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Abstract

Waveguide side-wall coupling for RF guns is investigated
both theoretically and experimentally. We model this
aperture-coupling problem by an integral equation which
is solved by the method of moments. The analysis yields
an equivalent circuit representation of the system. Of the
two normal modes of cavity resonance, the m-mode and
0-mode, we show that only the 7-mode is excited. Exper-
imental results show good agreement with theory.

I. INTRODUCTION

Photocathode RF guns are promising high brightness elec-
tron beam sources for free electron lasers and next gen-
eration linear colliders. Among existing systems, the 11
cell RF cavity design with a waveguide-side wall coupling
scheme is most widely used[1,2]. This coupling scheme
has been shown experimentally to successfully excite the
desired 7-mode resonance. However, until now there has
been no solid theoretical understanding of the coupling.
In this paper, we present a theoretical study of the waveg-
uide side-wall coupling. First, we represent this problem
by an integral equation based upon the equivalence princi-
ple. Next, we solve this integral equation by the method of
moments. Then we construct an equivalent circuit repre-
sentation for this problem: a transmission line shunt with
a coupled GLC circuit. This circuit can be solved read-
ily. The experimental data[3] are in good agreement with
theory.

Il THEORY AND CoLD TEST
RESULTS
Consider a 1%—cell RF cavity coupled to a waveguide via

side-wall apertures, as shown in Fig. 1. The aim is to ex-
cite the m-mode resonance for the RF cavity with power
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Figure 11 A 1%—cell RF cavity coupled to a waveguide via
side-wall apertures.

fed through the coupler. It is sufficient, from the equiva-
lence principle, to solve for the unknown tangential electric
field on the aperture (denoted as E®)[4]. The fields else-
where can be uniquely determined by E®. We introduce an
equivalent surface magnetic current M, = E?® x n, where
# is the unit vector normal to the aperture. M, can be
expanded by a linear combination of basis functions M;
(j=1,2,..,N): M, = ¥; V;M;. From the continuity of
the H field on the aperture, one obtains

Y¥ 4+ YUV = T, (1)

with

v //SdsM,- CHYY(M,), (2)
ye / / dsM; - H (M), (3)

—-//SdsM,- CHme, (4)

where H®(M;) denotes the H field generated by M; (for
¢ = wg, cv), H'™® denotes the incident H field, and .S de-
notes the aperture region. The formulation is greatly sim-
plified if, on either side of the aperture, one has a canonical
geometry for which a Green’s function in close form exists.
In our waveguide side-wall coupling problem, the waveg-
uide is a canonical geometry, but the 1%-cell RF cavity is
not. However, it is obvious that the two cells are coupled
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Figure 2: An equivalent circuit for the waveguide side-wall
coupling problem.

to each other primarily via the waveguide rather than via
the circular iris (note that the circular iris is below cutoff,
while the waveguide is not). Therefore, one can adopt the
following steps to solve this problem: (1)Simplify by ignor-
ing the iris and by representing each cell as a pillbox cavity
— a canonical geometry. (2)Solve the simplified problem
by using the moment method and construct an equivalent
circuit representation. (3)Include the effects of the iris by
introducing a reactive junction in the equivalent circuit.

The details of deriving Y¥? and Y$¥ using Green’s func-
tions are given in [B}]. Once Y¥¢ and Y are calcu-
lated, the coeflicients V; can be obtained using Eq. 1.
Then one can obtain the reflection and transmission co-
efficients in the presence of the surface magnetic current
M, =3, V;M; using the Green’s function for the waveg-
uide. Then one can construct an equivalent circuit, as
shown in Fig. 2, which gives the same reflection and trans-
mission coefficient as those in the original problem. The
equivalent circuit elements are

s Im{Y1°}  Im{Y)%}

= Ry T Ry ©
_ Im{Yy’} Im{le }

X2 - (Re{ng R {Yluég )/2Y0) (6)
_ Im{Y}5'}

Xz = 2YoRe{Y57}’ ™
C = wcuR,-2|v(]ie(X01)l2’ (8)
Li = 1/wiC;, (9)
Gi = wC/Q, (10)

—2A2?C;
2 ivi
" pom® RidiYoRe{Y;;?}’ (1)
where R;, d;, w;, and Q; are the radius, length, resonant

frequency, and quality factor of the i-th pillbox cavity,
respectively, Az; is the aperture width for the i-th pill-
box cavity, and Yy is the characteristic admittance of the
waveguide.

From the equivalent circuit, it is obvious that the waveg-
uide must be shorted a quarter wavelength away from the
aperture so as to obtain maximum coupling. In that case,
by using a ¥ — A transformation and transforming the

1y

1'+C> YD% L’% Ci::

Figure 3: An equivalent circuit for the case when the
waveguide is shorted at quarter-wavelength away from the
aperture.

GLC circuits to the other side of the transformer, one ob-
tains the circuit shown in Fig. 3.

We define the variables

\/gv-—k '\/E—"—i-
o Ui J ol

for i = 1,2 such that |a;|?> = stored energy in the i-th cell.
Because one is interested only in the vicinity of resonant
frequencies of both cells, the following approximations can

be used: (1)1 - (X% )2“(l+ L)1-E)=2(l- %) and

(2)a; =4/ % £iV;e?“!, The circuit is readily solved given the
above approximations:

(12)

j(w - w’l) —K a _ bl
[ - j(w—ws)][az]-[bz (1)
where
. [a. ¢
wi ¥ ow cr + Jf@'}{-’ (14)
! ~ CZ . G2
JwCia
= = 16
8 N (16)
—jwCialy
by = , 17
. V/8C (Yo + jwCh) (17)
by = —eieCaly (18)
V8CH(Yo + jwC%)
Ci = Ci+Ciz+Cis, (19)
C; = Cp+ Crz+ G, (20)
C;’; = Cia+ Cos. (21)

It is convenient to normalize frequencies with respect to
the coupling coefficient x: = . Then the eigenvalues
and eigenvectors of this system are

/ / " _ o
0, = SEa Ty (22)
cos@ —sinf
s = [a a']—[sinﬁ cos @ ]’ (23)
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g =

P _ o T _ )
tan_l{_nl =LA 292)2+1}(24)

The eigenmodes a; and a_ are known as the symmetric
(7-) and antisymmetric (0-) mode, respectively. The re-
sponse a is a linear combination of a; and a_: a= Sc =
cray +c_a_ withe= S™!A~!'b. Consider three special

cases: (1)|n—ll-'2'—ﬂ'1| > 1 and Q] > Q5. Here, the two cells

are nondegenerate and the first cell has higher resonant fre-
quency. (2)|@| > 1 and Qf < Q4. Here, the two cells
are nondegenerate alnd the second cell has higher resonant
frequency. (3)[91-5—0—% < 1. Here, two cells are degenerate.
The resonant frequencies Q4, normal modes ay, and co-
efficients cy for these three cases are summarized in Table
1. In general, it is very likely that the cavity will be in
either Case (1) or Case (2) before tuning; in either case
both the 7-mode and 0-mode can be excited. To excite a
pure 7-mode, one must tune the cavity until Case (3) is
reached. Then, if the condition ¢_ o (by — b;) ~ 0 holds,
one can efficiently suppress the 0-mode.

Case (1) Case (2) Case (3)
Q4 Qo Q, USIUAN]
o | o '1 1

Table 1: Eigenmodes and their coefficients for three special
cases.

We use a network analyzer to measure the reflection co-
efficient (S11) for the 17GHz RF gun cavity. In our exper-
iment, the untuned cavity belongs to Case (2). Also, the
two apertures are commensurate in size and, consequently,
by ~ by. Therefore, one observes two distinct resonances
with comparable magnitude, as shown in Fig. 4. After we
tune the first cell to Case (3), only the symmetric (7-)
mode is seen, as shown in Fig. 5. Note that the resonance
of the symmetric mode is upshifted by an amount &, which
is about 16 M Hz in our experiment.

I11. CONCLUSION

We have constructed an equivalent circuit representation
for side-wall coupling in RF guns. We solved the equivalent
circuit and found that, in our coupling scheme, only the
w-mode of the 1%-cell cavity is excited. Cold tests of our
17GHz gun confirm these predictions.
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Figure 4: The reflection coefficient for the untuned cavity.
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Figure 5: The reflection coefficient for the tuned cavity.
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