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Electromagnetic Field Measurements on

a Millimeter Wave Linear Accelerator
Paul J. Matthews, Timothy Berenc, Frank Schoenfeld, Alan D. Feinerman, Member, IEEE,

Yoon W. Kang, Member, IEEE, and Robert Kustom

Abstract-Perturbational field strength measurements suitable
for use on a proposed 120-GHz 50-MeV electron linear accel-
erator are described. The measurements are used to determine
the R/Q of the device, where R is the shunt impedance. The
perturbation is achieved by the use of hollow metallic cylinders
with dhuneters ranging from 25 to 127 pm which are approxi-
mately 500 pm long. The cylinders were fabricated by sputtering

aluminum through a shadow mask onto sitica optical fibers as well

as nylon surgical thread. The perturbational ‘form factors” for

such a geometry are experimentally determined using a pillbox

cavity. The measured values for the form factors are compared to

theoretical estimations, which result in simple analytical expres-

sions. The measured form factors are also compared to values

ealcntated from a finite dMference model of the perturbing object.
The R/Q for various accelerating modes is measured on a 12-
GHz model of the 120-GHz structure. Restdta are compared to
predictions from a finite difference model of the accelerating

structure.

I. INTRODUCTION

A LINEAR accelerator is essentially a series of coupled

cavities which form a slow wave structure to match the

phase velocity of the accelerating mode to the velocity of the

particle beam. For efficient operation, an iris loaded cylindrical

waveguide geometry is normally employed. The frequency

of operation for typical linear accelerators is on the order

of a few hundred megahertz, since readily available power

sources exist at these frequencies. However, higher frequency

linear accelerators have certain distinct advantages such as a

relaxation in the power requirements and an increase in the

maximum attainable field gradient [ 1]–[3]. Recent research

in the field has focused on the fabrication of compact, high-

frequency linear accelerators.

Work is currently underway at the Advanced Photon Source

(APS) at Argonne National Laboratory to develop a mil-

limeter wave, 50-MeV electron linear accelerator system [1].

Work is also proceeding on the development of a miniature

electromagnetic or microwave undtdator. The combination of

the two systems would enable the production of a relatively

inexpensive, compact, tunable source of coherent synchrotrons
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radiation. Such a system would be extremely useful for various

diagnostic and medical purposes.

The proposed millimeter wave electron linear accelerator is

designed to operate at 120 GHz. Nominal cavity dimensions

are on the order of 1 mm or less with dimensional tolerances

of better than 0.1 Yo. Additionally, a device flatness of 1–2 pm

per 7 cm and a surface smoothness of better than 0.1 flm are

required. Such dimensions and constraints make device fab-

rication difficult or impossible using conventional techniques.

The only fabrication technique currently capable of meeting all

of the structural requirements is the so-called LIGA technique

developed at the Karlsr-uhe Nuclear Resemch Center [4]. LIGA

is a German acronym describing the essential fabrication steps

in the process—lithography using synchrotrons radiation, elec-

troplating, and injection molding (in German: Lithographie,

Galvanoformung, Abformung). The use of highly collimated

synchrotrons radiation enables the LIGA technique to produce

extremely accurate patterns in thick resist layers.

In order to make use of the LIGA fabrication technique,

the proposed linear accelerator design was modified, which

resulted in a double-sided planar “muffin-tin” structure shown

schematically in Fig. 1, The device is a constant impedance

structure designed for 2m/3 traveling wave operation at 120

GHz. Typical cavity dimensions are given in Table I. Be-

sides allowing for fabrication using the LIGA technique, the

planarized design also allows for efficient cooling, provides

natural vacuum pumping ports, and allows higher-order mode

damping through the side openings.

The effectiveness of an accelerating structure can be de-

scribed by a few figures of merit. One such figure of merit is

the resonant shunt impedance R, which relates the accelerating

voltage seen by the particles to the power lost in the structure.

The ratio of the shunt impedance to the quality factor, R/Q,
is especially useful to compare different accelerator designs

since it is loss independent.

For most accelerating structures, the value R/Q is difficult

to determine analytically. Typically, numerical methods such

as three-dimensional electromagnetic finite difference codes

are used to determine the theoretical R/Q of a structure.

Experimental determination of R/Q is usually accomplished

using a variation of the perturbation technique originally

developed by Maier and Slater [5] to measure the accelerating

electromagnetic fields. In this technique, the frequency of a

closed resonant cavity perturbed by a small object is related

to the local electric and magnetic fields at the position of

the perturbation. The relation between the resonant frequency
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Fig. 1. Schematic view of the proposed millimeter wave linear accelerator.

TABLE I

DIMENSIONSOFTHE PROPOSED120-GHz LINEAR ACCELERATORSHOWNIN FIG. 1

F=l=i
Parameter Dimension (pm)

300
; 900
w 1800

g 633
t 200

d 800

and the local fields is affected by the size and shape of

the perturbing object through the so-called “form-factor.” In

principle, the perturbing object may be of any shape and may

be metallic’ or dielectric. However, the form factors can be

determined analytically only for a few very simple shapes.

For conventional accelerating structures, the perturbing ob-

ject is usually a small metallic sphere or needle suspended on

a thin nylon thread along the particle beam path. The thread

should be small enough so that it introduces no noticeable

perturbation of its own. The size of the perturbing object or
“bead” is chosen such that the perturbation is easily measured

but can still be considered a perturbation. Typically, a needle

or spheroid with a diameter of N A/500 and a length of

% A/50 is used. Since the desired operating frequency of

our proposed accelerator is 120 GHz, the measurement of the

R/Q using conventional perturbing objects is difficult. This

paper describes a perturbation technique for performing R/Q
measurements on the proposed millimeter wave structure. The

perturbing objects are optical fibers and thin nylon threads

coated with an aluminum film to form a hollow cylinder with

a given diameter and length. The major difficulty with such

an approach is evaluating the perturbational form factors for

such a geometry.

The general theory of perturbational field strength measure-

ments is presented in Section II. In Section III the fabrication

of the novel perturbing bead is described. Section IV dis-

cusses measurements and several theoretical predictions for

the perturbational form factors of the bead. In Section V,

measurements of the R/Q for various accelerating modes of

a 12-GHz scale model of the structure are described. Finally,

conclusions are given.

II. PERTURBATION THEORY

Perturbational field strength measurement techniques orig-

inated with the work by Maier and Slater [5], in which they

theoretically derived formulas which related the frequency of

a closed resonant cavity to the local fields at the position of

a small perturbing object. Formulas were derived for the case

of a spheroidal bead made of a conducting material. To derive

their formulas, classical solutions were used to obtain the fields

as perturbed by spheroidal shells of sufficient thinness such

that perturbation theory is valid. Successive applications of this

approach to perturbation theory then built up a solid spheroidal

bead of sufficient size.

This approach can be generalized to beads of arbitrary

ellipsoidal shapes and of arbitrary dielectric material. The

fundamental perturbation relation is expressed by [6], [7]

Af

fo =
&/’’v(EoP+ZZ(J AI)(W—— (1)

where f. is the unperturbed resonant frequency, Af = f. – f,
U is the energy stored in the cavity, E. and Ho are the

unperturbed electric and magnetic fields of the cavity, and P

and M are the induced electric and magnetic polarizations. The

integration is taken over the volume of the perturbing object.

If the perturbing object’s dimensions are small compared to

a wavelength, then equation (1) may be written as

Aff_3AV

fo -
~[dFdE,,12 +F21EL12)

- ;(WHIII’ + F~lHL12)] (2)

where Ell (El) and Hll (HL ) are the electric and magnetic

fields parallel (perpendicular) to the perturbing object axis,

and Fi are the perturbational form factors which depend on
the material, size, and shape of the perturbing object. Equation

(2) is similar in form to the perturbation formula used in [8].

The form factors are easily determined only for a small class

of simple shapes. For instance, a metallic sphere exhibits no

directional preference and thus the form factors for a metallic

sphere are all equal (Fi = 1) [5]. The form factors for a

general metallic spheroid can also be readily determined and

are given by [7]

1
F1=—

3LII

1
F2=—

3L1
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F3 =
2

3 – 3LII

F4 =
2

3 – 3L1
(3)

where Lll and LL are the depolarization factors [9] for the

directions parallel and perpendicular to the perturbing object

axis.

For a prolate spheroid, the depolarization factors are given

by

[

l–e2 1
Lll = ~ ~ln~–e 1

[

l–e2 2
Ll=T

G@% 1
d a2

e=
l–~ (4)

where 1 and a are the axes of the spheroid, 1 is along the

parallel field axis (beam axis), and 1> a. The depolarization

factors for an oblate spheroid are given by

Lll = *[e - arctan e]

l+e2
LL=—

8e3
[

arctane - ~$j-ejj]

(5)

where 1 < a.

In accelerating structures, one is concerned with measuring

the R/Q of the accelerating mode along the beam path. The

transit time corrected shunt impedance R is defined as [10]

where E. is the field along the beam path, P is the power

dissipated in the walls of the structure, and v is the velocity

of the particles. The quantity in the numerator is simply the

square of the voltage gain of the particle after traversing the

accelerator. The R/Q of the structure can then be expressed as

where use was made of Euler’s law and k = W.ZIV.

In accelerating structures, one is normally concerned only

with modes which have only an electric field component

parallel to the beam (E. ) along the beam path and no magnetic

fields. Solving (2) for E= (Ell ), with all other fields equal to

zero, and substituting into (7) gives

where .fO is the resonant frequency of the mode. The mea-

surement of the R/Q of the structure is reduced to a simple

Dielectric
Metal

Gap

1

Fig. 2. Tbe fabrication fixture.

measurement of the frequency shift of the accelerating mode

resonance due to the presence of the perturbing object at each

point along the particle beam path. It should be noted that (2)

allows one to determine the square of the magnitude of the

fields only. Thus, there is an uncertainty in the determination

of the sign of the square root in (8) which is usually handled

through previous knowledge of the expected field distribution.

III. FABRICATION

The microfabrication of a submillimeter hollow cylinder

presents an interesting challenge since most of the processes

and tools for fabrication on this scale are normally used

with planar substrates. After some experimentation, a suitable

technique was discovered. The technique involves depositing

a metal film on a dielectric rod which has been masked to

define the cylinder length. This was accomplished with the use

of a specially designed fixture shown in Fig. 2. The dielectric

rod is threaded through two coaxial copper tubes. The ends

of the tubes on either side of the gap have 150-pm orifices

to prevent metal from depositing anywhere on the rod except

within the gap. The size of the gap can be adjusted to vary

the bead length, The bead inner diameter is determined by the

dielectric outer diameter.

Initially, beads were fabricated on silica single mode optical

fibers. Optical fiber was chosen for its small, uniform (typically

O.I%/km) diameter [11]. The silica fibers were found to be

quite fragile once the polymer buffer layer was removed to

expose the 80-~m fiber. Nylon thread was then used since it

is more flexible and commercially available with diameters

ranging from 25 to 127 ~m.

In order to achieve complete coverage of the metal film

around the dielectic rod, the entire fixture was rotated 90°

about an axis parallel to the thread between each of four

depositions. The distance between the target and the thread

varied from 10 to 15 cm, depending upon the position of

the fixture since the rotation and thread axis were offset.

The sputtering rate was measured and the deposition at each

position would have resulted in a 0.6-Mm-thick film on a

flat substrate 10 cm from the target. The bead thickness was

estimated to range from 0.3 to 0.7 ~m, assuming that the target
is an extended source of aluminum atoms. This nonuniformity y

around the bead circumference is due to the target to thread

distance variation and the variation in the angle between

the incident atoms and the normal to the bead surface. The

aluminum was sputtered in an argon atmosphere at a pressure

of 1.5 x 10–3 Torr, giving a mean free path of the aluminum
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atoms of N 5 cm. The scattering at this pressure should not

significantly change these estimates.

IV. FORM FACTOR CALIBRATION TECHNIQUES

Accurate R/Q measurements require a precise knowledge

of the form factors of the perturbing object. Unless the object

is a spheroid, simple analytical expressions for the form

factors do not exist. This is the major difficulty associated

with using the cylindrical bead described in the previous

section. The form factors may be determined using a variety

of methods which are described in this section. The results

will be compared at the end of the section.

A crude approximation for the form factors maybe obtained

by considering the hollow, metallic cylinder which has a given

length 2/, and diameter 2a, to be a spheroid of major axis 1, and

minor axis a. By making this approximation, one can use the

formula of (4)–(6) to estimate the form factors for a hollow,

metallic cylinder. Due to the differences in geometry between

cylinders and spheroids, this approach is very inaccurate for

aspect ratios, l/a, near one and would converge to the correct

solution for very large aspect ratios.

The problem of the perturbation due to an infinitely thin

hollow cylinder was solved in [12] and [13]. The problem is

described by a Fredholm integral equation of the first kind,

which is then transformed into an infinite system of linear

equations using the method of moments. The infinite linear

system is solved by truncating to a reasonable number of

equations and unknowns (one), and extrapolating the results

to an infinite system by assuming a polynomial dependence

on the number of equations. The following simple analytical

expression was arrived at for the first form factor of a hollow,

metallic cylinder:

~’”:(32’q(3+@F-1 “)
where 21 and 2a are the length and diameter of the cylinder.

Similar to the spheroidal approximation, equation (9) is accu-

rate for l/a + O or l/a ~ m. The error is claimed to be less

than +9% for 0.68 < lla < 18.3.

The form factors may also be found using numerical meth-

ods. If our perturbing cylinder is situated in an electric field

parallel to the cylinder axis with no magnetic field, then (2)

may be solved for the first form factor.

Af w
‘1 = -~ 3AV.,IE,, /’ “

(lo)

If the frequency shift due to the perturbation can be computed,

then the first form factor may be calculated. This is accom-

plished by calculating the resonant frequencies of a closed

cavity with and without a perturbing hollow, metallic cylinder

using a finite difference technique.

A standard pillbox cavity was modeled since the modal

fields are readily calculable. The TMOIO mode closely resem-

bles the desired accelerating modes of the proposed structure

and has only a longitudinal electric field on axis. The electric

TABLE 11

THE FORM FACTOR F1 CALCULATED USING URMEL. A 40-pm
DIAMETER HOLLOW CYLINDER WAS USED AS THE PERTURBATION

I=la
Aspect Ratio FI

1.25 1.72

2.50 3.26

3.75 5.03

5.00 6.95

6.25 9.19

Ha
7.50 11.61

8.75 14.31

10.00 17.15

11.25 20.20

12.50 23.47

Baa
field of the TMolo mode is given by

()
E& = EOJO pol ; (11)

where -E. is the peak field, Jo is a zero-order Bessel function

of the first kind, pol is the first root of the Bessel function, a is

the radius of the cavity, and r is the distance from the cavity

axis. The total energy stored in the TMolo mode is given by

Equation (12) may be substituted into (10) to give

Aj 2V~;(po1)
F1 = –—

fo 3AV
(13)

where the cavity and perturbing bead axis are aligned such

that E, = Ell.
A pillbox cavity with a 9-mm radius and a 6-mm length

was modeled using the URMEL [14] finite difference code.

URMEL is capable of modeling cylindrically symmetric struc-

tures in the time and frequency domains. A suitable mesh was

chosen, and the unperturbed resonant frequency of the TMO 10

mode of the cavity was calculated, The resonant frequency

was then calculated for the case of a perturbing metallic

cylinder on the cavity axis. The results were substituted into

(13) to arrive at the form factor. Various aspect ratios for

the perturbing cylinder were chosen. Both hollow and solid

perturbing cylinders were investigated. Results are given in

Table II.
It was discovered that the hollow cylinder resulted in a form

factor slightly smaller than a solid cylinder due to penetration

of the field into the TM waveguide modes of the cylinder.

This results in an effective shortening of the length of the

cylinder. The length was decreased by the distance over which

the fields of the TMol mode of the waveguide were down

by approximately 20%. The result is negligible (< 2%) for

beads with a diameter of 100 ~m and an aspect ratio greater

than 3. The difference will obviously decrease for smaller

diameter cylinders which have TMol modes ftier from

cutoff. However, for any given cylinder geometry, the results

of the numerical simulation are expected to be very good. The

results will be discussed at the end of the section.
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TABLE III

THE FORM FACTOR FI MEASURED USING COPPER

TUBING AND A 348-MHz ALUMENLJMPILLBOX CAVITY

E=3=l
Aspect Ratio F1

2.98 3.43 * 0.02
3.23 3.75 + 0.04
4.00 4.76 + 0,02
4.96 6.40 + 0.05
5.85 8.00 * 0.05

11.06 I 18,86+ 0.14

12.09 ] 21.49* 0.11

I 12.76 I 22.87* 0.45

The form factors may also be calibrated by measuring them

in a cavity with a known or calculable field distribution.

This approach is similar to the numerical simulation discussed

above except that the frequency difference is dkectly measured

in a test cavity. Again, a pillbox cavity is used along with

(13). The pillbox used was a 348-MHz aluminum cavity

66.0 cm in diameter and 37.5 cm long with an unloaded Q

of approximately 24000. This cavity was used since it was

more stable thermally and vibrationally than higher frequency

cavities. The perturbing beads were simulated by using 1.19-

to 2.74-mm-diarneter copper tube cut to various lengths and

suspended on a 1-mm-diameter nylon thread. These beads

were easy to fabricate and simulated rather well the beads

used at higher frequencies.

The change in resonant frequency can be measured either

directly by measuring the perturbed resonant frequency at each

position of the perturbing object along the cavity axis, or

indirectly by measuring the phase of a transmitted signal at fo.

A discussion of the merits of the two methods can be found

in [6], [13], [12] and various other sources. If the phase is set

equal to zero at the unperturbed resonant frequency and the

frequency shift is small (<450), then the perturbed frequency

is given by

(14)

where @ is the phase of the transmitted signal and QL is

the loaded Q of the cavity. The indirect phase technique

using a network analyzer was used for all measurements since

it is inherently faster and thus reduces temperature induced

frequency drift. Results for various aspect ratios are listed in

Table III. The listed error is the standard deviation of four

measurements.

Some sources of error in the measurement include accuracy

in determining the unperturbed resonant frequency, accuracy in

the phase measurement, perturbations due to the nylon thread,
thermal drift of the cavity resonance, field distortion due to the

perturbation measurement port openings, and accuracy in de-

termining the loaded Q of the cavity. Experimentation showed

that the unperturbed resonant frequency could be determined

to about +300 Hz over the time of the measurement which

has a negligible effect on measurement accuracy. The phase

:=

. Spheroidal Approximation ..””

---------- Moment Method Results ,j” .,”

0 5 10 15 20
Aspect Ratia, (Length/Diameter)

Fig. 3. A comparison of the vurious techniques to determine F1.

change could be measured to an accuracy of approximately

1%. Errors due to misalignment to the center of the cavity are

minimized by the use of such a large cavity.

The cavity resonant frequency was not noticeably changed

by the introduction of a bare nylon thread. Thermal drift was

minimized by shielding the measurement area with a thick

vinyl hood and keeping measurement time to about 10 minutes.

Steady temperature drifts could be compensated by postpro-

cessing the data. ,Field distortions due to the measurement port

openings were minimized by calculating the phase change

only over the central region of the cavity. Using averaging

techniques, the loaded Q of the cavity could be determined to

about +2Y0. Given all of the errors involved, the accuracy of

the measurement technique is estimated to be approximately

5%.

The four techniques for calculation of the form factor of a

hollow, metallic cylinder are compared graphically in Fig. 3.

The experimental results are fit to a second-order polynomial

given by

()
2

F1 = 0.0615 ; + 1.041j – 0.267 (15)

where a least squares method was used. The percent deviation

of (15) from the measured data is shown in Fig. 4. The

deviation of the various approximations from (15) is plotted

in Fig. 5. Aspect ratios below approximately 3 are probably

not valid since the extrapolation of (15) to these values

is questionable. Examination of the results shows that the

spheroidal approximation is too low over the range 3 <

Z/a <10, and too high for aspect ratios greater than 10. The

deviation lies within about +10% of the measured values. The

URMEL results, which are expected to be very accurate., are

approximately 5 ‘%0higher than the measured results but seem

to improve with increasing aspect ratio. The approximation

of equation (9) gives results that are generally lower than

the measured form factor by about 10% for all aspect ratios.

Given tlis comparison, it appears that the form factors should
be measured for the precise determination of the R/Q of a

structure.

V. MEASUREMENTS

Measurements of device R/Q were performed on a 12-

GHz copper scale model of the proposed device. Since R/Q
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Fig. 4. The percent deviation of the polynomial fit to the measured data.
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!, . . . . Spheroidal Approximation

!,

20 I ‘,
.---- URMEL Cylindrical Bead

\\ . . . . . Moment’ Method Results!.
1, .
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,, ‘, ,.....-’
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10 ““”-’’”””

-20~
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Aspect Ratio, (Length/Diometer)

Fig. 5. The percent deviation of the various theoretical methods of deter-
mining F1 from the measured data.

is loss independent and scales directly with frequency, the

results at 12 GHz are applicable to the actual 120-GHz

wave device. A frequency of 12 GHz was chosen so that

many of the difficulties which will arise at 120 GHz will be

encountered. Each half of the 12-GHz model was fabricated by

machining the cavities through a 6-mm copper plate and then

soft soldering the plate to a copper substrate. The gap between

the halves was maintained using spacers. The traveling wave

structure was then transformed into a resonant cavity by

introducing shorting planes within the device. For accelerating

modes, the shorting planes should reside at the center of each

cavity. Since we are interested in the 2m/3 mode (1 20° phase

shift per cell) which has a characteristic guide wavelength

equal to three cells, the total number of cells enclosed by the

shorting planes should be a multiple of three.

The shorting planes were designed with a 0.508-mm aper-

ture on the beam axis to allow the perturbing cylinder and

fiber to be pulled through the cavity. The resulting resonant

structure was excited through two coaxial electric field probes

located in the shorting planes 6.35 mm from the beam axis.

The probes had an outer diameter of 1.194 mm. The inner and

outer conductor radii are 0.152 and 0.508 mm, respectively.
The probe size and position were carefully chosen to minimize

distortions to the mode. Additionally, the shorting planes must

be positioned precisely at the center of the cell in order to

properly excite the correct mode and avoid field distortions.

Cylindrical aluminum beads were fabricated using the tech-

niques described in Section III. Nylon lines ranging from 25

TABLE IV

MEASURED FORM FACTORSFORTHE BEADS USED ON THE 12-GHz MODEL

[ I I Predicted F, 1
Diameter (pm) Length (pm) Measured FI (Equation l;)

25 514 I 46.07 I 45.98,
51 521 16.42 16.88

80 510 9,16 8.87
102 531 7.62 6.82

127 577 5.07 5.73

to 127 #m in diameter and 80-~m-diameter optical fiber were

used. Bead lengths ranged from approximately 400 to 600 &m.

To ensure accuracy in the final results, the form factors

were measured as in Section IV using a 12-GHz copper

pillbox cavity. Care was taken to thermally stabilize the cavity

during the measurements. The fibers were held by optical

fiber chucks and positioned using O.l-~m-resolution manual

micropositioners. A stepping motor with a 0.1 pm minimum

step size was used to pull the bead through the cavity. The

measurement technique is identical to the one described in

the previous section. Again, the indirect phase measurement

method of (14) was used to calculate the frequency change.

Due to the fabrication methods used on the 12-GHz pillbox

cavity, the field for the TMOIO was not uniform across the

cavity but gradually decreased from one end to the other. This

resulted in a 107o phase variation. The measured form factors

were calculated by using the average phase across the cavity.

The results are shown in Table IV. Table IV also compares

the results to equation (15) which was obtained from beads

measured on the more stable 343 MHz cavity. The 25- and

5 l-~m-diameter beads were fabricated on surgical thread and

closely match the results of equation (15). The 102- and 127-

pm-diameter beads were fabricated on nylon lines and show

much more variation than equation (15). This may be due to

variations in the uniformity of the dielectric constant of the

nylon lines or to the larger diameter of the line.

Measurements were taken on the 12-GHz linear accelerator

model using the measured form factors from Table IV. The

beads were positioned and measurements taken as described

above. As previously mentioned, the number of cells measured

should be a multiple of three. The number of cells chosen

has some effect on the results. If too few cells are chosen,

the field distortions due to the shorting planes can be large.

However, if too many cells are used, the number of allowed

modes increases and the mode spacing is decreased. Also, a

large number of cells leads to a larger stored energy which

decreases the measured signal allowing noise to affect the

results.

The results of the measurements are shown in Table V.

A typical measurement on nine cells is shown in Fig. 6. As

expected, measurements on only three cells gives a slightly

lower value for R/Q due to the perturbations of the shorting
planes. One can see this effect by noticing the decrease in

phase change for the end cells in Fig. 6. As the number of

cells is increased, the effect of the shorting planes is reduced

and the measured R/Q approaches the true measured value.

This value is approximately 8.1 k$llm, which is 45~0 lower

than the theoretical result.
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TABLE V

RSSULTS OF THE R/Q MEASUREMENTS

R3=EiEl
Number of Cells R/Q (kt2/m) Percent Difference

12 8.363 -42%

15 7.861 -46%

18 8.271 -43%

Theoretical 14.45 —

2.0

1.5

1.0

0.5

0.0

-0.5 ~

o 2 4 6 8 10
Position (cm)

Fig. 6. Perturbation measurement results of the 2rr/3 mode for nine cells
of the 12-GHzmodel.

TABLE VI
ACTUAL DIMENSIONS OF THE 12-GHz SCALE MODEL

Dimension Design Average Standard Deviation Low High
w (mm) 18.00 18.03 0.029 17.98 18.08
g (mm) 6.33 6.40 0.0196 6.38 6.48
t {mm) 2.00 1.90 0.0069 1.91 1.89
a ~mmj 6.00 6.00 0.0078 5.99 6.01

The large reduction from the theoretically predicted result

can be traced to several factors. One factor is the uniformity

and precision of the machined cavities. In general, geometrical

tolerances for a normal linear accelerator must be maintained

to approximately 1 part in 1000. Even with these tolerances, a

typical linear accelerator must be mechanically tuned, section

by section. Table VI shows the measured dimensions of the

test structure. Tolerances are acceptable for the most part,

but worse than 1:1000. Additionally, the two halves of the

structure were difficult to align properly and may have been

skewed with respect to one another. Even a slight skew

between the two halves of the structure would result in a large

reduction in the measured R/Q. The machined scale model

made no provisions for the precise alignment of the halves.
Also, no mechanical tuning is possible with this structure.

In order to do away with the need for mechanical tuning,

the device mechanical tolerances should approach 1:5000 to

1:10000. These problems can significantly degrade the R/Q
of a structure. The actual 120-GHz device will most likely

have significantly better tolerances and will not need tuning

as a result of the fabrication methods being employed [1].

A second factor, which is again related to the mechanical

tolerances and fabrication of the test structure, is the presence

of various structural deformities in the cavities. As mentioned

earlier, each half of the device was fabricated by soft soldering

two pieces. The soldering procedure left behind small nonuni-

formities and “bumps” at the interface between the two pieces.

These perturbations can severely affect the R/Q, and are not

reflected in the mechanical tolerance measurements.

Another source of error, mentioned previously, was the

presence of the shorting planes which contained apertures to

pass the bead and hold the input excitation probes. Apertures

of various sizes were used, and the size of these apertures

was observed to have a direct effect on the measured R/Q.
The probes used were the smallest commercially available

coaxial lines. The bead aperture was made as small as was

feasible for the threads used. The data of Table V do not

indicate that measuring longer structures appreciably decreases

the measured effect of the shorting planes. This is most likely

due to the increased effect of the mechanical nonuniformities

and defects in the structure which are more apparent for a

larger number of cavities.

At 120 GHz, the shorting plane and excitation problems will

be much more severe. Shorting planes machined as separate

pieces and inserted into the device will not be practical. An

alternative approach would be to design a resonant micro-

machined structure for testing purposes which is identical

to the desired traveling structure. The two structures can be

fabricated during a single micromachining run so that they

have similar mechanical tolerances. The aperture for the bead

as well as the bead can be scaled appropriately. Special optical

fibers with diameters of 5–10 ~m can be used. Also, coaxial

probes cannot be used at 120 GHz, and alternative excitation

techniques such as evanescent wave side coupling must be

employed.

The nonuniformities in the bead film thickness described

earlier can also affect the results especially if the bead has a

different rotational position between the form factor calibration

measurement and the actual device measurement. Finally, en-

vironmental factors such as temperature can affect the results.

Most measurements displayed a steady temperature drift which

could be compensated. However, properly insulating the setup

from temperature and vibrational effects should improve the

results.

VI. CONCLUSION

A perturbational technique was investigated for use in

measuring the electric field distribution in high-frequency

linear accelerators currently under development. The perturb-

ing object was a hollow aluminum cylinder fabricated on

small-diameter nylon threads and glass optical fibers. A novel

masking and sputtering technique was utilized for fabrication
of the perturbing bead. The perturbational form factors for the

fabricated beads were calculated theoretically using several

techniques. The computed form factors were then compared

to measured values. The form factors were measured in a 348-

MHz aluminum pillbox cavity using copper tubing of various

diameters and lengths to simulate the miniature beads.
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The perturbational technique was then used to calculate the

R/Q of a 12-GHz model of a proposed millimeter wave linear

accelerator. The device was designed for 2T/3 mode traveling

wave operation. Cylinders with diameters from 25 to 127 pm

and lengths of =500 pm were used as the perturbing objects.

The measured R/Q for the 21r/3 mode was 8.1 kfllm, which

is about 45 ‘XOless than theoretically predicted. The difference

was mainly attributed to imperfections in the fabrication and

alignment of the scale model. The technique appears feasible

for use at the actual device operating frequency of 120

GHz.
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