PRL 115, 047001 (2015)

PHYSICAL REVIEW LETTERS

week ending
24 JULY 2015

Radio Frequency Magnetic Field Limits of Nb and Nb3;Sn
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Superconducting radio frequency (srf) cavities, essential components of many large particle accelerators,
rely on the metastable flux-free state of superconducting materials. In this Letter, we present results of
experiments measuring the magnetic field limits of two srf materials, Nb and Nb;Sn. Resonators made
using these materials were probed using both high power rf pulses and dc magnetic fields. Nb, which is the
current standard material for srf cavities in applications, was found to be limited by the superheating field
Hg, when prepared using methods to avoid excessive rf dissipation at high fields. Nb3Sn, which is a
promising alternative material that is still in the early stages of development for srf purposes, was found to
be limited between the onset field of metastability H., and H,. Analysis of the results shows that the
limitation is consistent with nucleation of flux penetration at defects in the rf layer.
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Superconducting radio frequency (srf) cavities are
devices that transfer energy to charged particle beams in
applications such as light sources [1,2], neutron sources
[3.4], and colliders [5,6]. When rf power is applied to a
cavity close to its resonant frequency, it builds up large
electromagnetic fields. The electric field that is generated
accelerates the beam as it passes through the cavity, but a
magnetic field is also produced, which interacts with the
superconductor on the cavity surface. For sufficiently large
magnetic fields, the superconductor will quench, i.e., be
driven normal conducting.

To remain superconducting, srf materials generally
operate in the Meissner state, in which flux is completely
expelled from the material. For sufficiently high external
fields, type II superconductors will leave the Meissner state
and enter the vortex state, in which a lattice of magnetic
flux lines permeates the material, threading through normal
conducting vortex cores. However, as the direction of
the magnetic field reverses, these normal cores would have
to move in and out of the material, which is a highly
dissipative process [7]. At rf frequencies, the dissipation
from bulk flux penetration is strong enough to bring the
superconductor above its critical temperature, 7.

It is important to understand what magnitude of external
magnetic field will cause flux penetration, because this
limits the usefulness of srf materials in applications.
Consider a flux-free superconductor in an external field
that is slowly increased. The field at which the first fluxoid
penetrates is determined by a competition between (i) the
external fields, which generate a force pushing the fluxoid
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into the material and (ii) the fields generated by vortex
currents, the effect of which can be interpreted as an image
vortex pulling the fluxoid out of the material [8]. The field
at which it becomes energetically favorable for flux to be
inside the bulk of a type II superconductor is the lower
critical field H;, though flux penetration will not neces-
sarily occur at this field. An energy barrier at the surface of
the material allows it to remain in a metastable flux-free
state up to, at most, the superheating field Hy, [9].

Two materials that are relevant for stf applications are
Nb and Nb;Sn. Nb is the current standard material—srf
cavities are commonly formed and welded from purified
Nb sheets, then given treatments that have been developed
over decades of research to maximize accelerating gra-
dients and minimize resistive losses. Nb;Sn has had much
less development than Nb, but it has been demonstrated that
cavities made from this material can achieve extremely
high quality factors (i.e., very small surface resistance) even
at relatively high temperatures, and its predicted Hg, is
approximately twice that of Nb [10]. On the other hand,
it also has a comparatively small coherence length &
(see examples of material properties in Table I), which
sets the length scale for defects that can interrupt the surface
energy barrier. As a result, even relatively small surface
defects may act as nucleation sites for flux penetration.
Understanding the relationship between & and the maxi-
mum surface fields these materials can support in the
Meissner state has been attempted in previous experiments
with limited success. It remains an important goal in order
to evaluate the potential for Nb;Sn to replace Nb in future
stf applications.

In this Letter, we review these previous experiments
and present new results probing the magnetic field limits of
the metastable Meissner states of state-of-the-art Nb and
Nb;Sn, prepared as they would be for srf applications. The
two types of probes used are short, high power rf pulses and
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TABLE I. Comparison of parameters obtained during cw tests. Except where noted, parameters are given at
T = 0. For details of cw testing and material parameter extraction, see Refs. [11,12].

Preparation No. 1 2 3 4
Treatment EP EP + 120°C bake ~ BCP + Nb;3Sn coating ~ BCP + Nb;Sn coating
T. [K] 92+£0.2 8.8+£0.2 18.0 £ 0.1 18.0+0.1

A [nm] 45+3 80+ 18 161 £25 198 £ 50

& [nm] 25+2 14+3 30+£04 24+£0.6
uoH . [mT] 121 £7 59 £20 29+2 21+2

uoHg, [mT] 241 +£24 198 £63 399 £ 81 390 £ 134

cw limitation at 2 K HFQS Quench Quench Quench

HoH i at limitation [mT] 104 & 10 182+ 18 55+6 62+6

external dc magnetic fields. We compare the maximum
fields measured to H.; and H, of the materials, and discuss
possible reasons that Hg, is not reached in some cases. We
conclude with an outlook for increasing maximum surface
fields in the future.

Two single cell 1.3 GHz bulk niobium cavities were used
in this research. In what shall be called preparation 1, one of
the cavities was only electropolished (EP) [13,14] before
testing. In preparation 2, it was both EP and baked at 120 °C
for 48 h, a process that diffuses oxygen from niobium’s
natural oxide into the surface layer where rf currents flow
[15]. It has been established that the combination of
electropolishing and 120°C bake of Nb cavities prevents
high field Q slope (HFQS), a sharp increase in surface
dissipation observed at an onset field on the order of
100-120 mT [16,17] (many theories have been postulated
for the cause of this degradation, e.g., Refs. [18-23]—see
also the review in Ref. [24]). In preparations 3 and 4, the
second cavity was given a buffered chemical polish (BCP)
and coated with Nb;Sn (layer ~10 penetration depths thick)
via the vapor diffusion process [25-28]. The Nb;Sn
preparation procedure carried out at Cornell was recently
shown to avoid a strong dissipation mechanism observed
in previous experiments (see Refs. [29-31] for additional
details of Cornell’s Nb;Sn fabrication process and results).

For each preparation, the cavity was tested in the
continuous wave (cw) mode. Material parameters were
extracted from measurements of quality factor and fre-
quency as a function of temperature, and they were used to
calculate the critical fields of the material in the rf surface.
These material parameters and critical fields are shown in
Table I, along with the limitation encountered in cw testing
and the peak surface magnetic field Hyy at the limitation.
For niobium, which is only weakly type II, H. was
calculated by interpolation from the numerical calculations
in Refs. [32,33]. For the strongly type Il Nbs;Sn, H,., was
calculated using equations in Ref. [32]. Hy, was calculated
using equations in Ref. [34].

For preparations 1-3, measurements were performed in
pulsed mode. rf forward power pulses with power on the
order of 1 MW and duration on the order of 100 us were
generated by a klystron to rapidly increase fields inside the

SRF cavities. Using the procedure described in Ref. [35],
the quench field Hgenen Was measured as a function of
temperature. Cavity temperature was recorded with Cernox
sensors in good thermal contact with its surface. The results
are shown in Fig. 1. Also plotted in the figure are H,.; and
Hg, for each preparation, using the zero temperature values
from Table I and the expected trend with temperature 7,
approximately 1 — (T/T.)? [36].

In preparation 2, the niobium cavity received both
electropolish and bake to prevent degradation from
HFQS, and Hgyenen 1s very close to the ultimate limit
Hg. Hy, H., and T, are all somewhat smaller than the
values for clean niobium, due to the addition of impurities
to the rf layer from the baking process. Preparation 1, which
omits the bake, also has quench field close to H, near T,
but at lower temperatures, Hg, is larger than could be
reached using the high power rf pulses. This is due to the
onset of the very strong HFQS in this cavity, which causes
significant thermal heating and prevents it from reaching
higher fields, even with the 1 MW pulses used [39]. These
observations are consistent with pulsed experiments carried
out at Cornell on an unbaked cavity by Hays et al. [35].

The Nb;Sn cavity shows good agreement near 7.
between the pulsed quench field and Hg,. At lower
temperatures, the quench field is significantly smaller than
Hy,, reaching the highest values of just over 100 mT when
T < T,. Through the entire temperature range, Hgyench 18
considerably higher than H,.;, showing that the onset of
metastability does not limit the material. Similar measure-
ments were performed by Campisi [40] and Hays et al
[35], also plotted. Both experiments show a trend towards
flat Hgyenen(7') at low temperatures. In Nb, flat Hgyenen(7)
is caused by HFQS limitation. In Nb3Sn, this behavior may
also be caused by a thermal heating limitation, for example,
from defects on the surface that nucleate local flux
penetration.

Surface defects have been studied as a possible cause
for the trend in Hays’s data sets, which agree well with an
approximately 1 — (7/T,)* trend, rather than a quadratic
dependence [41]. This is consistent with some theoretical
models of vortex penetration [42], which deal not with
fundamental limitations on ideal surfaces, but rather
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FIG. 1 (color online).

Measured quench field of Nb (left) and Nb;Sn (right) superconducting cavities under high power rf pulses as a

function of temperature. For niobium, the cavity was tested both with bake to prevent limitation from HFQS and without it; the
measurements that appear to be affected by HFQS are marked with white points at their centers. The dark and light shaded bands show
the approximate temperature dependence of Hg, and H., extracted from CW measurements.

nucleation on surface imperfections [9] (for example,
the heuristic vortex line nucleation model (VLNM) has
shown some success in describing this as well as other
experimental data [41,43]). In Fig. 2, goodness-of-fit
statistics are shown for the results presented here, as
well as those from Hays et al. and from Campisi, using
Hgyench = Ho[l = (T/T,.)"], where H is a fitting param-
eter and n = 2 or 4. The new experimental results allow a
comparison between a cavity prepared such that it con-
sistently reached fields close to the ultimate superheating
limit, and several cavities that quench at fields significantly
below this. Only the baked niobium shows better agree-
ment with the n = 2 function predicted for an ideal surface,
indicating that the nonideal performances may be caused
by imperfect surfaces.
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FIG. 2 (color online). Goodness of fit statistics to pulsed
quench field data. The two models represent different types of
surfaces: ideal ones (n =2) and those with imperfections
(n=4). )(fed of 1 indicates good agreement between data and
model within the estimated variance of 5 mT. y2, > 1 indicates a
poor fit.

To further study the limitation in the Nb3Sn cavity,
measurements were performed at 4.2 K with varying
forward power P, from the klystron, as shown in Fig. 3.
If a fundamental field limit were being reached, the quench
field should not depend on P;. However, as P is increased,
H gench 18 observed to increase as well. This trend would be
consistent with thermal heating limitations: with a higher
forward power, a given field level in the cavity is reached
faster, leaving less time for heating of the surface, and
therefore a higher quench field is reached. A simple model
for this thermal limitation was applied to the data, in which
we assume that thermal diffusion is slow compared to the
duration of the rf pulse. We then balance the rf energy
deposited in the rf surface and the heat required to drive it
normal conducting. The result is shown in the figure.
Surface heating resulting from defects would also be
consistent with the recent observation of low tin content
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FIG. 3 (color online). Pulsed 4.2 K quench field in the Nb;Sn
cavity as a function of the time it takes to raise the field until
quench occurs with uniform forward power. The time to quench
was varied by changing P from the klystron. The dashed line
shows a fit to the measurement using a simple thermal model.
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FIG. 4 (color online).

Measured flux penetration field of Nb (left) and Nb;Sn (right) superconducting cavities under an external dc

magnetic field as a function of temperature. The dark and light shaded bands show the approximate temperature dependence of H, and

H ., extracted from cw measurements.

regions near the surface of a witness sample coated with the
cavity [44].

dc magnetic field measurements were performed for
preparations 1 and 4. In these experiments, a solenoid was
fixed next to the cavity, with a magnetic field probe
between them. A small amount of rf power was applied
to the cavity, allowing its quality factor to be monitored as
the dc current in the solenoid was increased. Penetration
of the dc field into the rf layer would cause a sharp decrease
in the quality factor. When this occurred, the magnetic field
read by the probe would be recorded. A correction factor of
1.9 £ 0.2 was applied to determine the corresponding field
at the rf surface, taking into account the effect of Meissner
screening on the field distribution (details of the calculation
can be found in Ref. [11]). In this way, the dc flux
penetration field H ., was determined as a function of
temperature, as shown in Fig. 4.

The unbaked niobium of preparation 1 shows good
agreement with 1 — (T/T,)? scaling of Hg,, reaching fields
as high as ~200 mT at 4.2 K. Unlike the pulsed meas-
urement—where HFQS causes strong dissipation at rf
fields ~100 mT—the dc measurement probes the flux
penetration field without rf-induced thermal effects being
a concern. Preparation 2 could also be probed using this
method, but the thin interior layer affected by the bake has a
smaller Hg, than the clean niobium of the bulk, so one
would expect to measure a similar dc penetration field to
the unbaked cavity.

It is, however, illustrative to examine the Nb;Sn cavity at
T > T, of niobium, where only the Nb;Sn is supercon-
ducting. The results again show a maximum flux-free field
between H,; and Hg,. In this measurement, thermal effects
should not affect the result, but surface defects such as grain
boundaries and off-stoichiometric regions can act as
nucleation sites for flux penetration. In addition, there is
a difference in the boundary conditions for the theoretical

prediction compared to the experiment. In the experiment,
the magnetic field is applied from outside the cavity, so that
the relevant interface is the transition from the normal
conducting niobium bulk to the superconducting Nb;Sn.
This boundary condition is not applied in the calculation,
but rather that of a vacuum-to-superconductor interface
(as it is for the internal fields of srf cavities). No prediction
for the low temperature superheating field could be found
in the literature when the more difficult boundary condition
was applied involving a normal conducting metal.

In this Letter, we have presented new results and reviewed
previous results exploring the rf magnetic field limits of
superconducting Nb and Nb;Sn using pulsed rf and
dc probes. The results show that state of the art high field
preparation techniques cause the pulsed quench field of Nb
to closely follow H,. In Nb without the proper preparation,
thermal effects due to the HFQS limit the quench field far
below this. Pulsed measurements on a Nb;Sn cavity also
show a low temperature quench field below Hg,. One
possible explanation that is consistent with both pulsed
and dc measurements is flux penetration at defects in the
Nb;Sn surface. This was demonstrated by showing, in
several experiments in which the field was limited signifi-
cantly below Hg,, an approximate 1 — (7/T,)* temperature
dependence, as predicted by theoretical models of vortex
nucleation on surface imperfections [41,42]. Calculations
based on extracted material parameters indicate that H
of Nb3;Sn is not a fundamentally limiting field. Future Nb;Sn
research will focus on optimizing parameters used in
the coating process in order to reduce the presence of
defects in the material, with a focus on low tin content
regions that have been observed near the surface [44].
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