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Copper was electrodeposited on steel substrates and annealed at
300°C in a nitrogen-filled oven. The conductivities of the deposits,
measured at 43 GHz, were between 82 and 93 percent of the 1acs
(International Annealed Copper Standard) value of 5.8 X 10° S/m.
The conductivity of the plating is sensitive to minute changes in the
concentration of copper cyanide and sodium cyanide in the plating
solution. In all cases, the annealing step at 300°C effected a signifi-
cant improvement in the copper conductivity. Special instrumentation
was developed to permit accurate determination of the copper con-
ductivity at millimeter-wave frequencies. An intrinsic accuracy of
approximately 1 percent was achieved for the electrical measurement.
When the variations due to the mechanical fixturing were included,
the measured standard deviation for copper conductivities between
4.3 and 5.4 was typically 0.047 (X10° S/m).

I. INTRODUCTION

The conductivity of copper at 40 and 110 GHz has recently been
reported as part of the Bell Laboratories wT-4 waveguide field evalu-
ation trial (FET).! In this experiment, 14 kilometers of 60-mm wave-
guide was installed and measured. The interior of the steel waveguide
was copper-plated and then lined with a thin polyethylene liner. The
dielectric liner was used to modify the mode patterns in the waveguide.’
The results of the FET indicated a copper conductivity at 42 GHz that
was much higher than that usually experienced at millimeter-wave
frequencies. This high conductivity was achieved for waveguide fab-
ricated in a manufacturing environment.

A laboratory experiment was devised to isolate the process steps and
the mechanism responsible for the high conductivity copper achieved.
The results of this experiment are reported here.
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Table |—Results summary

Frequency Percent

Experimenter (GHz) IACS Remarks
Thorpe 38 57 High purity copper
78 Etched in acid
98 Etched and annealed
Tischer 35 78 Single crystal high purity annealed
and etched
Hatano and Nihei 40 62 51-mm waveguide TEq, TEo2, TEns, TEo
Anderson et al 42 89 60-mm waveguide TEo ; Bell Labs FET
Hinderks and Maione 43 93 Plated and annealed

Various investigators have previously reported work on the conduc-
tivity of copper at millimeter-wave frequencies. J. S. Thorpe has
reported conductivities at 38 GHz approaching the theoretical value
as inferred from the 1acs* value.** To achieve these conductivity
results, it was found necessary to acid-etch and then anneal the copper
samples in a hydrogen environment at 780°C. F. J. Tischer has
reported work on high purity crystal samples of copper at 35 GHz.>
Samples prepared for his experiments were carefully grown single
crystals whose surfaces were etched to remove any possible surface
contamination. Samples were transported and measured in an argon
atmosphere to prevent surface oxidation. These samples, when mea-
sured, revealed a conductivity 78 percent 1acs. Hatano and Nihei have
measured the surface conductivity of copper waveguide, which was
coated with a layer of copper oxide, by transmitting single pulse TEq,
TEoz, TEos, and TEos modes through 100-m lengths of 51-mm diameter
waveguide.” These single pulse attenuation measurements all yielded
values of conductivity which are 62 percent 1ACS.

The results of previous work and the work reported in this paper
are summarized in Table L.

The Bell Laboratories studies are shown in the table. One was
obtained from the 14-km FET and the second from a special Q set
reported in this paper.

The test set designed to measure the copper conductivity was based
on measuring the @ of a cavity. The cavity geometry (cylindrical)
supported TEon modes and caused no discontinuities in current flow
patterns. The design also confined all the significant losses to the
surface being measured, while allowing for the consistent assembly
and disassembly needed for looking at multistep processes. A micro-
wave source having a narrow spectral output was used to excite the
high @ cavity, and techniques were adopted to calibrate source fre-
quency and output power. Also, all the data points (256) were used to
estimate the resonance parameters. Finally, a number of data cross-

* International Annealed Copper Standard.
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checking methods were employed to insure the integrity of the data.
Particular care was taken to design fixtures that assured reproducible
results. A microprocessor and a minicomputer were incorporated in
the test set to automate data acquisition and to process the data to
achieve the desired accuracy.

Since the specific execution of the test set and the data processing
are of importance in addressing the measurement accuracy demon-
strated, they are covered in some detail in the following paragraphs.

1.1 Q-set measurement theory (see Appendix A for detailed derivations)

The basic measurement consists of first computing the loaded @ of
a circular TEy; cavity in the usual manner:

fo
=2 1
Q AF (1)
Next, the transmission loss T through the cavity is measured,
P,
T = (eq. (19), App. A), )
where
P; = power transmitted on resonance
P, = power transmitted with cavity out of circuit. From @; and T,

the unloaded @, &, is computed:

1
o = — . (21), App. A).
Q QL (1 - ﬁ) (eq. ( pp. A) 3)

The skin depth (3) of the copper on the ends of the cavity can be
determined as follows:

s _Ph+ tnR/LP7[ A,
" T(@QR/L)(IxR/L)’ | 27Q,

(eq. (10), App. A), (4)
where

Po, = First root of the derivative of the zero-order Bessel function
R = radius of cavity
L = length of cavity
A, = c¢/f, ¢ = speed of light, f = frequency
{ = length of cavity in half wavelengths.
The effect of the side-wall term in computing the skin depth has

been neglected.
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The skin depth yields the conductivity (o) directly from the well-
known formula®

1

G = —_—
2 3
Wfpanaends

where
f = frequency

fto = permeability of vacuum (47 X 107 Henries/meter).

Il. TEST SET IMPLEMENTATION
2.1 Electrical measurements and data acquisition

The test set (Fig. 1) is implemented by a standard resonant trans-
mission cavity technique. In this system, however, the requirement for
high accuracy and repeatability is paramount. In the tests that are
made, absolute accuracy on the order of a few percent is required.
Typical cavity resonance widths must be measured to within 70 kHz
because cavity @s (=6000) imply resonance widths of 7 MHz. This
frequency accuracy is difficult to achieve at 43 GHz. The high @s of
the cavities used require a microwave source that has a narrow spectral

Fig. 1—Copper conductivity test set.
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Fig. 2—Simplified diagram of @ set

output. Klystrons were chosen because of their spectral purity (Af =
100 kHz). Backward-wave oscillators have broad spectral characteris-
tics (Af = 1 MHz) that are unsuitable for the accuracy required for
these experiments. To prevent frequency drift, the klystrons were
immersed in oil baths. Figure 2 is a simplified diagram of the test set.
It is essentially a standard transmission cavity test set with the
addition of a frequency marker system. In operation, the frequency
source (K1) is swept through approximately 60 MHz while the trans-
mitted power is monitored at detector D1. The marker system gener-
ates a picket fence spectrum with a frequency spacing of approximately
2 MHz between peaks. The marker system output is detected by
detector D2,

A dual microprocessor data acquisition system (pas), Fig. 3, serves
as the test set controller. One microprocessor is dedicated to the data
acquisition and the data link protocol, while the other microprocessor
monitors the front panel keyboard and updates all readout devices.
The data acquisition system allows up to three simultaneous real-time
analog inputs to be displayed on the crT readout.

Because the klystron source sweeps nonlinearly in frequency, a
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Fig. 3—Dual microprocessor data acquisition system.

mechanism to calibrate the sweep is required. This is the function of
the marker system. This marker system consists of a picket fence
constructed by AM-modulating a fixed frequency klystron K2 with a
10-ns pulse which has a repetition rate of approximately 2 MHz.
Modulating K2 in this manner generates a comb spectrum approxi-
mately 200 MHz wide, with the teeth spaced every 2 MHz.

Klystron K1 is swept through the resonant frequency of the cavity
while a portion of K1 is mixed with the comb spectrum. The transmis-
sion through the cavity is detected by detector D1 and digitized by the
data acquisition system. The 1F output of the marker system is ampli-
fied by an 1 amplifier, video-detected by the video detector, and also
digitized by the data acquisition system. Thus the data acquisition
system simultaneously digitizes the transmission and marker data.
The 1F amplifier has a bandwidth of 0.5 MHz and a center frequency
of 30 MHz.

Klystron K1 is swept by the sweeper circuit. This sweep generator
produces a sawtooth waveform, which is used to sweep the Kklystron
K1. The start of a sweep cycle is controlled by the data acquisition
system. In this manner, the data acquisition system initiates a sweep
and then subsequently digitizes 256 points for each of the two input
channels to a resolution of 12 bits. The sweeper takes approximately
55 ms for one sweep.
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The ability of the test set to average multiple sweeps allowed high
signal-to-noise ratios to be achieved. Typical measurements involved
averaging 102 sweeps to achieve a tenfold increase in signal to noise.
The resulting s/n typically observed is 100.

The data acquisition system has the capability to observe the input
signals in real time. The digitized data stored in memory can also be
displayed. Both displays are presented on a small cRT screen which is
part of the data acquisition system. The data acquisition system has
programmable operational amplifiers whose gain can be set by the
front panel keyboard. A programmable offset voltage can be added to
the input signals before amplification. This allows capture of inputs
that contain small dc biases.

lll. CAVITY CONSTRUCTION

The choice of the millimeter-wave cavity configuration (cylindrical)
was dictated by the requirement that the cavity should be assembled
and disassembled easily without affecting the measurement repeata-
bility. To achieve this goal, the TEy; and TEo; circular electrical modes
were chosen as the test modes, since the cavity wall currents associated
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Fig. 4—Cavity design.
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with them are circumferential. The cavity was constructed so that no
electrical currents flowed across the joints of the cavity. In this manner,
problems associated with cavity joint conductivity are essentially
eliminated. Because the modes that were chosen are not the dominant
mode of the cavity, extreme care in cavity construction was exercised
to prevent the generation of spurious modes. Figure 4 depicts the
cavity design and Fig. 5 shows one of the actual cavities used.

The fixturing necessary to guarantee the precise alignment needed
for this cavity is shown in Fig. 6. The cavity alignment fixture utilizes
a three-point alignment technigue to align the three disks comprising
the cavity assembly. Basically, it consists of two fixed points, provided
by a stationary precision V-block mounted on a precision ground tool
base, and one moving point, a precision L-block mounted on a unislide
assembly with a crank. A provision for top (vertical) loading was also
provided. This type of fixture design permits semiautomatic alignment
with maximum consistency.

The complete cavity assembly is comprised of three precision steel
disks: two identical disks each having an iris hole through its center
forming the ends of the cavity and one washer-shaped disk that defines
the geometry of the cavity (thickness and diameter). The cavity ends
(top and bottom) are the actual copper-plated substrates under test.
The iris hole, located at the disk center, is the mechanism for coupling
the cavity to external circuits.

To prevent the generation of spurious modes in the cavity, precise
mechanical tolerances were used, as opposed to mode suppression
techniques. Loss from the desired mode caused by mode suppressors

Fig. 5—TEq cavity.
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[

Fig. 6—Cavity/test fixture,

is extremely difficult to calculate, and thus the mode suppression
technique was not used to prevent unwanted model generation. Precise
mechanical tolerances were relatively easy to achieve because of the
cavity geometry design. The substrates used to form the end walls of
the cavity were typically machined and lapped to be flat over the
region of interest to less than 0.25 pum (10 microinches). In addition,
the surface roughness of these sample substrates was better than
0.25 pm. To insure the generation of only TEy or TEq, it is important
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that the cavity be circularly symmetric about the iris axis. This
requirement can readily be met by standard lathe-machining tech-
niques. The TEo rectangular mode, which is used in all millimeter-
wave components, is converted to the circular TE, mode by an appro-
priate transducer and helix mode filter.” The modal purity of the
launching network is better than 40 dB. The diameter of the TEq
waveguide used to feed the cavity was 13 mm. The axis of the entire
cavity structure was fixtured to be colinear to within 2.54 pm (0.001
inch). The two cavity surfaces were held parallel to better than 100
microradians by the cavity spacer. The system was assembled in the
fixture shown in Fig. 6, and sufficient torque was applied to the cavity
fixture to guarantee good molecular adhesion between all critical
mating surfaces.

IV. DATA TRANSPORT

The raw data acquired by the Das are transported to a host mini-
computer for processing (see Appendix C). To assure reliable com-
munication between the pDAs and the host, a special-purpose interface
card was constructed for the host computer. This interface card is a
microprocessor-controlled device used for both program and buffer
storage. This interface card buffers communication to and from the
data acquisition system and identifies transmission errors.

V. REPEATABILITY AND ACCURACY DETERMINATION

To determine the repeatability and absolute accuracy of this test
set, numerous tests were performed. These tests are described below.

To assure that the test set data reduction programs were capable of
determining the conductivity in the presence of varying input signals,
the following tests were made. The frequency markers were adjusted
to be spaced at approximately 2-MHz intervals. Data were then
acquired and stored on disk files for later investigation. These stored
data were then operated on by the data reduction programs and the
resultant conductivity inferred. The data reduction programs were
then modified to use every other marker when linearizing the frequency
axis. This simulated markers every 4 MHz. The conductivity was then
inferred by the data reduction programs using every other marker. A
similar procedure was done using every third marker, and thus it
appeared to the data reduction program that the markers were spaced
every 6 MHz. The results of these tests indicated that the conductivity
estimation procedure was relatively insensitive to the exact number of
markers used to compute the frequency axis. Also, based on the
resonance width variations, an overall test set accuracy of approxi-
mately 1 percent plus cavity assembly/disassembly variations can be
inferred.

To verify that the incident power levels at the detector D1 were
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unimportant, measurements were made in which the cavity under test
was unchanged and the input power was adjusted over a 10-dB range.
The data reduction programs showed no discernible difference in the
inferred conductivity over this range of input power. In the normal
test procedure, the power at the detector D1 was kept nominally
constant.

In any cavity measurement in which the cavity must be repeatedly
assembled and disassembled, it is important to assure that this has no
influence on the measurement. By virtue of the TE,; and TEp: mea-
surement modes, the dependency on the cavity geometry is minimized.
To assure that the assembly could be done repeatably, the cavity was
assembled and disassembled numerous times, and the inferred con-
ductivity was computed for each case. In each measurement, the
torque used on the bolts which load the cavity was kept constant at
0.9 newton-meters (8 inches-pounds). In each case, the cavity was
assembled in an identical manner. These results indicated that there
was little dependence on the assembly procedure.

To verify that the measurement results were independent of the
torque used to assemble the cavity, measurements were made at
various torque levels. In each case, the cavity was assembled and
torqued to 9 newton-meters (80 inches-pounds), and then the torque
was lowered to the test value. This assured good mechanical contact.
These tests indicated a slight dependency on torque when the torque
levels measure zero. Therefore, in all tests small loads were placed on
the cavity to assure good mechanical contact.

To verify that the test set results were independent in all respects of
the iris coupling, tests were made on two sample sets that were
identical except for the size of their irises. The diameters of the irises
were 4.76 mm (0.188 inch) and 3.57 mm (0.141 inch). The sample set
with the 4.76-mm diameter had an average measured conductivity of
4.559 X 10’ S/m and the sample set with the 3.57-mm diameter had an
average measured conductivity of 4.596 x 10’ S/m. The TE(» mode was
selected to excite both cavities. Their results gave confidence to the
iris coupling model used.

Another experiment was performed to determine the effect of dif-
ferent excitation modes on the measured conductivity. Measurements
made on a single sample set excited by the TE,» mode gave an average
measured conductivity of 4.559 X 10’ S/m. The sample set excited by
the TE, mode gave an average measured conductivity of 4.465 X 107
S/m. The closeness of these results indicate that the conductivity
measurements are independent of the excitation mode.

VL. PLATING OF THE SAMPLES

Four sets of steel substrates, S1, S2, S3, and S4, were mechanically
prepared for the conductivity measurement. Two cyanide copper-
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plating baths (B1 and B2) were also prepared in accordance with the
prescribed waveguide plating formula used at the Western Electric
Forsgate Laboratory to prepare waveguide for the Bell Laboratories
FET.' Both the time and current density parameters were adjusted to
produce a 5-um thick copper layer on each steel substrate. The copper
cyanide baths used are identified as B1 and B2; they differ only in
respect to their sodium cyanide (NaCN) and copper cyanide (CuCN)
concentrations. The B2 modified copper cyanide bath is basically the
same B2 bath mentioned above; however, due to some chemical
depletion after plating, the B2 bath had to be regenerated, and thus
the copper cyanide and sodium cyanide were replenished to readjust
the basic B2 bath. Each set of substrates were processed and measured
in the following manner. Set S1 was copperplated in the B1 copper
cyanide plating bath, set S2 was copperplated in the B2 bath, and sets
S3 and S4 were plated in the B2 modified bath.

VIl. COPPER CONDUCTIVITY MEASUREMENT OF SAMPLE SETS S1, S2,
S3, S4

In this part of the measurement, the average measured conductivity
of the electrodeposited copper for sample set series S1, S2, S3, and S4
was found to be 4.278, 4.443, 4.837, and 4.873 X 10" S/m, respectively.
These results are summarized in Table II. The measured variations in
copper conductivity are due to bath composition and suggest that the
electrical conductivity of electrodeposited copper can be extremely
sensitive to the chemical composition of the plating bath.

VIil. CHROMATE TREATMENT AND MEASUREMENT OF TREATED
SURFACES
In this next series of measurements, sample sets S2, S3, and S4 were
treated with electrolytic chromate'® and remeasured. The measured
copper conductivity of these samples was found to be 4.381, 4.869, and
4.859 X 107 S/m, respectively. The results indicate that the chromate
treatment caused little or no degradation of the copper surface.

Table Il—Average copper conductivity measured

Copper Cyanide and Sodium
Cyanide Concentrations

Sodium

Sample Copper Cyanide Conductivity (o) cyanide Copper cyanide
Set Ip  Plating Bath ip  of Copper Plate (NaCN) (CuCN)

S1 B1 4,278 x 10’ S/m 10 oz./gal 9 oz./gal

S2 B2 4.443 x 10’ S/m 13 oz./gal 8 oz./gal

S3 B2 modified  4.837 X 10’ S/m Added 10% to Added 20% to

S4 B2 modified 4.873 X 10° S/m regenerate regenerate bath

bath
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Fig. 7—Dielectric bonding temperature profile.

IX. SURFACE PREPARATION, BONDING, AND ANNEALING COPPER
PLATE SAMPLES

Prior to the high temperature (300°C) polyethylene bonding process,
sample set S2 was placed in a special bonding fixture, where a low-
temperature (190°C) tacking technique prepared the polyethylene
disks, in a vacuum, for the actual high-temperature bond. The disks
were exactly the same diameter as the cavity and were 180-um thick.
Once the light tack has been accomplished, the samples are ready for
the final bond.

Under program control, the high-temperature oven is purged with
nitrogen for 30 minutes and, under positive nitrogen pressure, oven
temperature increases linearly from room temperature to 300°C in 45
minutes, remaining at 300°C for 15 minutes, decreasing linearly to
50°C after 40 minutes. The temperature profile is shown in Fig. 7.

This step takes advantage of surface tension phenomena, preventing
the polyethylene from running out of the controlled area as it becomes
a fluid at 300°C.

X. MEASUREMENT OF BONDED/CHROMATE COPPERPLATED
SURFACES

Upon completion of the heat treatment, sample set S2 was measured
on the Q set, and the average copper conductivity of this set was found
to be 4.776 X 10’ S/m. A comparison of the measured conductivity
before and after bonding indicates that the bonding process caused an
increase in copper conductivity of approximately 8 percent. Since the
S2 set was made in the same way as the wr4 FET waveguide product
as far as laboratory conditions permitted, the increase in electrical
conductivity after bonding suggests that the mechanism that caused
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the unexpectedly low copper losses (5.16 X 10’ S/m) measured in the
FET occurred during the bonding of the polyethylene to the waveguide
wall.

To further investigate the mechanism, the S4 sample set was chosen
to simply repeat the previous S2 set experiment discussed above. The
only difference between the S2 and S4 sample sets was the initial
copper conductivity value of the plated copper end plates, which
appears to be a direct result of the plating bath chemical concentration.

The remaining sample sets (S3 and S1) were used to isolate the
exact mechanism that caused the increase in copper conductivity of
sample set S2. Hence, S1 (untreated copper surface) and S3 (copper
surface treated with chromate only) were scheduled to go into the
high-temperature oven with S4. The goals of this experiment are
summarized as follows: (i) using the S1 sample set, determine if only
the annealing effects at 300°C cause the increase in electrical conduc-
tivity observed, and (if) using the S3 sample set, determine if the
increase in copper conductivity is a combination of chromate treating
and annealing.

The three sets were placed in the high-temperature oven and ex-
posed to the same nitrogen purge/fill and heat cycle described above
for the S2 sample set. Next, each set was removed from the oven and
measured on the Q set. The average measured copper conductivity of
sample sets, S4, S3, and S1 was found to be 5.201, 5.399, and 4.802 X
107 S/m, respectively. It can be seen from the results that, in all three
cases, copper only, copper/chromate, and copper/chromate/polyeth-
ylene, the copper conductivity increased. Thus, it was concluded that
the common denominator isolated and identified as causing the in-
crease in copper conductivity is the annealing effect at 300°C. These
data are completely summarized in Table III. Also, it can be seen from
the table that a larger increase, between 11 and 12 percent, occurred
with the sample sets processed without the polyethylene. The polyeth-
ylene samples had an increase in copper conductivity between 7 and
8 percent.

XIl. CONCLUSION

A test set capable of making precise copper conductivity measure-
ments at millimeter-wave frequencies was developed.

Table lll—Average copper conductivity (X1 07 S/m) vs treatment
Sample set identification

S3 S4 52 S1
1-Copper plate o= 4.837 o= 4.873 o= 4.443 o= 4278
2-Chromate o = 4.869 o= 4.859 o= 4.381 .
3-Anneal at 300°C o= 5.399 I S 4.802
4-Anneal and bond _ o= 5.201 a=4.776 -
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The overall accuracy of the test set was determined by examining
the scatter in the data due to mechanical variations. Thus, for copper
conductivities between 4.3 and 5.4 X 10’ S/m, the test set accuracy
was 3 percent. Repeated measurements made without dismantling the
cavity gave accuracies about 1 percent. Hence, the overall experimental
accuracy is to a large degree governed by assembly and disassembly of
the cavity, and any improvements in the experimental accuracy will
require improvements in the design of the cavity and fixture assembly.

Our measurements have shown that chromate surface treatments or
the presence of polyethylene on electrodeposited copper surfaces have
negligible effects on conductivity. However, annealing at 300°C in a
nitrogen-filled oven was significant. Increases in conductivity as high
as 12 percent were realized (4.837 to 5.399 X 10’ S/m) for the S3
sample set case. The 5.399 figure represents a conductivity of 93
percent of the 1acs value. The results are consistent with the reported
results (89 percent 1acs) taken during the wr4 field evaluation trial
and reproduce in the laboratory the unexpected low loss measured.
The bonding process in addition to bonding also provided for annealing
of the copper plate, changing the copper crystal structure in such a
manner as to enhance the electrical conductivity of the plate.

It has also been found that, to realize high conductivity in electro-
deposited copper, careful attention must be given to the chemical
compositions of cyanide copper plating baths. For example, in this
experiment different baths, although basically identical, yielded differ-
ent electrical conductivity values. Sample set S3 plated in bath B2 had
a measured conductivity approximately 13 percent higher than sample
set S1 plated in bath B1.

The laboratory test set results agreed with measurements on the 14-
km waveguide run in the wr4 FET. The test set, therefore, is a suitable
tool to evaluate various plating processes used at millimeter-wave
frequencies in general and those used in waveguide manufacturing
facilities in particular.
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APPENDIX A
Q-Set Measurement Theory and Derivations

A general expression for the unloaded @, @, of the TEo, mode in a
cylindrical cavity'' is
_ A\()[Pgl + (I‘J'T.['?/L)ﬂ]u'/2
278 P3, + (2R/L)(ImR/L)*]’

Qo (5)

where

& = skin depth
P, = first root of the derivative of the zero-order Bessel function
R = radius of cavity
L = length of cavity
Ao = ¢/f, ¢ = speed of light, f = frequency
! = length of cavity in half wavelengths.

Similar expressions for the unloaded @ due to the individual losses in
the cavity end walls and side walls can be derived:
A(} [Pél + (lﬂR/L)z]a’lz
2176.4[]1‘ P(QH
A [P} + (IzR/L)’T**
2'176[-:1(15 (2R/L)(I'JTR/L)2 )
The total loss of the cavity is the sum of the end- and side-wall
losses. Since the losses are proportional to 1/6),
1 1 + 1
Q Qo Qs
It can be shown that, in our case, the loss due to the side walls is
negligible when compared to the loss due to the ends, as shown in

Appendix B.
Neglecting the side-wall term* in eq. (8),

Q(!E = Qn- 7 9)
Solving for the skin depth of the ends, we get
by = [P + (le/L)ﬁ]-jf‘z [ Ao ]
(2R/L)(ImR/L)* | 27@v
Hence, if @, is measured 8.4, is determined since the other parameters

are known.
The skin depth is related to the conductivity (a)® as follows:

QOS = QSide wall = ) (6)

(7)

Q(l!‘]' = Qunds =

(8)

(10)

* Actual data reduction algorithms did not neglect the side-wall term, but assumed a
wall with conductivity 80 percent of the 1acs value.
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1

_— 11
? WfPO asnds ( )

where

[ = frequency
to = permeability of vacuum (47 X 10”7 Henries/meter).

The problem of finding the conductivity is then one of accurately
determining €.
The loaded @, @. is defined by

QL= :—0 (12)
where fo is the center frequency of the resonance and Af is the full
width at half maximum power. @, is equal to the sum of all the losses
(iris loss, side-wall loss, and end-wall loss). Thus, the total loss for a

transmission cavity is:

L7 = Lisis1 + Liris2 + Luwans (13)
or assuming identical irises yields
Lr=2L;+ Lw (14)
and, since
é o loss, (15)
one arrives at the usual equation of loaded @.
11,2 a6
Qu @ &
where 1/@); represents the loss of each iris. But'?
% = (17)
Substituting eq. (17) i1'1to eq. (16) yields an expression for @,
Qo = Qr(1 +28). (18)

Our experiment measures @, the loaded @, and T, the transmission
loss. The transmission loss 7T is related to 82 by

P; (power transmitted on resonance)

T= - - - —
P, (power transmitted with cavity out of circuit)

_ 4B
T (1 + 28)° (19)
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Solving for B, we get

T+ T

=2(1—T)‘ (20)

Substituting eq. (20) into eq. (18}, we get

1
b = &L . 21
e-o( ) .

For this study, the T measured is between 0.01 and 0.001 (large and
small iris holes).

Hence, once the loaded @(Q.) and the transmission loss (T) are
measured, the metallic conductivity (¢) can be computed using egs.
(21), (10), and (11) above.

APPENDIX B
Cavity Side-Wall and End-Wall Losses
It can be shown that, in our case, the loss due to the side walls is

negligible when compared to the loss due to the ends. Consider the
ratio

Losside wan _ Gor

. 22
L oSSends GQos (22)

Inserting the results of egs. (6) and (7) of Appendix A in the above
equation, we get the ratio

Qoe _ Bsiae Pi

—= 5 - 23
QOS ‘Sends [2R/L][IWR/L]2 ( )
The equation can be simplified as follows:
27R
n=——  (Ref.8), (24)

¢

where A, = cutoff wavelength for the TEy; mode. For a half wavelength
long cavity

L A
—_— = — s 2
I 2 (25)
where A, = guide wavelength.
Also note that A, is related to A. and A, by the relationship
1 1 1
tiaby v (26)

Substituting the above relations into (6), we get the ratio
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L side wal 651 e L 1
08Sside wall _ Uside | Lo . ) 27)
LOSSend; aynds 2R (Al‘/Aﬂ) -1
For our case, the values of the parameters are

L = 0.00381 meters

R = 0.020 meters

Ae=164R

Ao = 0.00714 meters (at 42.6 GHz).

Thus

ssi e
Ratio losses = 0.0047 —2° | (28)

ends
The ratio, (L/2R)[1/[(A./A,)* = 1]], is shown for various cavity radii
at 42 GHz in Fig. 8. Since both the side wall and ends are copperplated
on steel, 8side = Gend, the loss due to the side walls is negligible compared
to that of the ends.

APPENDIX C
Data Reduction

The raw data from the microprocessor data acquisition system is
stored in the host processor on disk files. These files are then manip-
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0.016 |-
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0.012

0.008
T

0.004 |-

|

|

|

| I 1
0.01 0.02 0.03 0.04 0.05

CAVITY RADIUS IN METERS
Fig. 8—Side loss vs radius at 42 GHz.
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ulated by the various data reduction algorithms. Corrections are made
for the nonlinear sweep and then theoretical resonance shapes are fit
to the experimental data. Three separate measurements are made by
the data acquisition system. In each measurement, two channels are
digitized simultaneously. These are the power transmitted and the
frequency markers.

The first measurement is the power transmitted through the cavity
and is the standard resonance waveform, which is distorted by the
nonlinear sweep of the klystron. The second measurement is with the
cavity removed. This measurement represents the power versus fre-
quency output of the klystron. This measurement is necessary because
the klystron’s power output is not constant over the full sweep range.
The third measurement is with no cavity and no power transmitted to
the detector. This measurement is used to form the base line for the
detector. The third measurement is always subtracted from the first
two measurements. The third measurement is not used for any other
data reduction but contains any systematic or coherent noise that is
not removed by the signal averaging process.

It is assumed that the output voltage of the diode detector D1 is
proportional to the incident power. Thus the diode is operated in the
square-law region. To insure this square-law operation, the input
power is varied to the diode and the resultant voltage is observed. The
bias on the diode is adjusted until square-law performance is obtained
over the dynamic range of interest.

The cavity response is sampled every 55 ms. The operating fre-
quency of the klystron must be accurately determined for each sampled
point. The frequency sweep characteristic of a klystron is not linear
with time, even though the sweep voltage is linear, and thus an
accurate estimate of the frequency at each sample time is required.
This conversion from time to frequency is done with the aid of the
marker data. The peaks of the markers are at equal intervals of
frequency. The host computer generates a table of marker peak
position (in time) versus marker frequency. The frequency for each
sampled point is then interpolated by using this look-up table. The
interpolation technique used is the least-squares cubic spline."?

The model for the amplitude of the transmitted rf signal is

p— AD
1+ (f—f/Af

The first term represents the standard resonance structure with center
frequency fo and a full width at half maximum of Af. The term fis the
frequency of the transmitted signal, and Ao is the amplitude of the
signal on resonance.

The second term represents a leakage term and was included in the

A + (D + iE). (29)
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model because of the proximity of the two iris holes. It should be
expected that the contribution of the leakage term should be small.
This term represents the amplitude of the rf that would be transmitted
through the cavity structure far from resonance.

The square-law diode detector used in this experiment measures
only transmitted power and thus, from eq. (30), the transmitted power
model is

P,'=|A|2

R, — vR;
p="""TYT LR, (30)
1+'y

where
y=(f—f/Af)
R, = A} + 2A,D
R,=D*+ E*
R; = 2A,E.

Equation (30) represents the mathematical model used to represent
the power transmitted through the cavity and measured by the test
set. Fitting the data to eq. (30) requires the use of nonlinear least-
squares techniques.'*

Nonlinear least squares inherently require initial values for the
model parameters. These parameter values are then iterated upon
until they converge.

Because the leakage was small, the leakage term is set to zero as an
initial estimate,

D=0
E=0.

The term R, was set to the peak transmitted power, and f; is set to the
true frequency at which the peak was measured. The initial Af was
estimated by finding the width of the resonance at the two frequencies
at which the power is half the measured peak power.

Thus, the initial estimates for the fitting algorithm are the very
terms used by most investigators as the final result.

To aid the data reduction algorithm convergence, it is assumed that
the leakage term is zero and the terms Ay, fo, and Af are estimated.
When these terms are estimated more accurately, then the leakage
term is allowed to become nonzero. The fitting scheme used typically
requires two iterations to converge when the leakage term is confined
to zero and two more iterations to estimate all five adjustable param-
eters.
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It should be noted that extreme care must be exercised when
estimating the parameters of eq. (30) because the matrices involved
are inevitably nearly singular. To address this problem, singular value
decomposition was used when simultaneous linear equations are to be
solved."

Because the line shape being estimated is nearly Lorentzian (i.e., it
falls off as 1/f? for large f), the tails can have a large effect on the
values of the parameters being estimated. The residuals (the difference
between the data and the model) provide an excellent mechanism for
determining the degree of the fit. For the resonances measured, Af was
approximately one-tenth the frequency of the measured klystron
sweep. The resonances measured and fit with the model of eq. (30)
had typical standard deviations of:

SD\ypicat = 0.010 * resonance peak power.

The standard deviation of the model using the initial guess parameters
was typically 50 percent higher than the final standard deviation after
the nonlinear least-squares algorithm had converged.

To determine the effect of the tails on the estimated parameters,
another strategy was used. Weighted nonlinear least squares were used
to determine the effect of the tails. This technique allows the fitting
algorithm to fit various data less accurately. In other words, certain
parts of the data are considered more important than others. If a data
point is considered important, then the fitting routine is required to
adjust the model parameters to force the model to be close to those
data points. The weighting factor used is:

l n
[l

where n is some value between 0 and 2. This expression is a Lorentzian
line shape raised to a power. It is just the line shape that would be
estimated if no rf leakage was involved.

In the actual data reduction, five least-squares fits were used; the
data in each case were weighted differently. The various weights
determined the relative importance of the data points. The five weights
used had values of 0, 0.5, 1.0, 1.5, and 2. The zero weight corresponds
to equal weighting of all points; the 0.5 to 2 weights increase the
importance of the higher data values (data close to resonance). From
these least-squares fits, the @s and corresponding conductivities were
computed.

If the resonance is not contaminated, the estimates of Af should be
the same for any value of n. This criterion provided a measure of the
uncertainty of the results.
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