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Abstract

The SRF community has shown that introducing certain
impurities into high-purity niobium can improve quality fac-
tors and accelerating gradients. We question why some im-
purities improve RF performance while others hinder it. The
purpose of this study is to characterize the impurity profile of
niobium coupons with a low residual resistance ratio (RRR)
and correlate these impurities with the RF performance of
low RRR cavities so that the mechanism of impurity-based
improvements can be better understood and improved upon.
The combination of RF testing and material analysis reveals
a microscopic picture of why low RRR cavities experience
low BCS resistance behavior more prominently than their
high RRR counterparts. We performed surface treatments,
low temperature baking and nitrogen-doping, on low RRR
cavities to evaluate how the intentional addition of oxygen
and nitrogen to the RF layer further improves performance
through changes in the mean free path and impurity pro-
file. The results of this study have the potential to unlock
a new understanding on SRF materials and enable the next
generation of high Q/high gradient surface treatments.

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 (Qg)
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 (Rpcg) by adding extrinsic impurities to the
surface layer of high purity niobium [3-5]. Advancements
have been made with nitrogen through N-doping, where cav-
ities experience an anti-Q, slope and record breaking Q,’s at
mid fields [6-8]. Oxygen added through a low temperature
bake (LTB) has also provided high Q,’s and mitigation of
the high field Q 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 in-
vestigation of cavities with a low residual resistance ratio
(RRR). Low purity niobium has been studied in the past
for the purpose of cost reduction and possible high Q, [11].
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Figure 1: Comparison of quality factor versus gradient for
surface treatments, adapted from Ref. [6].

In this study, we look to use the intrinsic impurities as a
resource to optimize the Rgcg 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 Rpcg behavior at low RRR, as seen in Fig. 2.
We ask if the intrinsic impurities can improve performance,
as we observe in extrinsic impurities.
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Figure 2: BCS resistance versus mean free path shows an

optimization in BCS resistance for moderately dirty surface,
adapted from Ref. [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].
We measure Q versus gradient at 2 K and low temperature
(< 1.5K) in the vertical test stand [2]. The surface resis-
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tance is the geometry factor of the cavity divided by the
Qp; this can be broken down into the residual resistance
(Ryes) and Rpcg. We compare the performance to its high
RRR counterpart in EP condition to understand how the
intrinsic impurities affect the bulk and surface behavior of
the cavity. We perform a LTB at 120 °C for 48 hours and
repeat the testing to evaluate how the addition of the sur-
face oxide to the RF layer further affects performance. We
additionally investigate the effect of adding nitrogen to the
dirty bulk by performing N-doping with the standard 2/6 +
5 um recipe [14]. Additionally, we performed secondary ion
mass spectrometry (SIMS) on low and high RRR witness
samples in EP, LTB, and N-doped conditions to characterize
their impurity profiles. By correlating the concentration of
impurities with the RF performance, we can gain a deeper
understanding of the role of both intrinsic and extrinsic im-
purities.

RESULTS
Quality Factor

We measure the Q at a given gradient by maintaining
the cavity at its resonant frequency, inputting power via
antenna, and then measuring the reflected and transmitted
power [15]. The Q is the ratio of the energy gain per RF
period and dissipated power. The measurements of Q, at
2K are graphed in Fig. 3. In general, the Q,’s of the low
RRR tests are lower than their high RRR counterparts.
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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 Qg at low gradients, as well as improved performance
through higher gradients, compared to the EP test. The
performance after EP and LTB treatments for high and low
RRR is similar at mid gradients. Oxygen improves perfor-
mance of low RRR cavity but with a weaker response than
we see in high RRR cavities, as the LTB treatment delays
Qo slope in low RRR with a less extreme difference than
for high RRR. The low RRR cavity did not show a strong
high field Q, slope in EP condition, so the transition to LTB
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was not as drastic. In the LTB test, the low RRR cavity does
not experience the significant anti-Q, slope at low gradient
seen on the high RRR. The weakened Q, slope suggests
that the intrinsic impurities may capture the free H which is
thought to exacerbate the high field Q slope [16,17]. 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 which causes a lower
thermal conductivity.

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-Q, slope on the low RRR, but much less extreme than
the high RRR. N-doping the cavity with the 2/6 + 5um
recipe did not improve the Q of the low RRR cavity, unlike
high RRR N-doped cavities.

Residual Resistance

The residual resistance (R.,) taken at low temperature
is temperature-independent, and comes from impurities in
the superconducting lattice as well as any trapped flux from
cooldown or quench. The R, measurements are shown in
Fig. 4. We observe a significant offset in R between low
and high RRR for all surface treatments, especially at mid
gradient. This may suggest that the oxide structure of the
low RRR cavity is different or that the intrinsic impurities
may drive additional losses.
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Figure 4: Residual resistance (at low T) versus accelerating
gradient for low and high RRR.

The low RRR EP and LTB curves are nearly equal at
low and mid gradients until around 20 MV/m, after which
oxygen enables lower R. 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
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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 R.,. Another
possible cause is the flux trapped through the multipacting
quenches during the 2 K test.

BCS Resistance

The Rpcg is calculated by taking the difference be-
tween the total surface resistance at 2K and low T. This
temperature-dependent component of the resistance is
caused by the breakdown of cooper pairs with increasing
temperature [3, 14]. In Fig. 5, we highlight the low Rpcg
behavior of the low RRR cavity.
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Figure 5: BCS resistance versus accelerating gradient at 2 K
for low and high RRR.

At all points of the EP and LTB tests, the low RRR Rpcg
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. Itis promising that the LTB lowered the Rgg 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 sim-
ilar Rpcg than that of the high RRR, but significantly re-
duced from the EP and LTB tests.The decrease of Rgcg with
field emphasizes the anti-Q, slope of the N-doped low RRR,
which is difficult to discern from the Q, curve alone. N-
doping showed additional improvement of the Rgcg 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 um recipe produces an “overdoped” effect
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on a cavity with more intrinsic impurities, since this recipe
was optimized for a high RRR material.

Impurity Profiles

The SIMS data is measured as the intensity of each ion ver-
sus sputtering time. The impurity profiles shown in Figs. 6-9
are the most relevant ions found showing the differences be-
tween the surface treatments in low and high RRR. The x
axes are normalized by the noise floor of the Nb,O5 signal
at 10 counts of intensity corresponding to Snm depth into
the samples [18]. The y axes are normalized by the niobium
signal point-to-point for each coupon. We found no obvious
impurities which explain the dramatically lower RRR, so we
consider that other factors, such as grain size, may govern
the RRR. This will be the subject of further study.
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Figure 6: Impurity profile of NbH- on variously treated Nb
samples.

In Fig. 6, we observe that the low RRR samples have less
NbH-, which suggests that some impurity is trapping the
free hydrogen. This aligns with the weakened Q, slope seen
in the low RRR cavity. The low RRR EP and LTB are nearly
identical, whereas there is a larger gap for their high RRR
counterparts. This could be from the low RRR EP surface
being dirtier to begin with than the high RRR EP. We also
see that N-doping increases NbH- in both high and low RRR.
Further studies needed to understand this heightened NbH-
signal from introducing nitrogen into the RF layer.

In Fig. 7, we observe that the low RRR EP and LTB
samples have more C- than their high RRR counterparts.
However, the N-doped samples do not follow this trend,
where the low and high RRR samples appear to have traded
places. This is surprising, as the low RRR samples were all
cut from the same sheet metal and N-doping treatment is
unlikely to remove carbon from the surface. However, the
high RRR samples were not necessarily from the same sheet
metal, so some variation is to be expected. While carbon
may be a noticeable impurity in the low RRR material, the
C- signal alone cannot explain the drastic difference in RRR.
Further studies of carbon-containing ions may help provide
a better explanation.
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Figure 7: Impurity profile of C- on variously treated Nb
samples.
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Figure 8: Impurity profile of NbN on variously treated Nb
samples.

In Fig. 8, we note nitrogen diffuses similarly for low and
high RRR. This aligns with their similar Rgcg. It appears
that the nitrogen introduced via doping and the intrinsic
impurities do not interact, as we observed no combined effect
of these impurities like we had for oxygen. We also observe
some nitrogen in bulk of low RRR EP and LTB which does
not occur in the corresponding high RRR samples. This
shows nitrogen could be one of the intrinsic impurities in
the low RRR material, but not so much that it would account
for the difference in RRR.

In Fig. 9, we observe oxygen diffuses similarly during
LTB for high and low RRR. The O- profiles do not explain
the difference in the LTB tests, suggesting another impurity
is responsible for the different Rg-g. We also note that the
oxygen profile is quite similar for high and low RRR EP
samples, so oxygen is not an intrinsic impurity in the low
RRR material.
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Figure 9: Impurity profile of O- on variously treated Nb
samples.

CONCLUSION

The low RRR cavity behaves quite differently than high
RRR cavities, with lower Rgcg, larger R, lower Q, and
lower gradients in general. The intrinsic impurities affect
the performance of the cavity for all surface treatments ex-
amined. Making the surface even dirtier allowed for lower
Rpcs. even with a less clean bulk.

This difference is most notable in the EP testing, as the
intrinsic impurities protect the cavity from a high field Q,
slope and significantly improve the Rgcg. There is more
similarity in the performance of the LTB cavities in terms
of the offset of the R, the shape of the Rgg curves, and
the oxygen diffusion profiles. It is an important result that
oxygen and the intrinsic impurities appear to collaborate,
enabling higher Q, and gradients. It appears that the LTB
brought the low RRR cavity closer to the optimization of the
Rpcs. The N-doping test showed increased R,., from the

other low RRR tests, but also showed a further decrease in -

the Rpcg. The similar diffusion of nitrogen, along with the
similar Rgcg shows that N-doping is a robust treatment in
different purity SRF cavities, as well as suggesting that nitro-
gen and the intrinsic impurities have minimal interactions.
By understanding how oxygen and nitrogen interact with
the intrinsic impurities, we can gain insight how to develop
a future high Qy/high gradient surface treatment involving
these impurities.
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