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Abstract 

The surface resistance of high and low RRR niobium plates at 4.2K and 1.8K has been measured as a function of 
many processing and testing parameters. A dielectric resonator was used instead of a resonant cavity. This resonator 
offered the ability to make many, sensitive measurements with an efficient use of time and helium. It was found that the 
surface resistance, Rs, of RRR = 190 niobium increased noticeably from the theoretical value if the cooling rate was 
slower than -10 Klmin. Fast-cooled plates subsequently warmed to 130K, and then recooled, showed a larger increase in 
Rs than plates warmed to either lOOK or 160K. Both chemically polished, and electropolished RRR = 190 plates showed 
the effects of the "Q-virus". A heat treatment of 200°C made the RRR = 190 plates less susceptible to the "Q-virus". 
RRR = 30 niobium plates did not show any increase in Rs, regardless of treatment. 

1. INTRODUCTION 

Experiments have shown that the Qo of a niobium 
superconducting cavity may degrade if it is held in a 
certain temperature range immediately prior to testing. 
Saito and Kneisel [1] have determined that the dangerous 
temperature region lies between 70K and l50K, with the 
worst temperature being -11 OK. It was found that the Qo 
of a cavity degraded monotonically with increasing hold 
time at lOOK, for times as long as 25 hours. A saturation 
of the degradation was not observed. When the cavity was 
warmed aoove 200K and then quickly cooled to 4.2K, the 
degradation was completely eliminated. Additional results 
were presented in [2]. There have been anecdotal 
inferences that only high RRR niobium displays this Qo 
degradation. 

Values of Qo of degraded cavities have been 
measured as a function of temperature and field below 
4.2K [2, 3]. The temperature dependence found was not 
the expected BCS dependence. In addition, a change in 
slope was observed at -2.2K. It was found that the Qo of 
a degraded cavity dropped abruptly at a particular field level 
(e.g. -6 mT) when tested in this temperature regime [2, 
3]. This behavior was reversible in field. No such effect 
was observed during testing of degraded cavities at 4.2K. 
These results were taken to indicate the presence of a 
superconducting-normal transition in some part of the 
cavity surface. 

Only the layer of material within a penetration 
depth of the RF surface of a cavity affects its properties. 
This layer is extremely thin, on the order of tens of 
nanometers. Surprisingly, hydrogen has been found to be 
concentrated at niobium surfaces [4, 5] and a low
temperature phase transformation involving hydrogen is 
possible [6]. These facts have lead all investigators to 
conclude that hydrogen contamination is at the source of 
this phenomenon. 

Many different laooratories have investigated the 
factors affecting the RF surface resistance, Rs, of niobium 
at 4.2K and lower (Rs is inversely proportional to Qo). 
However, because measurements, materials, procedures, 
etc. vary widely, it has been difficult to draw specific 

conclusions as to which processing factors have the 
strongest influence on Rs. In this study we have applied a 
new measurement technique to this problem and have 
made many measurements in an attempt to determine the 
relative importance of the factors which influence what 
has been "affectionately" called the "Q-virus". 

2. THE DIELECTRIC RESONATOR 

For our investigation of this effect, we have chosen 
a different type of cavity, the dielectric resonator. A 
schematic of this resonator is shown in Figure 1. This 
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Figure 1. Schematic of the dielectric resonator. The coupling 
loops can be adjusted before testing. The clamp and carbon 
resistors have been omitted for clarity. The resonator is 
completely immersed in liquid helium during testing. 
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resonator is simple, inexpensive to operate, and has a fast 
turn-around time. The single-crystal sapphire disk is 
21 mm in diameter and 6 mm tall. Loop couplers are 
used to excite the resonator and to measure its response. 
An aluminum frame with an adjusting screw holds 
everything together. A resistance heater is attached to the 
aluminum clamp. A carbon resistor is taped to each 
niobium plate to monitor their temperatures. 

There are several choices to be made when using a 
reso~tor such as this -- operating mode, frequency, 
sapphire thickness, etc. TE modes were chosen for 
excitation because there are no E fields at the 
niobium/sapphire interfaces in these modes, making the 
Qo measurements insensitive to helium films at these 
interfaces. The sapphire dimensions were chosen to 
produce a low resonant frequency while minimizing the 
dielectric losses. 

Data were obtained with an HP 85lOA network 
analyzer. The loaded Q value was determined by 
measuring Ilf at the -3dB points on the transmitted 
power. The external Q's, and the unloaded Qo, are 
determined using the following equations: 

1 ± 1O-.1R / 20 QL 
a inc = 2 - Qinc 

(1) 

atrans= 
lO-T / lO QL 

4ainc - Qtrans 
(2) 

Q 
a o = 1 - a inc - atrans = Q~ (3) 

where LlR is the drop, in dB, of the reflected signal at the 
resonance and T is the absolute transmitted power at the 
resonance. Because T is an absolute measurement, the 
cable attenuations must be measured at the frequencies of 
interest. To verify the calculations of Qtrans, which 
depends on the value of ainc, the cables were reversed and 
Qtrans was measured directly. The calculations and the 
measurements were always in close agreement. Typically, 
the external Q's were 4-5 x lO7 for the incident coupler, 
8-lO x lO7 for the transmitted coupler. 

Unloaded Qo's were measured in two different 
modes: the TEo 11 and the TEo 12. The frequencies of 
these modes are -9.52 and 12.25 GHz, respectively. It 
was expected that the TEo 12 mode would be more 
sensitive than the TEo11 mode to the surface roughness of 
the niobium plates. This was found to be true. For this 
reason, only the results from the TEo 11 mode will be 
presented and discussed. 

The data will be presented in terms of the surface 
resistance of the niobium plates as this is a quantity of 
more general interest. This is obtained using: 

R =SL 
S Q

o 
(4) 

where G is the "geometry factor" for the mode of interest 
-- 294 Q for the TEo 11 mode, 602 Q for the TEo 12 
mode. 

This resonator rests in a liquid helium bath, i.e. 
liquid helium is part of the resonator. While the losses of 
the helium are low and are not believed to affect the Q 

measurements, we have noticed interesting effects of the 
bath temperature on frequency (Figure 2). 
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Figure 2. Temperature dependence of the resonance 
frequencies. The filled symbols correspond to the 9.52 GHz 
mode. The frequency differences for each mode are calculated 
relative to the frequency at 2.2K. 

The resonator was cooled from room temperature 
many times during the course of this investigation. 
Figure 3 shows the measurements made on three different 
pairs of plates under the same cooling conditions. These 
data show that this resonator produces reproducible results 
with an absolute error bar of ±Sit Q at 9.52 GHz. 
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Figure 3. The results of twelve different measurements of 
surface resistance. The resonator was cooled quicldy from 
room temperature for each test. All measurements were made 
at 9.52 GHz. Tests 1-5 used chemically polished, high RRR 
plates. Tests 6-8 used chemically polished, low RRR plates. 
Tests 9-12 used electropolished, high RRR plates. Rs at 1.8K 
was not measured in tests 6 and 8. 

3. SAMPLE PREPARATION 

Three different pairs of plates were used in the 
present study. The RF surfaces of all plates were milled 
using standard machining techniques and lubricants. This 
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produced a flat surface over the entire plate. The. surface 
roughness of the machined surface was reduced USlO~ 320 
grit abrasive paper. The plates were then ultraSOOlCally 
degreased. 

All plates received some form of chemical attack. 
One pair of plates was prepared from 3mm thick, high 
RRR, -190, niobium and received a chemical polish 
using a 1:1:2 mixture of HF:HN03:H3P04. (N.B. 
European HF is only 40%, in contrast to the American 
48% l. Approximately 60 !J.m were removed from the RF 
surfaces. A second pair of high RRR plates was 
electropolished after machining. The third pair of plates 
was prepared from 5mm thick, low RRR, -30, niobium. 
Sixty four microns were removed from the RF surfaces of 
these plates using a 112 chemical polish. 

4. EFFECT OF COOLING RATE 

The RRR = 190, chemically polished plates were 
cooled from room temperature to 4.2K at four different 
cooling rates. The temperatures of the top and bottom 
plates were always within 5K of each other. 

The results are shown in Figure 4. The values of 
Rs for the two fastest cooling rates are in good agreement 
with the BCS predictions. For the slower cooling rates, a 
noticeable increase in the surface resistance was seen. 
When the plates were cooled at 0.65K/min, Rs at 4.2K 
increased a factor of 3.1 above the BCS value, whereas at 
1.8K it increased a factor of 6.6. 
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Figure 4. Effect of cooling rate on the surface resistance of 
RRR = 190 niobium at 9.52 GHz. The plates were cooled 
directly from room temperature to 4.2K. 

5. EFFECT OF HOLDING 
TEMPERATURE 

A typical thermal cycle for a resonator test is 
shown in Figure 5. The resonator was first cooled to 
4.2K at a rate of -60K/min. Measurements of Rs were 
made at 4.2K, while the helium bath was pumped to 
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Figure 5. Typical thermal cycle of the dielectric resonator. 

1.8K, and at 1.8K. These measurements established 
reference values for Rs. After all helium-temperature 
measurements were completed, the resonator was warmed 
to the chosen intermediate temperature, and held there, 
± 5K for -2 hours. The resonator was then rapidly 
cooled to 4.2K again and the measurements repeated. 
After the second cooldown to 1.8K the resonator was 
warmed to room temperature over a period of -12 hours. 
The results are shown in Figures 6, 7 and 8. 

These data show that the holding temperature 
required to produce the greatest increase in Rs, at least at 
9.52 GHz, is closer to 130K, rather than lOOK. For a 
holding temperature of 130K, the electropolished plates 
showed a 3-fold increase in Rs at 4.2K, 4.5-fold at 1.8K. 
The effect was much more pronounced for the chemically 
polished plates -- Rs increased 15 times above the 
reference value at 4.2K, 44 times at 1.8K. In one or two 
tests Rs increased so much that it was difficult to identify 
the resonance. 

1000 

a-
::::1. 
'-' 100 

fIJ 
QC 

10 - - ~ -
~ 

~ 

~ ~ ~ e e :os :e C"f) :os ..., ..., ..., ... "I: ... "I: .;i "I: 
~ ~ ~ ~ ~ ~ ~ ~ ~ 

Figure 6. Effect of intermediate holding temperature on Rs for 
RRR = 190. electropolished plates. The thermal cycle 
shown in Figure 5 was used for each pair of measurements. 
Measurements were made at 9.52 GHz. 
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Figure 7. Effect of intermediate holding temperature on Rs for 
RRR = 190, chemically polished plates. The thermal cycle 
shown in Figure 5 was used for each pair of measurements. 
Measurements were made at 9.52 GHz. 
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Figure 8. Effect of intermediate holding temperature on Rs for 
RRR = 30, chemically polished plates. The thermal cycle 
shown in Figure 5 was used for each pair of measurements. R. 
at 1.8 was not measured for the first and fifth tests shown. 
Measurements were made at 9.52 GHz. 

The data shown in Figure 8 clearly show that 
RRR = 30 niobium does not appear to be affected by the 
"Q-virus". That not even a slight effect was observed was 
surprising. 

6. EFFECT OF 200°C HEAT 
TREATMENT 

It is well known that a UHV heat treatment at 700 
- 900°C will remove hydrogen from niobium and thus 
"inoculate" a cavity from the "Q-virus". The Nb-H phase 

diagram [6] shows that there is no stable hydride above 
171°C. If a room temperature surface hydride were the 
cause of the "Q-virus", dissolving the hydride and 
diffusing the hydrogen into the bulk at some temperature 
between 171°C and 700°C may also "inoculate" a cavity. 

The RRR = 190, chemically polished plates used 
to generate the data in Figure 7 were vacuum heat treated 
at 200°C for approximately two hours. The results are 
shown in Figure 9. This heat treatment produced no 
change in the reference values of Rs and was successful in 
reducing the effects of the "Q-virus". After a 200°C heat 
treatment, the increase in Rs after a 130K hold was only a 
factor of 3.6 at 4.2K, 3.8 at 1.8K. 
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Figure 9. Effect of intermediate holding temperature on Rs for 
RRR = 190, chemically polished plates. The plates used to 
generate the data in Figure 7 were vacuum heat treated at 
200°C for -2 hours. Measurements were made at 9.52 GHz. 

The RRR = 190, electropolished plates were also 
heat treated at 200 and 300°C. The surface resistance of 
these plates showed a factor of 2 improvement after the 
200°C heat treatment, but were unchanged after a 
subsequent 300°C treatmenl 

7. EFFECT OF COLD-WORK 

The metallurgical state of as-received niobium 
sheet is a quantity which is poorly defined and difficult to 
measure. It is possible that the degree of residual cold
work in high RRR niobium sheets is different than that in 
low RRR sheets. If so, this could have an effect on the 
hydrogen absorption properties of the sheets. 

As a first attempt to study the influence of cold
work on the "Q-virus", two 5mm thick, RRR = 30 plates 
were tested in the as-received state. The results from these 
plates were shown in Figure 8. These plates were then 
rolled to 3mm in thickness, a cross-sectional area 
reduction of 40%. They were machined flat, and 
chemically polished again. Approximately 60 !-tm were 
removed from the RF surface during polishing. 
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The results of the tests are shown in Figure 10. 
One can see that the additional cold-work did not cause the 
"Q-virus" to appear in RRR = 30 niobium. 
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Figure 10. Effect of cold-work on Rs for RRR = 30 plates. 
The plates were tested at 5 mm thickness, then rolled to 3 mrn 
thickness and tested again. The plates were chemically 
polished before each series of tests. 

8. DISCUSSION 

It has now been well demonstrated that the 
dielectric resonator is an effective tool for investigating 
the processing parameters which may affect Rs. The 
samples are easy and inexpensive to prepare, and testing is 
time and helium efficient. 

The resonator made it possible to test the effect of 
cooling rate on Rs, something difficult to do with an 
accelerating cavity. It was found that rather fast cooling 
rates are necessary to achieve the theoretical Rs. This 
sensitivity to cooling rate may pose a problem for large 
accelerator modules. 

The effect of hold temperature on Rs was roughly 
the same as measured by Saito and Kneisel. However, the 
temperature which produced the maximum degradation was 
somewhat higher in this study. This may be an artifact of 
the different test frequencies. It was also found that 
chemically polished plates were more sensitive to Rs 
degradation than electropolished plates. Perhaps this was 
due to the electropolishing technique. 

The 200°C heat treatment was successful in 
reducing the effects of the "Q-virus". This demonstrates 
that it is not necessary to completely remove hydrogen 
from the walls of a cavity, only to displace it from the RF 
surface. The low temperature of this heat treatment may 
allow it to be applied to a cryostat when the effects of the 
"Q-virus" prove debilitating. 

It has now been clearly shown that RRR = 30 
niobium does not suffer from the "Q-virus" in the same 
manner as RRR = 190 niobium. Several more 
experiments need to be performed in order to fully 

understand why this is so. If high RRR niobium is 
contaminated or heavily cold-worked, does it become 
immune to the "Q-virus"? If low RRR niobium is 
purified, does it become susceptible to infection? If low 
RRR niobium is thoroughly annealed, but not purified, 
does it demonstrate the effects of the "Q-virus"? 

At this point it is worthwhile to comment on three 
other incidental aspects of the present investigation. 
When comparing measured values of Rs as a function of 
temperature (between 4.2K and 1.8K) with the BCS 
values, we found that the agreement was quite good for 
tests with rapid cooling. However, when the resonator 
was cooled slowly, significant deviations were observed. 

The Rs vs. temperature data were smooth and 
continuous, regardless of the thermal history of the 
resonator. Because the helium bath was part of the 
resonant circuit, bubbles, ice crystals, etc. in the helium 
caused some noise in the RF signal when the bath was 
above the J... point. For this reason, it was easier to record 
data while warming the resonator from 1.8K, rather than 
during pumping from 4.2K. When this was done, a 
significant change in Rs was observed at 2.2K. Further 
investigation showed that this was strictly an artifact 
caused by stratification in the helium. It is, therefore, 
presently believed that the previous evidence for a 
superconducting! normal phase transformation at this 
temperature was also a result of stratification. 

All measurements were made at two power levels 
in an attempt to observe a field dependence of Rs. No 
effect was seen although it should be noted that the 
maximum power output of the network analyzer was 
probably insufficient to observe this effect. 
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