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Based upon a treatment of the spiral loaded resonant radio frequency cavity as a shorted quarter-wave transmission line,

a model for shunt impedance is developed. The model is applicable to loosely wound spirals in large diameter containers.

Theoretical shunt impedance is given for spirals wound from tubing of circular or rectangular cross section. The former

produces higher shunt impedance. Measurements made at Oak Ridge National Laboratory on 17 copper cavities are

described which support the theoretical results. Theoretical results are also compared to data from twenty-three additional

cavities measured at Los Alamos Scientific Laboratory. It is shown that the theoretical function forms a useful means of
interpreting the quality of constructed cavities.

INTRODUCTION

Shunt impedance is one of the important param-
eters to be considered in the design of resonant
radio frequency (rf) cavities for room-temperature
linear accelerators. Achievable shunt impedance
determines the required rf exciter power, which in
turn, is a significant factor in cost. Thus, to help
minimize cost one seeks an accelerating structure
with large shunt impedance.

A resonant rf structure, in which there has been
considerable recent interest for linear accelerators
is the spiral loaded cavity (SLC) described by Dick
and Shephard.! Early indications, based upon
measurements,’ are that the SLC can give a
larger shunt impedance than the helix loaded
cavity (HLC). This is an important result since the
HLC has been a possible candidate structure for
some variable-velocity profile heavy ion accelera-
tors. It is all the more important when the structural
superiority of the SLC as compared to the HLC is

+ Work reported was sponsored by the U.S. Atomic Energy
Commission under contract with Union Carbide Corporation.
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considered. The SLC is much less subject to
vibrational instability than the HLC.

In this paper a model is developed to describe
the shunt impedance of the SLC. The model is
based upon a treatment of the SLC as a shorted
quarter-wave transmission line and is strictly
applicable only to loosely wound (large-radius)
spirals housed in large containers. It is known that
some SLC’s give shunt impedances which exceed
those predicted by the model. For such cases the
model results serve to separate “good” from “poor”
SLC’s.

After a brief tutorial discussion of shunt im-
pedance definitions, the model is developed for
spirals wound from tubing having either circular or
rectangular cross section, the former giving the best
results. The resulting shunt impedance formulas are
useful in inferring the optimum structure param-
eters. The theoretical results have been verified by
measurements on 17 copper cavities at Oak Ridge
National Laboratory. In addition, measurements
on twenty-three cavities reported in reference 2
are compared with the theory and some inferences
are drawn relative to the design of SLC’s for
maximum shunt impedance.
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SHUNT IMPEDANCE OF RESONANT
STRUCTURES

Two principal definitions are used for the shunt
impedance of resonant structures.* “Bare” shunt

impedance Z is defined by
[f5] E(z)|dz]?
Z=""—"
L 1)

where E(z) is the complex amplitude of the electric
field on the accelerating axis z and P is the total
average power dissipated in the structure of total
length} L along the accelerating axis.

Although bare shunt impedance is most often
used in comparing structures, “effective” shunt
impedance Z,; provides a more realistic relation-
ship between acceleration capability and power
loss. In the idealized case where the accelerated
particle passes through the structure with constant
velocity?

Ly = pZZ, (2

where, for the single-spiral SLC (special case of
n=1),

_ {6 E(2)e”*™" dz|
~ [61E@)|dz

The parameter p is the transit time factor when the
field has a phase shift through the structure which is
a multiple of . Effective shunt impedance is never
larger than bare shunt impedance since p < 1.0.
Effective shunt impedance is more difficult to
determine than bare shunt impedance because of
the need to solve Eq. (3).

In this paper only bare shunt impedance is
considered for the theoretical calculations since
it is the most easily obtainable of the two, involves
only structure parameters and is independent of
particle velocity. However, since |E(z)| must be
determined in the course of measuring the 17
cavities mentioned above, p? was also found for
these cavities. One may then obtain effective
shunt impedance easily through use of (2).

3)

t Due to common usage we use the term shunt impedance
rather than the more correct statement shunt impedance per
unit length. The unit of shunt impedance is ohms per unit
length.

1 Structure length is n wavelengths (n = 1,2,...) at the
particle velocity v. Thus, L = no/f = nfA, where fis the opera-
ting frequency having free-space wavelength A and f is particle
relative phase velocity (8 = v/c, ¢ = speed of light). For the
SLC with one spiral n = 1.

SLC MODEL

With respect to resonant frequency, the SLC
behaves approximately as a shorted quarter-wave
transmission line. Furthermore, the current along
the spiral is known to have a magnitude similar to
that of a quarter-wave line.* Using these facts we
postulate that shunt impedance may also be
determined by modeling the SLC as an appro-
priate quarter-wavelength shorted transmission
line. The open end of the line then represents the
SLC in the region of the accelerating axis.

To more firmly fix these points we describe a
conceptual evolution of the SLC from a quarter-
wave line as illustrated in Figure 1. We begin

INFINITE GROUND PLANES
PARALLEL TO xy PLANE

(c)

y

(&)

FIGURE 1 Conceptual evolution of a spiral loaded cavity.
(a) A quarter wavelength transmission line, (b) the line after
forming a spiral and (c) the spiral loaded cavity after distorting
infinite ground planes.

with a uniform line having a center conductor
mid-way between two infinite ground planes as
shown in (a). The planes are connected at a distance
I = /4 to create the quarter-wave line. If Z,, is the
characteristic impedance of the unterminated line
and « is the line attenuation coefficient (nepers per
unit length), it is easily shown that the input
impedance Z; is approximately

z
z,==2 @)
ol

if the line has small loss per unit length.
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Next, suppose the center conductor is wound
around itself as shown in Figure 1(b). If the turns
are sufficiently separated and have sufficiently
large radii the value of Z; will be only slightly
changed over that of a straight line. Finally, the
infinite ground planes may be made finite and the
conductor connecting these planes may be dis-
torted into a circular shape and closed upon
itself. The result of all these operations is still
a quarter-wave line, however, it is now one
contained in a reasonable enclosure for use as
an accelerator structure. By cutting one hole
in each of the two parallel planes at the z axis,
and providing a hole at the end of the center
conductor, as shown in (c), a particle path is
placed in the region of maximum electric field.

We note that the model, as evolved, applies only
to loosely wound spirals with turns having large
radii and that the spiral container must not be too
close to the outer spiral turn. Measurements
taken to date indicate that “gaps” between the
various conductor surfaces of about three or more
times the largest cross-sectional dimension of the
spiral are adequate to insure reasonable agreement
between the model’s theoretical shunt impedance
and measured values.

The model becomes complete once the shunt
impedance Z of the actual structure is related to the
input impedance Z; of the model equivalent line.
The relationship is established by equating the
average powers dissipated in the two structures.
The power lost in the model line is

P =V?%2Z, ®)

where V is the peak potential difference between the
center conductor and the outer cavity walls. We
find V by integrating the peak electric field along
the z axis

V= % fOLlE(z)ldz. (6)

Squaring (6) and substituting into (5) along with (4)
gives the model line power loss. Equating this loss
to P as found from (1) allows us to solve for Z:

8Z
Z= Tif (7)

Our basic result (7) shows that bare shunt
impedance does not depend on the field distribu-
tion along the axis; it is only a characteristic of
the structure.

BARE SHUNT IMPEDANCE OF
SLC MODEL

To obtain numerical results for the model
developed in the last section the transmission
line parameters Z, and o must be determined. At
this point it becomes necessary to specify a cross-
section geometry for the spiral conductor. We
carry out two developments based upon circular
and rectangular cross sections.

Spirals Having Circular Cross-Section

Assume the spiral is wound from a tube having a
diameter d,. The characteristic impedance of the
line is (Ref. 5):

Z,= 0 In [—4£:|, dy/L < 0.75, (8)
\/S-r nd,,

where ¢, is the dielectric constant of the space

between conductors.

To evaluate o we neglect losses in the dielectric
in relation to conductor losses. Assuming all
conductors to be of the same material we apply a
method of Wheeler® as developed by Cohn.” The
procedure leads to

R, L
R <1 + %) )

Here R, is conductor surface resistance (ohms per
square). For copper

R, = 261107 /f (10)

with f being frequency in hertz.
Substitution of (8) and (9) allows (7) to be written

4L\ TP
16[ln<—):|
RleZ ™o)] 33 < Ly, (1)

as

3 L >
36007 n2< . _)
do

for spirals with circular cross section. The right
side of (11) may be considered as a normalized
shunt impedance; it is plotted in Figure 2. By
recognizing that [ = /4 and 1 = ¢/f, the depen-
dence on [ can be eliminated to obtain the same
normalized shunt impedance, now equal to

R,ce, Z/14,400n°f ;
this form is also shown on Figure 2.

The value of L/d, giving the maximum in
Figure 2 is 7.57. At the maximum for a copper
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FIGURE 2 Theoretical and measured bare shunt impedance
for spiral loaded cavities with spirals having circular cross
section.

cavity Z = 5560\/? Q/m. Thus, for example at
100 MHz, a bare shunt impedance of 55.6 MQ/m
can be achieved.

Spirals Having Rectangular Cross Section

For rectangular cross sections, Cohn’ has given
the characteristic impedance applicable to the
model line:

60 4L w
Zy=—=1In [—], — <035
\/;r ndy [ L —t

and (12)

< 0.25.

==

Here ¢ is the spiral thickness in the axial or z
direction, w is the width in the radial direction,
and d,, is the diameter of a circular conductor which
is equivalent to the actual rectangular conductor.
Equation (12) is thought to be accurate within
1.24% over the specified parameter range.”

A curve of d,, as a function of w and ¢ is given by
Cohn.” However, the exact expression for the
curve is too complex for practical use and the
approach taken here is to use approximate results
as follows:

% = 0.524 + 0.7475(t/w)
— 0.0915(t/w)2, t/w < 1.0 13)

d
70 = 0.524 + 0.7475(w/t)
—0.0915(w/t)%, w/t < 1.0.  (14)

Equation (13) is accurate to within about 0.5 9 of
Cohn’s curve for 0.1 < t/w < 1.0 and to within
about 5% for 0 < t/w < 0.1. Similar comments
apply to (14) for the parameter w/t.

In order to calculate shunt impedance « must
first be found. It can be shown’ that

R L (od, dd,
= Sl +—=—+—= 15
* 2nZOL[ +d0<6w * 0t>:|’ a3)
where Z is given by (12). The term ddo/0w + ddo/0t

is again a function which must be approximated if
one seeks closed-form results. The approximations

od, 0d, 0.0207
— +—=11 ST <1
8w+ 5 54 + w ,tw< 1.0 (16)
0.0207
= 1.154 + ,wit <10 (17)
w/t

are within 1% of Cohn’s curve for 0.14 < t/w
(or w/t) < 1.0, and about 8% for 0.06 < t/w
(or w/t) < 0.14. The error rises rapidly for values
below 0.06. Fortunately, one is usually not inter-
ested in data in the range less than 0.06.

Using (15) and (12) with (7) the bare shunt

impedance becomes
,| 4L
Rs,Z 161n [ndo] "
n3(60)? 2| 4 L (od, L od, (18)
P \aw T

for w/(L — t) < 0.35,t/L < 0.25and 0.14 < (t/w or
w/t) with an accuracy of a few percent. Figure 3
shows various plots of (18) where (13) and (16) were
used for t/w < 1.0 and (14) and (17) apply when
t/w > 1.0.

Several points are clear from Figure 3. First, an
optimum value of L/t exists for every choice of
t/w. The peak is a broad one, however, and the
optimum value of Z does not change greatly for a
large range of t/w values. Finally, the largest value
of Z occurs for t/w of 1.0 and for L/t of 8.64. These
points are illustrated in Figure 4 where the various
optimum values are given as a function of t/w.

By comparing the t/w = 1.0 curve of Figure 3.
with Figure 2 it is seen that higher shunt impedance
(by a factor of 1.15) is realized with circular cross
section spirals.
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FIGURE 3 Theoretical bare shunt impedance for spiral
loaded cavities with spirals having rectangular cross section.
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FIGURE 4 Optimum cavity length to spiral thickness ratio
(L/f) and optimum bare shunt impedance for cavities with
spirals of rectangular cross section. Here #/w is the spiral thick-
ness to width ratio.

EXPERIMENTAL DATA

In order to verify the theoretical curve of Figure 2
three sets of measurements were made. Each mea-
surement set corresponded to a sequence of shell
lengths L obtained by progressively cutting down
the length of one of three “initial” cavities. Of
course only one “initial” cavity with L progres-
sively reduced would have been sufficient to verify
the behavior of Figure 2. However, it was decided to
attempt also to illustrate that Figure 2 applies
best to loosely wound spirals by performing three
sets of measurements, one for each of three spiral

gap spacings. Thus, the three “initial” cavities
differed primarily in gap spacing.

Certain design parameters were identical for all
three “initial” cavities. The drift tube was a thick-
walled cylinder having an inside diameter D, =
1.59 cm, outside diameter of 3.18 cm, and length
along the accelerating axis of L, = 1.27 cm. The
spirals were all wound with N = 1.5 turns from
round copper tubing having a diameter d, = 1.27
cm. The spirals were comprised of full semi-circular
segments and portions of semi-circles originating
from offset centers such that any adjacent turn
segments were separated by a constant spiral gap
distance. In other words, each spiral was wound to
the same “law” which produced constant turns
separation. Finally, all “initial” cavity shell lengths
L were 17.78 cm.

The difference between the three “initial” cavities
was gap spacing A. The three values selected were
1.27 cm, 2.54 cm, and 3.81 cm (dy, 2d,, and 3d,).
It was felt that A = 3d, would give results near the
theoretical values for loosely wound spirals while
A =d, would correspond more to a tightly
wound spiral. Having set A, the stem lengths A
(defined as the distance between shell inside surface
at the spiral junction point and the outside surface
of the spiral outer turn at the same point measured
as though the spiral continued rather than turning
into the outer wall) were also chosen to be d,,
2d,, and 3d,. The choices A and A set the shell
diameter D and spiral nominal length I. These
values were: D = 17.9 cm, 26.5 cm, and 34.9 cm;
=520 cm, 72.8 cm, and 92.0 cm. The three
values of ! correspond to design frequencies of
1442 MHz, 103.0 MHz, and 81.5 MHz respec-
tively.

The physical construction of a typical cavity is
illustrated in Figure 5. This figure shows a medium
diameter cavity (D = 26.5 cm) after L was reduced
to 6.35 cm (5.0 d,). All surfaces were machined or
formed from solid copper. The joint where drift
tube and spiral meet was soft-soldered and copper-
plated. The junction of the spiral and shell was
made tight by using an expanding plug within the
hollow spiral tubing. The ends of the shell were cut
with a 5 degree bevel to raise the inside edge and
give a “knife-edge” joint with the end plates.

The three “initial” cavities were progressively
reduced in shell length L and important perfor-
mance parameters such as resonant frequency
fo, unloaded Q, Q,, and bare shunt impedance Z
were measured at each length. Table I summarizes
measured results. Shunt impedance was found
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FIGURE 5 A spiral loaded cavity. Illustrated is cavity No. 11 of Table I.

from electric field measurementst and use of (1).
The value of L used in (1) was the axial length over
which the field was nonzero; this length was always
slightly greater than the physical length on axis
(partly due to field fringing into (beam) end ports
and partly due to bead finite diameter which was
0.7 cm in most measurements).

The normalized shunt impedances of Table I
are plotted in Figure 2. Although points do not
fall exactly on the theoretical curve we feel that
the data confirm the basic results of the model
because of two observations. First, the form of the
theoretical curve and that of a smooth-fit curve
to the data are nearly the same. Second, as A/d,,
becomes larger the results approach the theoretical
curve as expected from the derivation which
assumed A/d,, large.

It is interesting to note from Figure 2 that the
data approach the theoretical curve from the low
side. Since it is known that some cavities also
with 1 < A/d, < 3, measure above the curve (as
discussed in the next section), we conclude that
neither L or A seem to hold the main key to
designing very high values of normalized shunt
impedance in spiral cavities.

In the process of measuring shunt impedance,
axial electric field distribution was measured for

t Obtained by Slater’s perturbation method using a dielec-
tric bead.
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FIGURE 6 Relative electric field strength on axis for cavities
with spiral gap spacing A of one tubing diameter d,,.

each cavity. Figures 6 and 7 illustrate results for
cavities where A/d, = 1.0 and A/d, = 3.0 re-
spectively. Results for the intermediate cavity
(A/d, = 2.0) were quite similar to those of Figure 7.
The results were highly symmetric about the cavity
center, so only half of the total plot is illustrated.
Using the measured electric field distributions
with Eq. (3) values of p? were obtained by numerical
integration. These are given in Table I. By applica-
tion of Eq. (2) effective shunt impedance is easily
found. Cavity 5 has the highest value of Z
(26.94 MQ/m). However, cavity 16 is actually the
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TABLE 1

Measured parameters for 17 copper cavities having spirals with circular cross section

Cavity A fo z R,le,Z
No. L(m) d, (MHz  Q, (MQ/m) 3600 7° p?
1 17.78 1 17224 32116 2518 0.402 0.444
2 13.97 1 17049 32636 3194 0.507 0.489
3 11.43 1 16786 31890 3571 0.563 0.519
4 8.89 1 161.16 30714 4022 0.625 0.572
5 6.35 1 15564 27865 4380 0.664 0.615
6 381 1 14493 19708 3142 0.405 0.647
7 17.78 2 119.10 37750 3388 0.630 0.458
8 13.97 2 11637 35589  39.84 0.731 0.496
9 11.43 2 11317 35530 4343 0.786 0.533
10 8.89 2 109.63 31960 4320 0.770 0.572
11 6.35 2 10529 26218  36.77 0.642 0.612
12 3.81 2 10125 16670 1994 0.342 —
13 17.78 3 9092 39280  38.42 0.788 0.448
14 13.97 3 88.54 36703 4155 0.841 0.482
15 11.43 3 86.50 34799 4337 0.868 0.519
16 8.89 3 84.12 32760 4378 0.864 0.554
17 6.35 3 81.84 26492  37.06 0.721 0.608
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FIGURE 7 Relative electric field strength on axis for cavities
with spiral gap spacing A of three tubing diameters d,, .

best cavity (Z. s = 2425 MQ/m) because the
normalized effective shunt impedance is largestt
(Rle, Z o /3600m> = 0.479).

As a function of L/d, we find that p? is nearly
independent of relative spiral gap spacing A/d,.
Thus, on the basis of these data, if one seeks to
maximize Z, by choice of p?, gap spacing has
little effect. On the other hand, since p? increases
as L/d, decreases, we see that the optimum

T Scaling cavity 16 to the frequency of cavity 5, we expect
Z= 32.99 MQ/m to be achievable for the best cavity.

ratio L/d, for maximizing normalized Z.; is
slightly smaller than the optimum ratio for maxi-
mizing normalized Z.

OTHER EXPERIMENTAL DATA

Bendt, Erkkila, and Stokes? have given data on 27
copper SLC’s, of which 23 use single spirals with
circular cross section. Shunt impedance of the 23
units has been normalized using the relationship
R,ce,Z/14,4007%f and plotted on Figure 8 which
also reproduces the theoretical curve for compari-
son. Cavities of Ref. 2 are identified by frequency
in Table II. The amount that a given cavity result
deviates from the theoretical curve (as a percentage)
is also given in Table II. Thus, cavity number 20
may be considered the best cavity since it is
44.59 above the curve while cavity 18 is the worst
at 46.2 9 below the curve.

There are primarily nine parameters] affecting
the design of a SLC. They are: frequency, shell
length L, shell diameter D, tubing diameter d,,,
spiral air gap spacing A, number N of spiral turns,
stem length A, drift tube length L, and drift tube
diameter Dj,. All of these are physical parameters

1 There are clearly others such as shape and thickness of the
drift tube, tubing cross-sectional shape of the spiral, etc. These
may for the present analysis be considered constant.
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TABLE II

Parameters applicable to 23 cavities from Ref. 2

Frequency Shunt Deviation of
Cavity f impedance Z Z from curve
no. (MHz) (MQ/m) (%) Djd, A/d,y Ald, Lp/d, Dp/d,

1 44.41 28.6 —-17.5 41.01 2.53 5.06 322 4.81

2 51.14 425 15.0 34.11 2.11 422 2.67 4.00

3 46.65 39.6 21.1 25.51 2.36 2.76 5.00 2.99

4 48.92 38.9 7.1 41.01 3.16 5.06 1291 4.81

S 80.45 319 —34.0 26.53 — — 3.16 4.00

6 83.15 38.5 —184 26.53 — — 482 4.00

7 84.29 35.7 -21.6 26.53 — — 6.48 4.00

8 86.81 314 —28.8 26.53 2.11 3.68 7.14 4.00

9 81.09 26.5 —40.7 26.53 2.63 422 10.69 4.00

10 84.35 24.5 —38.4 26.53 — — 10.51 4.00

11 93.70 29.4 —41.2 26.74 2.63 3.16 3.16 2.67

12 93.80 38.1 -19.0 26.53 3.16 6.84 3.16 4.00

13 106.16 409 —133 41.01 1.27 8.86 3.67 4.81

14 111.38 40.6 —159 41.01 2.53 7.59 3.67 481

15 99.23 36.8 —-239 26.53 3.16 6.84 5.37 4.00

16 99.48 34.8 —28.2 26.53 3.16 6.84 6.32 4.00

17 104.90 31.8 —40.0 26.74 3.16 422 7.16 4.00

18 96.86 28.8 —46.2 20.00 — — 8.03 2.99

19 101.29 279 —44.1 32.15 3.80 3.48 1291 481

20 99.47 74.6 44.5 31.25 2.60 2.60 3.13 2.25

21 99.85 59.5 15.0 31.25 2.60 2.60 3.13 3.67

22 99.69 63.5 320 50.63 1.56 11.72 2.34 2.34

23 101.29 59.6 31.2 52.92 2.60 13.54 3.13 3.67
4 ” function of L as not being too different than pre-
* dicted by the theoretical curve, L may be eliminated
-2 v from consideration. Next, if we observe from Ref. 2
21 ‘ that both good and poor cavities may be obtained
M /-_\ 2——=23-a23 va for most of the spiral turn numbers used, we
Vg / I~ may omit N from further cops;deratlon. Finally,
o ¥ 08 (opan — if we eliminate d, by normalizing the remaining
= / 4% [B1a parameters we need consider only D/d,, A/d,,
N|m 06 517 —16"—g A/d,, Lp/d,, and D,/d,. Using available values
% S / s |11 bro b1o for A and A (Ref. 4) these quantities are listed in
17 o4 Table II. Using the normalized parameters, com-
/ parisons were made of good versus poor cavities
o2 using three criteria. First is the relative position
of the span of the parameters (minimum to maxi-
% 4 8 12 16 20 24 28 3 mum range), second, the parameter averages, and
L/a, third the best/worst parameter values. While no

FIGURE 8 Normalized, measured bare shunt impedance
values for 23 spiral loaded cavities at taken from the literature.
Also shown for comparison is the theoretical curve reproduced
from Figure 2.

except for frequency which may be eliminated
from consideration by scaling all physical di-
mensions suitably. Furthermore, if we accept
the general behavior of shunt impedance as a

really consistent pattern could be found in the
data, we were able to observe the direction of
parameter choices in design.

All three criteria seemed to support the fact
that normalized shell diameter D/d, should be
large. Two criteria seem to weakly indicate that
normalized gap spacing A/d, should be small while
normalized stem length A/d, should be large (no
data were available for A or A4 for the worst cavity
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so best/worst cavities could not be compared). All
three criteria also seemed to indicate that normal-
ized drift tube length Lp/d, and diameter Dp/d,
should be small for higher shunt impedance.

We recognize that “large” and “small” have no
absolute meaning. They are used here only to
imply the values of some parameters of the better
cavities in relation to those of the poor cavities. On
the other hand, examination of the data does seem
to imply that, if a nominal set of parameters were
to be chosen about which a systematic set of
measurements was made to find the near-optimum
parameters, a reasonable choice would be D/d, =
35, A/do = 2, A/d() = 7, LD/do = 3, and DD/dO
22.

CONCLUSIONS

Using a quarter-wavelength shorted transmission
line as a model for a loosely wound SLC having a
large shell diameter, bare shunt impedance has
been found as plotted in Figure 2 for spirals with
circular cross section. Figure 3 is the similar result
for rectanguldr cross sections. The circular cross
section produces the higher bare shunt impedance.
New measurement data on 17 cavities were de-
scribed which gave support to the validity of the
theoretical bare shunt impedance curve for spirals
with circular cross section. Some data were also
included on the distribution of electric field magni-
tude along the cavity axis and on effective shunt
impedance.

By considering measured data from reference 2
it was shown that the theoretical curve forms a

good dividing line for classifying “good” and
“poor” SLC’s. Analysis of the two classes of
measured data seems to indicate that cavities with
better shunt impedance tend to have large shell
diameter, small spiral air gap spacing, large stem
length, small drift tube length, and small drift tube
diameter. Although “small” and “large” tend to
have little absolute meaning the authors feel that
indicated values of D = 35d,, A = 2d,, A = 7d,,
Ly = 3dy, and Dp = 2.2d, would be an appro-
priate set of nominal parameters about which a
set of systematic measurements could be made to
seek a near-optimum parameter set.
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