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Abstract

Impurity alloying Nb has ushered in highly efficient su-
perconducting radio frequency cavities. Modeling impurity
diffusion profiles for superconducting radio frequency
(SRF) applications will be crucial for developing next gen-
eration accelerators and engaging with modern theories to
enhance performance. Here we describe modeling of oxy-
gen and nitrogen alloying in Nb.

INTRODUCTION

Superconducting radio frequency cavities are the build-
ing blocks of contemporary particle accelerators. Major
particle accelerators utilize SRF technology to facilitate
fundamental research. In Nb SRF cavities, trace impurities
can have tremendous impact. With quality factors, Qo, ex-
ceeding the previous state of the art by 2-4, LCLS-II and
LCLS-II HE [1, 2] will employ nitrogen-alloyed Nb for
their continuous wave accelerators. A goal remains to de-
velop impurity diffusion models to tune interstitials opti-
mally to modify Q, and E,.. for an intended application.
This work requires the use of secondary ion mass spec-
trometry (SIMS). The high depth resolution and ability to
quantify trace impurities makes SIMS the premier tool for
testing diffusion models and parameter determination us-
ing the measured impurity depth profiles.

While Nb approaches its intrinsic limits, an opportunity
presents itself to explore its ultimate limits via impurity
management and nanostructuring [3-9] to reduce the sur-
face resistance and increase the accelerating gradient. An
important vector of RF surface resistance modification is
electron mean free path tuning via alloying using various
impurities [10-16]. Impurities greatly affect sensitivity to
trapped flux [17-20] and a normal-conducting hydride pre-
cipitate blocking effect [21-24] which constitutes another
vector of RF surface resistance optimization which must be
carefully considered in managing impurities. Thorough ex-
ploration of these topics will optimize SRF properties for
Nb and the lessons learned may be applicable to future ma-
terials [25, 26] in an effort to reduce the footprint and cap-
ital cost of future accelerators.

EXPERIMENTAL

SIMS measurements were made using a CAMECA 7f
Geo magnetic sector SIMS instrument on Nb samples as
described elsewhere [27]. The primary ion beam, made of
Cs', is accelerated using a potential of 5 kV and sample
potential of -3 kV for an impact energy of 8 keV. The Cs*
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ion beam was rastered over an area of 150 x 150 um? with
the collected data coming from a 63 x 63 um? area in the
center of the larger raster. Quantitation of the SIMS oxygen
depth profiles was made using an implant standard to con-
vert the ion signal to impurity concentration [28, 29]. Here,
we used an O implant standard dosed with O at 2x10' at-
oms/cm? at 180 keV by Leonard Kroko Inc to quantify the
O composition of the RF penetration layer and beyond by
detecting %0~ in conjunction with a **Nbreference signal.

NITROGEN ALLOYING

Alloying a Nb SRF cavity with N involves vacuum heat
treating the cavity at 800 °C for 3 hours for H degas, expo-
sure to N at 800 °C and a post-alloy anneal as shown in
Fig. 1. After heat treatment, the cavity is electropolished 5-
7 um to remove lossy phases on the surface. Gonnella et
al. [30, 31] showed that a diffusion model [32] fit their
SIMS data reasonably well at depths greater than 10 um,
but was incapable of reproducing a depletion of interstitial
N near the surface. No further modeling was pursued.
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Figure 1: Furnace temperature and pressure profile relevant
for N-alloying of Nb SRF cavities.

The N diffusion model of [32] accounts for a two-phase
system consisting of a growing nitride layer on the surface
and interstitial N migrating toward the bulk. Given nitrides
populate the surface in such doping schemes for SRF [13],
such a diffusion model may be a good starting point, how-
ever several convenient approximations are voluntarily for-
feited when the alloying is chosen to be performed during
a short time compared to the annealing process and furnace
cooldown. These facts require that a model of N alloying
relevant for SRF cavities must incorporate the following:
1. A sink term describing the depletion of N near the sur-
face. 2. An annealing step. 3. Accurate understanding of N
uptake. 4. Accurate understanding of the N diffusion coef-
ficient.
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A method of solution to describe this system can start
with the model of [32] in the metal. The concentration of
N is given by

Cm = C), —Merfc (;> €))
erfc(vn/) 2/Dmtp
where ¢, , Cr,, Cn, Cy, C;/, and C,(o0) are nitrogen
concentration boundary conditions, ¥, and ¢ are
proportionality constants, t;, is the doping time, D, and
D,, are the diffusion coefficients [32]. Equation 1 sets up
the initial concentration profile, shown in Fig. 2(a) in blue,
and used to advance to completion of an annealing step

under a new diffusion equation with a sink

ac 9%c

The solution of this annealing step is shown in Fig. 2(a)
in red and the evolution of the diffusion equation from our
initial condition in blue to red is shown in Fig. 2(b). Here
S is the sink term describing the removal of nitrogen at the
surface which could be due to a reduction of solubility at
reduced N pressure and temperature [33] or condensation
of nitrides, and t, is the annealing time. Using this solution
scheme, it is possible to incorporate the aforementioned re-
quirements for an adequate diffusion model for this system
as shown in Fig. 2.
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Figure 2: (a) Solution to the Eq. 1 and Eq. 2 before (blue)
and after annealing (red). (b) Concentration colormap evo-
lution of the initial condition (blue line) of Eq. 1 advanced
in time towards completion of the annealing step (red line).
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Despite the ability to capture the form of the diffusion
profile, a detailed understanding of the sink term, boundary
conditions and diffusion coefficients must be pursued with
their temperature dependencies. Such a diffusion model
with determined parameters could engage modern theories
of RF superconductivity to enhance accelerating fields [6,
9]. Because of the diffusion lengths involved at 800 °C for
a few minutes, lengthy depth profiles must be carried out.

OXYGEN ALLOYING

Recently Posen et al. [34] showed that heat treatments at
~300 °C for a few hours produced quality factors rivalling
those of N alloyed cavities. Ito ef al. [35] showed that heat
treatment of cavities between 300-400 °C resulted in a rise
of the quality factor followed by a decay of the quality fac-
tor upon higher temperature heat treatments. Such a result
is consistent with a hypothesis that an alloying agent had
been introduced and diffused away. SIMS measurements
[27] of samples heat treated between 140-350 °C showed
an influx of oxygen at ~0.1 at. % and consistent with
Ciovati’s model of native oxide dissolution and oxygen dif-
fusion [36] and the breakdown of the native oxide meas-
ured by XPS [37].

The dissolution of oxide can be described by

k
Nb,05 = 2NbO, 3)

which obeys the rate law
“4)

where reactant 4 represents Nb,Os. To test the model be-
yond the analysis presented in [27], samples were vacuum
heat treated with a ramp rate of 1 °C/min to a maximum
temperature and then allowed to cool at 1 °C/min or slower.
Sample temperatures measured during vacuum heat
treatment are shown in Fig. 3(a). To model an arbitrary
temperature profile of a real furnace for the Nb,Os oxide
dissolution, we employ the one-dimensional Fick’s second
law with a time dependent temperature,

D(T(®)) +qtT@) . ©)

The initial concentration of oxygen in the NbOy system is
given by the interstitial concentration of oxygen residing in
the oxide layer, c(x, 0) = vy6(x). Starting from the rate
law, Eq. 4, of oxide dissolution, the O produced using a
time-dependent temperature is related to the source term by

—% o« q = uok(T(t)) exp (— fotk(T(s)) ds) 5(x) (6)

Utilizing the method of reflection and superposition
[38], the diffusion equation is subjected to the boundary
conditions c¢(x = ) = ¢, and ¢'(x = ) = 0. SIMS
depth profiles of those samples are shown in Fig. 3(b). The
calculation and fittings in Fig. 3(b) were made with
MATLAB using the temperature profiles in Fig. 3(a). The
parameters used to generate the plot in Fig. 3(b) are
presented in Table 1. The largest spread in parameters
comes from the oxygen released from the oxide, uy, which

—Z = k(T ()4

dc(xt)
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dc(x,t)
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sensitivity factor (RSF) measured elsewhere [29].
Table 1: Parameters used to Generate Fig. 3(b) Fits
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is consistent with the spread in the SIMS relative
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temperature profiles in (a) within the calculation.
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Figure 3: (a) 1 °C/min ramp and ramp down temperature
profiles that samples were subjected to. (b) SIMS depth
profiles (black circles) of the samples and their theoretical
fits (colored lines) as described in the text and using the

We have described further modeling of oxygen diffusion
from a native oxide dissolution process and nitrogen alloy-
ing in Nb. We have tested a model of oxygen diffusion from
a native oxide dissolution process found to be consistent
with SIMS measurements. This modeling may enable more
precise electron mean free path tuning from by selecting a
time and temperature. In addition, it may guide a more
meaningful experimental parameter space exploration for
SRF cavity tests. Compared with the thermal diffusion of
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N which may suffer from gas conductance [39, 40] and re-
quires challenging multi-micron surface removal, the O-al-
loying process is conformal due to its oxide covering the
surface, allowing Nb cavities of all geometries and Nb thin
film resonators [25] to be O-alloyed. These processes could
be to create tailored impurity profiles [6, 9] to produce high
gradient and high quality factor cavities for future acceler-
ators. Oxygen alloying-based profile tailoring process is
patent pending [41].
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