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Abstract
Recent findings in the superconducting radio-frequency

(SRF) community have shown that introducing certain im-
purities into high-purity niobium can improve quality fac-
tors and accelerating gradients. Success has been found in
nitrogen-doping, diffusion of the native oxide into the nio-
bium surface, and thin films of alternate superconductors
atop a niobium bulk cavity. We question why some impu-
rities improve RF performance while others hinder it. The
purpose of this study is to characterize the impurity profile
of niobium with a low residual resistance ratio (RRR) and
correlate these impurities with the RF performance of low
RRR cavities so that the mechanism of recent impurity-based
improvements can be better understood and improved upon.
Additionally, we performed surface treatments, low temper-
ature baking and nitrogen-doping, on low RRR cavities to
evaluate how the intentional addition of more impurities to
the RF layer affects performance. We have found that low
RRR cavities experience low temperature-dependent BCS
resistance behavior more prominently than their high RRR
counterparts. The results of this study have the potential to
unlock a new understanding on SRF materials.

INTRODUCTION
As we approach the theoretical limit of niobium for super-

conducting radio-frequency (SRF) cavities, the last decade
has brought immense improvements in quality factor (Q0)
and accelerating gradients though intentionally added im-
purities into the niobium surface [1, 2]. Many SRF studies
follow a “clean bulk dirty surface” technique to optimize the
BCS resistance by adding extrinsic impurities to the surface
layer of high purity niobium [3–5]. Advancements have
been made with nitrogen through N-doping, where cavities
experience an anti-Q0 slope and record breaking Q0’s at mid
fields [6–8]. Oxygen added through a low temperature bake
(LTB) has also provided high Q0’s and mitigation of the
high field Q0 slope typically seen in electropolished (EP)
niobium cavities [9, 10]. The performance of these surface
treatments is shown in Fig. 1.

The success of intentionally added impurities to the nio-
bium surface has drawn deeper questions about how these
impurities affect cavity behavior, and has prompted an inves-
tigation of cavities with a low residual resistance ratio (RRR).
Low purity niobium has been studied in the past for the pur-
pose of cost reduction and possible high Q0 [11]. In this
study, we look to use the intrinsic impurities as a resource
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Figure 1: Comparison of quality factor versus gradient for
surface treatments, adapted from [6].

to optimize the BCS resistance and understand the mecha-
nism of impurity-based improvements. RRR and mean free
path (mfp) have a direct relationship, so we might expect
experience low BCS resistance behavior at low RRR, as
seen in Fig. 2. We ask if the intrinsic impurities can improve
performance, as we observe in extrinsic impurities.

Figure 2: BCS resistance versus mean free path shows an
optimization in BCS resistance for moderately dirty surface,
adapted from [12].

In this study, we investigate a single-cell TESLA-shaped
1.3-GHz cavity with RRR 61. First, the cavity receives EP
treatment to make the surface layer and bulk uniform [13].
The measurements in the vertical test stand include Q0
versus accelerating gradient at 2 K and low temperature
(< 1.5 K) [2]. We define the surface resistance as the geome-
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try factor of the cavity divided by the Q0; this can be broken
down into the residual resistance and BCS resistance. We
compare the performance of this cavity with its high RRR
counterpart in EP condition to understand how the intrinsic
impurities affect the bulk and surface behavior of the cavity.
Then, we perform a LTB at 120 °C for 48 hours and repeat
the testing to evaluate how the addition of the surface oxide
to the RF layer further affects performance. Since the last
report [14], we additionally investigate the effect of adding
nitrogen to the dirty bulk by performing N-doping with the
standard 2/6 + 5-µm recipe [15].

RESULTS
Quality Factor

We measure the Q0 at a given gradient by maintaining the
cavity at its resonant frequency, pumping power in, and then
measuring the reflected and transmitted power [16]. The
Q0 is defined as the ratio of the energy gain per RF period
and dissipated power. The measurements of Q0 at 2 K are
graphed in Fig. 3.

Figure 3: Quality factor at 2 K versus accelerating gradient
for EP, LTB, and N-doping on low and high RRR.

The low RRR cavity after the LTB shows a slight increase
in Q0 at low gradients, as well as improved performance
through higher gradients, compared to the EP test. The per-
formance after EP and LTB treatments for high and low RRR
is similar at mid gradients. Oxygen improves performance
of low RRR cavity but in a different way than we see in high
RRR cavities, as the LTB treatment delays Q0 slope in low
RRR with a less extreme difference than for high RRR. The
low RRR cavity did not show a strong high field Q0 slope in
EP condition, so the transition to LTB was not as drastic. In
the LTB test, the low RRR cavity does not experience the
significant anti-Q0 slope at low gradient seen on the high
RRR. We are also unable to reach as high gradient in the
low RRR test in both EP and LTB, which is likely due to its
higher concentration of intrinsic impurities.

The performance after N-doping is quite similar to EP at
low and high gradients. The cavity experienced multipacting

quenches above 16 MV/m, which trapped magnetic flux
and worsened the performance up to its ultimate quench
at 22 MV/m. The quality factor of the N-doped low RRR
cavity is significantly lower than that of the high RRR, but
they reach similar maximum gradients. We observe a slight
anti-Q0 slope on the low RRR, but much less extreme than
the high RRR. N-doping the cavity with the 2/6 + 5-µm
recipe did not improve the Q0 of the low RRR cavity, which
is not a traditional behavior of high RRR N-doped cavities.

Residual Resistance
The residual resistance (Rr) taken at low T is not

temperature-dependent, coming from impurities in the super-
conducting lattice as well as any trapped flux from cooldown
or quench. The Rr measurements are shown in Fig. 4. We
observe a significant offset in Rr between low and high RRR
for all surface treatments, especially at mid gradient.

Figure 4: Residual resistance (at low T) versus accelerating
gradient for low and high RRR.

The low RRR EP and LTB curves are nearly colinear
until around 20 MV/m. It is reassuring that the addition of
oxygen to the RF layer did not further increase the resistive
effect of the intrinsic impurities in the material. This split
is analogous to that of the high RRR EP and LTB which
occurs around 25 MV/m at a lower resistance. The offset of
the low and high RRR LTB curves clarifies the effect of a
uniform distribution of impurities in the bulk.

The low RRR N-doped curve is slightly higher than the
corresponding EP and LTB curves. It is also larger than the
high RRR N-doped curve, except at high gradient. Because
N-doping introduces impurities further into the bulk than
LTB, it is possible this caused the increase in Rr. Another
possible cause is the flux trapped through the multipacting
quenches during the 2 K test.

BCS Resistance
The BCS resistance (RBCS) is calculated by taking the dif-

ference between the total surface resistance at 2 K and low T.
This temperature-dependent component of the resistance is
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caused by the breakdown of cooper pairs with increasing
temperature [3, 15]. In Fig. 5, we draw attention to the low
BCS resistance behavior of the low RRR cavity.

Figure 5: BCS resistance versus accelerating gradient for
low and high RRR.

At all points of the EP and LTB tests, the low RRR RBCS
is equal to or below that of its high RRR counterpart. The
benefit of the low RRR with these treatments is most promi-
nent at mid gradients and is completely lost at high gradients.
The LTB high and low RRR are equal until 10 MV/m, but
then show a similar behavior of the local maximum and then
decrease. It is promising that the LTB lowered the BCS resis-
tance at all gradients from the EP test, so making the surface
even dirtier allowed for lower BCS resistance even with a
less clean bulk. It is not clear yet if we have reached the
optimized surface dirtiness or if we could go even further.

The N-doped test of the low RRR cavity showed slightly
higher RBCS than that of the high RRR, but significantly
reduced from the EP and LTB tests. The decrease of RBCS
with field emphasizes the anti-Q0 slope of the N-doped low
RRR, which is difficult to discern from the Q0 curve alone.
N-doping showed additional improvement of the RBCS from
the EP and LTB tests, but it is surprising that the low RRR is
larger than its high RRR counterpart. A possible explanation
is that the 2/6 + 5-µm recipe produces an “overdoped” effect
on a cavity with more intrinsic impurities, since this recipe
was optimized for a high RRR material.

CONCLUSION
The low RRR cavity behaves quite differently than high

RRR cavities, with lower BCS resistance, larger residual re-
sistance, lower quality factor, and lower accelerating gradient
in general. The intrinsic impurities affect the performance
of the cavity for all surface treatments examined.

This difference is most notable in the EP testing, as the
intrinsic impurities protect the cavity from a high field Q0
slope and significantly improve the BCS resistance. There
is more similarity in the performance of the LTB cavities in
terms of the offset of the residual resistance and the shape
of the BCS resistance curves. It is an important result that

adding oxygen to the surface of a cavity with a high concen-
tration of intrinsic impurities will improve performance. It
appears that the low temperature bake brought the low RRR
cavity closer to the optimization of the BCS resistance. The
N-doping test showed increased residual resistance from the
other low RRR tests, but also showed a further decrease
in the BCS resistance. The introduction of nitrogen to the
surface layer produced mixed results and requires further
optimization.

The next step is to re-test the N-doped cavity after high-
pressure rinsing to avoid the multipacting behavior and re-
duce the effects of trapped flux. Afterward, the optimiza-
tion of N-doping for the low RRR material will be studied
through small EP removals of the surface layer. By under-
standing how oxygen and nitrogen interact with the intrinsic
impurities, we can gain insight how to develop a new surface
treatment involving these impurities.
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