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Abstract

Field strength measurements for the determination of the
R/Q of a mm-wave, 50-MeV electron linear accelerator us-
ing perturbational techniques are described. The pertur-
bation is achieved using optical fibers coated with a thin
metallic film to form a hollow cylinder. The perturbational
‘form factors’ for such a geometry are approximated using
several simple analytical expressions which are compared
to a finite difference calculation as well as experimental
results on a known cavity.

1 INTRODUCTION

Work is currently underway at the Advanced Photon
Source (APS) at Argonne to develop a mm-wave, 50-MeV
electron linear accelerator system [1]. Such a system can
be used with a micro-undulator for the production of co-
herent, tunable wavelength synchrotron radiation. The
proposed mm-wave electron linear accelerator is a double-
sided, planar, muffin-tin structure. The structure under
consideration is designed for 2 x/3 traveling wave opera-
tion at 120 GHz and is shown in Figure 1.

One important measure of the effectiveness of any ac-
celerating scheme is the shunt impedance divided by the
quality factor, R/Q. The value of R/Q is difficult to de-
termine for more complex resonators such as the one un-
der consideration here. Numerical simulation using three-
dimensional computer codes such as MAFIA enable one
to calculate R/Q. Experimental determination of R/Q is
usually carried out using a perturbation technique to mea-
sure the accelerating electromagnetic fields. This is accom-
plished by measuring the resonant frequency shift of the
cavity as a function of the position of a perturbing object
in the cavity. The perturbing object may be dielectric or
metallic and is usually a sphere, needle, or disk. Due to
the size of the device at the operating frequency of 120
GHz, the measurement of the electromagnetic fields using
conventional perturbating objects is difficult.

This paper describes field pattern measurements on the
proposed mm-wave structure. The perturbing objects are
optical fibers coated with an aluminum film to form a hol-
low cylinder with a given length. The major difficulty with
such an approach is to evaluate the perturbational ‘form
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Figure 1: The 120-GHz double-sided muffin-tin structure.

factors’ for such a geometry. Several analytical approxima-
tions are used to evaluate the form factors. These results
are compared to a finite difference simulation using the
URMEL code. Also, these theoretically determined form
factors are compared to experimental values determined
from measuring a known cavity.

2 GENERAL THEORY

The frequency shift of a resonant cavity due to the presence
of a perturbing object was first formulated by Maier and
Slater [2]. This frequency shift may be expressed as
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Figure 2: The optical fiber bead.

where . fo is the unperturbed resonant frequency, Af =
fo— f, AV is the volume of the perturbing object, U is
the stored energy of the cavity, E|| (EL)and Iiu (Hy) are
the electric and magnetic fields parallel (perpendicular) to
the perturbing object axis, and the F; are the perturbation
form factors which depend on the material, size, and shape
of the perturbing object (bead).

In principle, the bead may be of any size or shape and
may be metallic or dielectric. However, the form fac-
tors can be exactly determined only for simple geometrical
shapes. The form factors for general ellipsoids of revolu-
tion have been determined in [2]. Typically, conducting
spheres, needles, and disks are used.

3 OPTICAL FIBER BEAD

For the formula in Eq. 1 to be valid, the perturbing ob-
ject must be a small fraction of a wavelength. Typical
sphere or needle dimensions which give good results are
on the order of 1/50 A or smaller. This corresponds to a
50um diameter sphere for the proposed 120-GHz acceler-
ating structure. Due to the difficulty in fabricating such an
object, alternative perturbing objects were investigated.
The perturbing object used was an optical fiber coated
with a thin conducting coating to form a hollow cylinder as
shown in Figure 2. The cylinder was formed by masking
the fiber with a hollow capillary tube and sputtering an
aluminum film onto the fiber through a slot cut into the
capillary. This method gives one precise control over the
dimensions and shape of the perturbing object.

4 FORM FACTORS
4.1 Analytical Approximations

A crude approximation for the form factor of a hollow
cylinder may be obtained by approximating the cylinder
with an ellipsoid having the same length and diameter of
the cylinder. Making this approximation allows one to use
the exact analytical results in [2].

The perturbation due to an infinitely thin hollow cylin-
der was solved in [3] by the method of moments. The
infinite linear system was solved by truncating it to a rea-
sonable number of unknowns and extrapolating the results
to an infinite system by assuming a polynomial dependence
on the number of unknowns. The following simple expres-
sion was used to approximate the form factor
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where [ and a are the length and diameter of the cylinder.
This expression should be very accurate for small and large
aspect ratios (defined as {/a).

4.2 Numerical Approximations

The form factors for a cylinder of finite length may also be
found using numerical techniques. Due to the cylindrical
symmetry of the problem, the URMEL code was used to
calculate the frequency shift of the TMp1g mode of a pill-
box cavity due to beads of various sizes on the cavity axis.
The form factor, Fy, is then given by

Af 4J%(po1) V
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where J; is a Bessel function of the first kind and V is the
volume of the cavity. It was assumed that the magnetic
fields and perpendicular electric fields were negligible.

F1=

4.3

In principle, the form factor for any shape bead may be
determined by measuring the change in frequency due to
the bead in a known cavity. The form factor may then
be determined from equation 1. This approach was used
to measure the form factors of various hollow cylindrical
beads. The fundamental TMgig mode of a 352-MHz pill-
box cavity was used to determine the frequency shift. Care
was taken to isolate the cavity from vibrations and temper-
ature variations. A network analyzer monitored the phase
of the transmitted signal at the resonant frequency as the
bead was pulled through the cavity. The change in phase
was related to the frequency shift of the cavity by

Aw tanA¢
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Measured Form Factors

where @Q; is the loaded Q of the cavity.

4.4 Form Factor Results

The various methods for determining the form factors for
the proposed optical fiber bead were compared. Measured
results were compared to both the analytical expressions
and the numerical simulations. For ease of measurement,
the optical fiber bead was simulated using small diameter
(= 1 to 3 mm) copper tubing on a 0.4mm nylon thread.
This would be equivalent to a bead 30 to 90 ym in diam-
eter at 120 GHz. The results are shown in Table 1. The
URMEL results do not have the same aspect ratios as the
measured beads due to mesh limitations. The errors in the
measured results are the standard deviation of five sepa-
rate measurements on the same bead. Some of the results
are plotted in Figure 3.

As one would expect, the crude ellipsoidal approxima-
tion does not accurately predict the form factors. The
results calculated from Eq. 2 are consistently smaller (=
4 to 9 %) than the measured results. This is consistent
with the expected errors given in [3] for this range of as-
pect ratios. The URMEL simulations appear to be quite
accurate (within & 5 %) but are consistently higher. This
discrepancy may be due to the fact that solid cylindrical
beads were used in the URMEL simulations. Simulating
hollow cylindrical beads tends to slightly decrease the form
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Table 1: Form factor measurements and calculations.

Aspect Measured Results | Elhpsoidal | URMEL
Ratio Results of (3] Approx. | Results
1.25 - 2.65 1.21 3.43
2.50 - 5.46 2.47 6.52
2.98 | 6.80 £+ 0.04 6.62 3.04 -
3.23 | 7.50 £ 0.07 7.24 3.36 -
3.75 - 8.57 4.06 10.06
4.00 | 9.51 £ 0.04 9.23 4.42 -
4.96 | 12.80 X 0.09 11.91 5.91 -
5.00 - 12.03 5.97 13.89
5.85 | 16.00 £ 0.10 14.59 7.44 -
6.25 - 15.86 8.17 18.39
7.00 | 20.23 £ 0.12 18.35 9.63 -
7.50 - 20.09 10.66 23.21
8.00 | 24.07 £ 0.11 21.89 11.73 -
8.96 | 27.51 £ 0.19 25.51 13.90 -
10.05 | 32.77 £ 0.12 29.90 16.56 -
11.06 | 37.72 £ 0.28 34.22 19.19 -
12.09 | 42.97 £+ 0.22 38.87 22.05 -
12.50 - 40.79 23.23 46.93
12.76 | 45.73 £ 0.89 42.03 24.00 -
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Figure 3: The form factor results.

factor by decreasing the effective length of the bead due
to penetration of the fields in the hollow metallic wave-
guide of the bead. The diameter of the bead gives a very
high cutoff frequency which makes this effect small espe-
cially at higher aspect ratios. It should also be noted that
the URMEL simulations did not include the effect of the
dielectric fiber.

5 SCALE MODEL RESULTS

A hollow cylindrical bead was fabricated on an 80um opti-
cal fiber by sputtering an aluminum film through a shadow
mask. The resultant bead was used to measure the field
patterns on a 12-GHz model of the proposed mm-wave lin-
ear accelerator. The model consisted of five full cells with
two half cells at the ends. A typical phase measurement
(which is proportional to the magnitude of the electric

Lt N
YT Ty
araanaadasias adrssiaicaand

Measured Phase (deg)
N

T T
Las

ot I L ad 1 |

1 2 3 4 5 8
Relative Position {cm)

~

Figure 4: Scale model bead pull results.

field) for the 27/3 mode is shown in Figure 4. The re-
sult is similar to the expected field patterns for this mode.
The discrepancies are mainly due to the large cell-to-cell
dimensional variations in our scale model. The form fac-
tors for the bead could not be determined theoretically due
to imperfections in the fabrication process which resulted
in a bead which was not a cylinder (sputtering coverage
was not 360°) and which had an irregular length. These
fabrication difficulties are currently being solved,

6 CONCLUSIONS

A method for the measurement of the field strength and
R/Q of mm-wave accelerating structures using hollow
cylindrical perturbing objects fabricated on optical fibers
was described. Various techniques for analytically predict-
ing the form factors of such a perturbing object were eval-
uated and compared to experimentally determined form
factors. The feasibility of using such a perturbing object
on high frequency structures was tested by fabricating an
aluminum bead on an 80um optical fiber and using it to
evaluate the field patterns of the accelerating modes in a
12-GHz structure.
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