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Abstract

A sample host cavity is used to measure the surface resis-
tance of a niobium substrate with a gold film deposited in
place of its surface oxide. The film thickness of the gold layer
was increased from 0.1 nm to 2.0 nm in five steps to study
the impact of the normal layer thickness. The 0.1 nm film
was found to reduce the surface resistance below its value
with the surface oxide present and to enhance the quench
field. The magnitude of the surface resistance increased sub-
stantially with gold film thickness. The surface resistance
field-dependence appeared to be independent from the nor-
mal layer thickness. The observations reported in this work
have profound implications for both low-field and high-field
S.C. microwave devices. By controlling or eliminating the
niobium oxide using a gold layer to passivate the niobium
surface, it may be possible to improve the performance of
SREF cavities used for particle acceleration. This method to
reduce surface oxidation while maintaining low surface resis-
tance could also be relevant for minimizing dissipation due
to two-level systems observed in low-field low-temperature
devices.

INTRODUCTION

The work presented at this conference is detailed in a
paper for which we are currently seeking publication [1]. To
avoid duplication, this paper will focus on a supplemental
analysis regarding the expected thermal quench fields. As
discussed in the main paper, the results of this analysis act as
a crucial support for some of the work’s main conclusions.
As this is a supplementary writing, no attempt is made to
introduce the details of the main work and the reader is
assumed to be familiar with the information in [1].
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Figure 1: Diagram depicting system considered for model
and defining relevant parameters and dimensions.
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MODEL

A thermal quench occurs when the liquid helium surround-
ing the cavity is unable to adequately remove heating from
the inner surface [2]. The physical situation consists of a
3 mm thick niobium bulk with a steady state heat flux, Q,
created by an RF field, H, incident on one side and liquid
helium cooling on the other. This scenario is demonstrated
and relevant dimensions are defined in Fig. 1.

The analysis presented here closely follows that of Ref. [2]
to obtain a steady-state estimate of the thermal quench field.
Here it is assumed that the inner and outer surface tempera-
tures are not increased substantially beyond that of the bath
such that the thermal conductivity and Kapitza conductivity
are approximately constant. This is likely not an ideal as-
sumption for the frequencies considered in this work, but is
sufficient for an initial consideration. From the steady-state
heat flow at the metal-helium interface,

dT

K a =

All parameters included are defined in Fig. 1. Integrating
both sides with respect to x from O to d yields an expression

for T, in terms of 7,
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Figure 2: Scaling factor produced for a given combination
of Kapitza conductivity and bulk thermal conductivity. Ex-
pected values include & = 1000 — 3000 W/ (m2 . K) and
x=5-40W/ (m-K) [3-5].

In the steady state, the heat flux into and out of the niobium
will be equivalent:

1 2
3,2 R T BIBP = (T, = To) a.
0
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Combining this with the previous expression gives a rela-
tionship between T, and the surface RF field, B:

R(T,,, BIBP = [243 |-

Om TO) =5 (Tm

- TO) .
ey

Here the thermal properties are contained in the scaling fac-

tor, S = 2/1% asz . Figure 2 demonstrates what combination

. of the two material properties can produce a given scaling

factor. The maximum field, B, for which a solution to Eq. (1)
exists is the predicted thermal quench field [2].
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Figure 3: Solution to equation 1 with surface resistance
modeled by Eq. (2) at a frequency of 4.0 GHz and a bath
temperature of 7 = 1.6 K. The scaling factor used in this
figureis S = 5x 1073 Q-T?/(m?-K). The maximum values
of each curve provide an estimate for the thermal quench
field.

As was discussed in the primary paper [1], the gold layer
samples all displayed a surface resistance varying with the
square-root of RF field amplitude. The surface resistance
used in Eq. (1) will be

B
R(T,,, B) = Ry (T,,) + Ry (By) \’Bjo’

where R denotes the temperature-dependent component of
the surface resistance and B, is an arbitrary reference field.
Rz will be obtained using the SRIMP model [6] with param-
eters obtained by fitting temperature-dependence data [7].
With such a surface resistance field-dependence, the solution
to Eq. (1) is considered for several cases in Fig. 3. From this
it is evident that for modest residual resistance contributions,
the assumption that 7,, =~ T, is reasonable for the purposes
of assuming temperature-invariant thermal and Kapitza con-
ductivities using the models cited in [3]. For larger residual
resistance values this assumption should be refined for a
more careful treatment.

@

APPLICATION TO DATA

The predicted thermal quenches can be compared to those
observed in Ref. [1]. The data collected at 1.6 K is given
in Fig. 4. Relevant information from this is summarized in
Table 1.
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Table 1: Measured quality factors at 5mT and observed
quench fields for the 4.0 GHz data in Fig. 4

Measurement | Bepnes [MT] | Qp(5mT)[x101]

Oxidized Nb 73.8+33 4.1
0.1 nm Au 105.0 +£5.0 4.6
0.5 nm Au 67.6 +4.3 3.6
1.0 nm Au 57.8+29 2.7
1.5 nm Au 43.8+2.0
2.0 nm Au 426 +43 1.7

In Fig. 5, Egs. (1) and (2) are used to estimate the thermal
quench field for a given total resistance at 1.6 K for a range
of scaling factors. The possible range of resistances that can
produce thermal quench fields within the uncertainty of the
observed values is superimposed on top of the prediction for
each measured surface.

For the majority of the measurements in Fig. 4, it is rea-
sonable to assume that the quench location is on the sample
plate due to the quench field changing magnitude when the
sample surface is altered. This may or may not be true for the
0.1 nm Au sample. Regardless, it is assumed that the quench
events occur on the sample surface and not on the host struc-
ture for all measurements considered here. In addition to
this, it is assumed that there are no significant variations
from the average surface resistance over its area. This is jus-
tified by the relatively large thermal quench fields obtained
for reasonable material parameters [3, 5], which would likely
not be obtained if dissipation were dominated by hot spots.
To be more concise, it is assumed that the surface resistance
on the plate and host structures are constant over their entire
area.

With these assumptions in place, the average surface re-
sistances on the plate and host structure that can produce
the quality factors observed in Table 1 are plotted in Fig. 6.
This is calculated from Eq. (1) in Ref. [1]. The surface resis-
tances that could produce observed thermal quench fields in
Fig. 5, assumed to be those of the plate, are superimposed
on these calculations. This demonstrates what combination
of average host and plate surface resistances could produce
both the observed quality factor and thermal quench field
for a given sample.

The value of scaling factor affects where the possi-
ble host resistances occur in Fig. 6. There, a value of
§=5%x107°Q- T2/(m2 - K) was selected as this allowed
for all of the sample measurements to be consistent with
a single host structure resistance. This is consistent with
the expectation that the host structure resistance is invariant
between different measurements. Other choices of scaling
factor (outside about 10% of its value) rapidly become in-
consistent with this expectation and often lead to impossible
combinations of host and plate surface resistance. The se-
lected value of § = 5x107> Q -T2/ (m?2-K) is consistent with
thermal and Kapitza conductivities found in literature [3, 5],
as can be observed in Fig. 2.
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Figure 4: Intrinsic quality factors of niobium sample with its native oxide (baseline and calibration) and with gold layers
of varying thickness. Measurements are given as a function of RF field magnitude on the sample at 1.6 K. This image is
copied from Ref. [1] and further information is available there.
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Figure 5: Predicted thermal quench fields
from Egs. (1) and (2) with scaling factors
S =4,5,6 [><10_5 Q-T?/(m?- K)] (dashed,  solid,

dotted black lines respectively). Each observed thermal
quench field range, specified in Table 1, is superimposed on
the associated predicted values.

In the lower portion of Fig. 6, the allowed combination of
plate and host resistance for the oxidized niobium sample
is shown on a smaller scale to be viewed with more detail.
From this, it appears that the host structure and plate must
have different surface resistances to be consistent with the
magnitude of the observed quench field. As described in in
Ref. [1], this directly violates one of the core assumptions
for surface resistance extraction using a calibrated quality
factor measurement. From the temperature-dependencies
presented in Ref. [1], the discrepancy is likely caused by an
unknown form of residual resistance. Thus, this issue will
become less pronounced for higher temperatures. At 1.6 K,
however, it appears the surface resistance of the calibration
plate could be two-three times that on the host structure.

Fundamental SRF research and development

High quality factors/high gradients

400
_Q0 =4.1e+10
Qo =4.6e+10
300 - QO = 3.6e+10
—_ ——Q,=2.7e+10
G
£ ——Q,=NaN
2200 —Q0 =1.7e+10
3
[+4
100
o 1 L Il Il J
0 10 20 30 40 50
Rhost (n€2)
48
46
~ 44
S
o
=, 42
J‘: 40
38
36
15.5 16 16.5 17
Rhosl (n%)

Figure 6: Average surface resistance on the host and plate
that can result in a measured quality factor corresponding
to the measurements in Table 1. This is calculated from
Eq. (1) in Ref. [1]. Superimposed (thicker lines) over the
range of plate surface resistances are the values of surface
resistance that were consistent with thermal quench fields
of each measurement considered in Fig. 5. A scaling factor
of S=5x107°Q - T2/(m2 - K) was selected such that the
host structure surface resistance was consistent for all mea-
surements. The lower figure is zoomed in on the oxidized
niobium (calibration measurement) sample.
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Figure 7: Maximum resonator Q for a calibration plate
with the assumed equivalence between the host and plate
structures and allowing for some discrepancy. The calibra-
tion measurement and the 0.1 nm Au layer measurement are
included for reference.

Allowing for this difference in the surface resistance ex-
traction method specified in Ref. [1, 7] allows for a natural
solution to some of the difficulties revealed by the 0.1 nm Au
measurement. First, it explains how the quench field of the
gold layer sample could be higher than that of the calibration.
Second, the observed increase in quality factor following
the removal of niobium oxide and its replacement with this
gold layer was too large to be realized without the influence
of systematic error. The surface resistance difference be-
tween the host and plate structures provides an explanation
for this systematic error. The maximum possible quality
factor corresponds to dissipation occurring solely on the
host structure (i.e. the case where sample surface resistance
is zero). This value can be obtained from modifications
to equation 1 in Ref. [1] following from the derivation in
Ref. [7] by allowing for a difference between plate and host
structure resistances in the calibration measurement, denoted

by r = Rplate /Rhost:

3

. . a
Q{)nax — anltbratton [1 + T ar] ,
where « is the focusing factor defined in Ref. [1]. The values
reported here of r = 2 — 3 are consistent with the observed
increase in magnitude. This is demonstrated in Fig. 7.

The same calculations and comparisons that were per-
formed for 4.0 GHz in Fig. 5 can be repeated for the 5.2 GHz
quench fields shown in Fig. 4 and listed in Table 2. This
can then be expressed in terms of possible combinations of
plate and host surface resistances, as was done for 4.0 GHz
in Fig. 6. This is shown for the 5.2 GHz case in Fig. 8. The
scaling factor of § = 7 x 105Q- T2/(m2 - K) was selected
such that the host structure surface resistance was most con-
sistent for all measurements, though complete agreement
was not obtained.
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Table 2: Measured quality factors at 5mT and observed
quench fields for the 5.2 GHz data in Fig. 4

Measurement | Bgepne; [MT] | Qp(5 mT)[x10%]

Oxidized Nb 594 +2.7 8.0
0.1 nm Au 65.4+29 13
0.5 nm Au 60.1 +2.6 7.5
1.0 nm Au 432 +2.0 5.4
1.5 nm Au 434420 4.5
2.0 nm Au 412 +2.2 3.8
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Figure 8: Repeating the process described for the 4.0 GHz
case in Fig. 6 for the 5.2 GHz data. A scaling factor of
S=7x10°Q- T2/(m2 - K) was selected such that the
host structure surface resistance were most consistent for all
measurements.

This scaling factor is also inconsistent with the preferred
value for the 4.0 GHz case. It is expected that this discrep-
ancy is due to the initial assumption made in the model that
the Kapitza conductivity and thermal conductivity were con-
stant in temperature. For the 5.2 GHz case, and in general
for the thicker gold layers, more dissipation was observed
and temperatures inside the cavity wall may be large enough
to justify dynamic behavior of these conductivities. This
can be seen in Fig. 3. Additionally, the observed quadratic
field-dependence of the oxidized niobium surface resistance
was assumed to behave as a square-root here. Account for
this would shift the behavior reported here slightly.

CONCLUSION

The information in this writing provides details supple-
menting the information presented at the conference and
written in Ref. [1]. It is not intended to be a complete work
and should be read after understanding [1]. It describes ther-
mal models used to justify conclusions about the source of a
systematic uncertainty that was revealed by the 0.1 nm gold
layer measurement. These models produce thermal quench
fields that are consistent with those observed with input pa-
rameters expected for niobium. However, the assumptions
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of the model may be too stringent, as fully consistent val-
ues were not obtained for both operation frequencies for a
single set of material properties. This was likely due to the
higher dissipation observed for higher frequencies and for
the thicker gold layers. It is expected that this could be im-
proved by implementing a more complete model that does
not make these assumptions.

Despite the lack of complete consistency, the model is
adequate to demonstrate that the mechanism of quench in
these studies is a thermal breakdown field. It also provides
a reasonable source of systematic error that was not ruled
out by other observations and is capable of explaining the
problematic differences between the gold layer measurement
and the calibration measurement.
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