expense of increased 
complexity. It is not known if the improved 
performance would really be useful wit~ a 
practical RFQ structure. 

An extension of the coupled-circuit model 
to inclu~e distributed circuits has proved use­
ful in obtaining a qualitative understanding of 
the RFQ structure. Further understanding could 
be developed through computer simulations based 
on this model. 
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