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Abstract
In recent years, new discoveries such as N2 doping and

infusion lead to significant increases in Q0 and accelerating
gradient for 1.3 GHz, β = 1 elliptical cavities. To understand
and to adapt these treatments for lower frequency, β < 1
cavities, two coaxial test cavities, one quarter-wave resonator
(QWR) and one half-wave resonator (HWR), have been built
and put through a systematic study of these new treatments
to show the effectiveness of these treatments at different
frequencies. These cavities are tested in their fundamental
mode and several higher order modes to study the frequency
dependence of new cavity treatments such as N2 doping and
infusion. Results of these studies are presented.

INTRODUCTION
The performance of SRF cavities in terms of Q0 and max-

imum reachable accelerating field continued to improve in
recent years due to the discovery of surface treatments like
high temperature degassing [1], N2 doping [2], N2 infu-
sion [3], and two-step baking [4], environment control with
flux explusion utilizing a fast cooldown [5], and external
field cancellation [6], and new materials like Nb3Sn [7].
These discoveries were made exclusively on 1.3 GHz single
cell elliptical cavities, which are widely used as testing cav-
ities. TEM mode cavities on the other hand are generally
less studied and have their own challenges with a well rec-
ognized, but not explained, medium field Q slope. Similarly,
the influence of the geometry on Q0 and characteristics like
flux expulsion is poorly understood.

To evaluate how these new treatments perform at different
frequencies and different geometries, two coaxial cavities
were designed [8] and built to extend the range of inves-
tigated frequencies from 650-3900 MHz [9] down to fre-
quencies commonly used in TEM mode cavities. These new
multi-mode cavities can be driven in resonant modes rang-
ing from 217 MHz to 1555 MHz to extract frequency depen-
dency of the treatment without changing external variables
like cooldown speed, magnetic field, surface roughness, and
particulate contamination. These cavities can be viewed as
basic TEM mode test units analogous to single cell 1.3 GHz
cavities, to experiment with new treatments to improve the
Q0 and quench fields of TEM mode SRF cavities that see
use in hadron accelerators.

METHODOLOGY
Cavities

Two coaxial cavities will be used for this study - one
quarter wave cavity (QWR) and one half wave resonantor
∗ kolb@triumf.ca

Figure 1: Photo and field distributions of the coaxial QWR
and HWR test cavities.

(HWR). The frequencies of the TEM resonant modes of
interest in the QWR are 217 and 648 MHz, while the modes
of the HWR are at 388, 778, 1166 and 1555 MHz. THe
reduced frequency range of the QWR is due to the field
distortion at the high voltage tip of the inner conductor that
generates distorted peak surface fields compared to the pure
coax geometry of the HWR. Unique to these cavities is
the lack of beam ports, which would not have a purpose in
these test cavities and would complicate fabrication. There
are also no features or requirements to frequency tune the
cavities.

The body of the cavities are made out of RRR niobium,
while the port flanges are reactor grade niobium to reduce
fabrication cost. The all niobium construction is done to
avoid different materials than Niobium (NbTi, Stainless
steel,...) to diffuse during high temperature heat treatment
and potentially contaminate the cavity. All joints that make
up the RF volume are electron beam welded. Both cavities
have four ports on one side of the cavity as can be seen in
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Fig. 1. These ports are used for rinsing, vacuum connection,
mounting the variable RF coupler, and the pick up antenna.
Each cavity has its own coupler and pick-up. In the QWR,
RF is coupled in via the electric field and in the HWR via
the magnetic field.

The cavities are of similar size to 1.3 GHz single cell
cavities and fit in TRIUMF’s induction furnace, which was
designed for heat treatments of single cell cavities. Hermetic
sealing of the cavity ports is done via indium wire seals.

Processes
The test plan for both cavities consists of performance

measurements at various points in the treatment plan. The
baseline performance of the cavity is measured after a deep
etch of 120 µm via BCP to remove the from fabrication dam-
aged surface layer. The initial treatment schedule follows
standard SRF cavity treatment protocols and are part of the
treatment study and are done subsequently:

• 120 C bake for 48 h,

• degassing at 800 C for 6 h,

• flash BCP of 15 µm,

• 120 C bake for 48 h.

After each treatment the performance of the cavity is
measured. New treatments like infusion/doping will follow
after these commonly used treatments are characterized.

After each treatment, the cavity is rinsed with HPR, as-
sembled and hermetically sealed in a class 10 clean room
environment. An exception to this is the 120 C bake, which
is done in the cryostat without opening the cavity, elimi-
nating the need for HPR and assembly. Evacuation of the
RF space up to a rough vacuum of a few mTorr is done
via controlled pumping at around 1 Torr/s or slower and is
done while the cavity is still in the class 10 clean room. The
cavity is then moved to the testing area and assembled with
diagnostics (temperature sensors, fluxgate probes,...) on the
cryostat insert. High vacuum in the cavity is established and
maintained with active pumping via a turbo pump once the
cavity is in the cryostat.

Typically a fast cooldown through the Q disease regime
is done to limit the time between 200 and 50 K to the order
of 1h 40min, although future studies will involve studying
the role of cooldown speed and temperature gradient across
the cavity with respect to either flux expulsion or hydride
formation. Once the cryostat is filled with 4.2 K liquid he-
lium, RF cables are calibrated and the cavity is conditioned
for multipacting and field emission as needed. The RF is
controlled via a self excited loop as described in [10]. Fixed
temperature measurements of Q0 as a function of Bp are
done up to the quench field in continuous wave. Afterwards
pulsed measurement are performed to determine the nature
of the quench.

Once done with measurement of all modes at 4.2 K, a slow
cooldown to 2.0 K begins, during which Q0 data is taken
as a function of temperature at fixed field amplitudes. This

Figure 2: Q vs T measurement at different field amplitudes
in the 217 MHz mode while cooling down from 4.2 K to
2.0 K.

data is taken to extract R∗
BCS and R∗

res at this field level via
fitting the average R∗

s = G/Q0 to

R∗
s(Bp,T) = R∗

BCS(BP,T) + R∗
res(BP) (1)

= A(BP)/T · exp
(
−
∆(Bp)

kBT

)
+ R∗

res(BP) (2)

with A, ∆ and R∗
res as fitting parameters. It should be

noted that due to the field dependence of R∗
s and non-uniform

field distribution of H (Fig. 1) the formula

Rs = G/Q0 = ωµ0

∫
V
|H|2 dV∫

S
|H|2 dS

/Q0 (3)

is not accurate. Steps to extract the true Rs(B) dependence
are noted below. To extract the field dependence of R∗

BCS
and R∗

res, multiple Q0 vs T curves in 10 mT steps up to
15-20 W power level are measured as is is shown in Fig. 2.

The extracted field dependencies are then corrected for
geometry effects to get the true RBCS and Rres using correc-
tion factors for the field dependence coefficients based on the
field distribution [11]. R∗(Bp) can be generally expressed
by a polynomial of form

R∗ =
∑
i

αi · Bxi
p (4)

with coefficients αi and in general any exponent xi not
limited to whole numbers. Depending on the EM field dis-
tribution of the mode in the resonator, the coeeficients αi
need to multiplied by correction factors depending on xi to
get the true R. As can be seen in table 1, both modes of the
QWR have similar correction factors, leading to only small
relative changes between QWR modes when converting R∗

s

to Rs if the field dependence is similar. In comparison, an
elliptical cavity has correction factors all close to unity due
to its fairly uniform field distribution over the RF surface.

High temperature heat treatments are done in TRIUMF’s
induction furnace, which is able to work with low pressure
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Table 1: Field Dependence Correction Factors for the QWR

x 217 MHz 648 MHz

0 1 1
1 1.432 1.473
2 1.778 1.871

Figure 3: After the inital 120C mild bake, the cavity showed
Q disease like behavior which is observed in R∗

res with a
strong, linear field dependence.

gasses for N2 infusion and doping, and is dedicated to treat-
ing solely components made out of niobium. The initial
hydrogen degassing treatment of the QWR was at 800 C for
6 hours.

RESULTS
So far, several surface treatments and subsequent perfor-

mance measurements have been performed on the QWR,
which can be operated in resonant modes at 217 and
648 MHz.

In this paper, results at the two frequencies after the base-
line preparation, 800 C degass and flash BCP, and 120 C
bake are reported. The initial 120 C bake did not improve
the performance as Q disease caused by extended time in
the critical temperature regime during warm-up allowed
hydrides to form and persist during the mild bake. The
Q disease introduced a strong, linear field dependence of
R∗
res in both modes, with seemingly stronger slope at higher

frequency as can be seen in Fig. 3. More data at different
frequencies is needed to make conclusions about the nature
of this increased slope.

Following the degassing, the low field Q0 recovered, but
showed a Q drop behavior at low to moderate field levels.
This was caused by contamination of the RF surface during
the degassing process, presumably from indium seal residue
on the Nb flanges that migrated into the RF surface.

After a flash BCP treatment of 15 µm, the baseline perfor-
mance is recovered as is shown in Fig. 4 for 4.2 K and Fig. 5
for 2.0 K. This is observed for both modes, with a slight
increase in performance at higher fields in the 648 MHz
mode. The degradation of Q0 at high fields in the 2.0 K mea-

Figure 4: Q0 at 4.2 K of the QWR. After degassing and flash
BCP, the cavity performance is unchanged compared to the
baseline treatment in both modes. After an additional 120C
bake the Q improves significantly at 4.2 K.

Figure 5: Q0 at 2.0 K of the QWR. The low to medium field
performance does not show any changes regardless of of
treatment in both modes. Improvements at high field are due
to decreased field emissions.

surements is caused by field emissions. After a dedicated
soak of the cavity at around 100 K for approximately 3 days,
the cavity performed at the same levels, showing that the
degassing worked as intended.

The following 120 C bake for 48 h increases Q0 in both
modes at 4.2 K significantly as can be seen in Fig. 4, while
at 2.0 K the Q0 is unchanged. This indicates that the bake
reduces RBCS while leaving Rres at the same levels. By
normalizing the average R∗

s to a low field value, the field
dependency independent of frequency is shown in Fig. 6. Up
to medium field levels only minor changes in slope character
can be observed, independent of mode, temperature, and
surface treatment.

In all shown cases the field limiting quench at 4.2 K is
caused by the limited cooling capacity of the inner conductor,
while at 2.0 K the limitation is field emissions.

Separating the two components of the surface resistance
by using the Q0 data taken during the cooldown to 2.0 K,
shows this as a clear reduction in R∗

BCS as can be seen in
Fig. 7 and Fig. 8 for 4.2 K and 2.0 K respectively, while the
temperature independent R∗

res (Fig. 9) slightly increases
with the bake.
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Figure 6: Normalized average R∗
s of the QWR shows a gen-

eral similar trend of R∗
s as field increases, no matter the

treatment, frequency or temperature.

Figure 7: R∗
BCS(T=4.2 K)[markers] as a function of field

before and after the 120 C bake with quadratic fits [dashed
line] and geometry corrected fit [dash-dotted line]. The bake
clearly reduces the BCS component both in magnitude and
in field dependence.

In low to mid field amplitude, R∗
BCS follows a quadratic

increase with field that can be fitted to

R∗
BCS = RBCS,0 + γ · B2

p (5)

with the fit parameters R∗
BCS,0 as the zero field BCS re-

sistance and γ as slope parameter. These fits are shown in
Fig. 7 and 8. At high fields, deviations from the fit are likely
caused by limited cooling capacity above 2.17 K and the
resulting additional losses due to surface heating.

The temperature independent residual resistance R∗
res on

the other hand follows a mostly linear trend in both resonant
modes that can be fitted to

R∗
res = Rres,0 + Rres,1 · Bp (6)

with the fit parameters R∗
res,0 as the zero field residual

resistance and Rres,1 as slope. As can be seen in Fig. 9, in
both modes the bake increases Rres,0 while the slope stays

Figure 8: R∗
BCS(T=2.0 K)[markers] as a function of field

before and after the 120 C bake with quadratic fits [dashed
line] and geometry corrected fit [dash-dotted line]. Similar
to 4.2 K, RBCS is reduced by the bake in its magnitude and
field dependence.

Figure 9: The temperature independent R∗
res increases

slightly with the 120 C bake in both frequencies. The higher
frequency mode increases in R∗

res slightly more than the
lower frequency mode.

fairly similar to before the bake. In the 648 MHz, mode at
around 30 to 40 mT, a stronger slope appears, which could
indicate a small defect on the surface in an area of high
magnetic field for the 648 MHz mode and a low field area
for the 217 Mhz mode.

Figures 10 and 11 show the RBCS fitting parameters A
and ∆/kb as function of field with normalized versions in
Figures 12 and 13 respectively. The bake seems to decrease
A while increasing ∆ in magnitude. The normalized field
dependency plots show that the coefficient A seems to follow
an upward trend with increasing field amplitude, while ∆
trends towards lower values. The bake decreases the field
dependence of A while no clear effect can be seen on the
field dependence of the energy due to the bake.
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Figure 10: Fitting parameter A of R∗
BCS as a function of

field before and after the 120 C bake.

Figure 11: Energy gap ∆/kB as a function of field before
and after the 120 C bake.

CONCLUSION
Studies to determine the frequency dependence of surface

resistance in coaxial SRF cavities are under way and several
performance measurements with different treatments of the
QWR have been shown. The 120 C bake for 48 h reduces
RBCS significantly for both investigated frequencies, while
slightly increasing Rres . This behavior is similar to studies
done on 1.3 GHz cavities and is due to a reduction of the
mean free path at the surface towards a more optimized
RBCS . This treatment shows its significant benefit if the
cavity is operating at 4.2 K. At this temperature, RBCS is the
dominant contribution to RS at frequencies typical for QWR
and HWR cavities. At 2.0 K the overall performance is fairly
unchanged by the bake. The effects of the 120 C bake on the
RBCS coefficients A and ∆ and their field dependency are
presented. The bake reduces both the magnitude and field
dependency of A, while ∆ is increased in magnitude while
its field dependency seems unchanged.

The next step in the treatment chain for the QWR will
be N2 infusion investigate the effects of this treatment on
coaxial cavities. Multiple resonant modes will be used to
determine the response of this treatment to different frequen-

Figure 12: Normalized fitting parameter A of RBCS as a
function of field before and after the 120 C bake.

Figure 13: Normalized energy gap ∆/kB as a function of
field before and after the 120 C bake.

cies. Dedicated studies to optimize the infusion recipe are
planned to study the behavior of this treatment at low fre-
quencies. Studies using the HWR are commencing in the
near future which will allow further insight in the frequency
dependency. N2 doping requires electro-polishing post dop-
ing and efforts to develop EP techniques for the test cavities
are starting.

Simultaneously, work is going on to include flux expul-
sion studies using a 3D Helmholtz coil assembly. These
will be used to either cancel the background magnetic field
completely or to enhance it to specific values to study the
flux expulsion behavior of coaxial cavities under different
cooldown scenarios and measure the sensitivity of coaxial
cavities to external magnetic fields.
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