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Abstract 
High-Q0 medium-velocity (bopt » 0.6) 5-cell elliptical 

cavities for superconducting linacs are critical technology 
for current and future hadron linac projects such as Fer-
milab’s Proton Improvement Plan II (PIP-II) and the pro-
posed energy upgrade of Michigan State University’s Fa-
cility For Rare Isotope Beams (FRIB400).  Previous work 
established the validity of the novel geometry of the 
FRIB400 prototype 644 MHz 5-cell elliptical b = 0.65 su-
perconducting rf cavities for future high-Q0 development.  
In collaboration with Fermilab, two leading-edge high-Q0 
recipes, N-doping and furnace/medium-temperature bak-
ing (FMTB), were tested in the 5-cell cavity.  N-doping 
(“2/0”) + cold electropolishing was successful at achieving 
the FRIB400 and PIP-II requirements for Q0, achieving an 
unprecedented 3.8 × 1010 at 17.5 MV/m, which is 1.75 
times higher than the FRIB400 requirement for Q0.  With 
FMTB, Q0 was 1.4 times higher than the FRIB400 require-
ment.  Additionally, systematic studies of bulk Nb material 
parameters suggest a relationship between the flux pinning 
force measured in a sample and the flux expulsion proper-
ties of a cavity fabricated from the same material. 

INTRODUCTION 
The Facility for Rare Isotope Beams (FRIB) at Michi-

gan State University (MSU), a first-in-class nuclear re-
search facility, was fully commissioned in January 2022, 
and has successfully provided beam to three user experi-
ments, with 34 more having been approved [1].  The FRIB 
accelerator consists of 3 linac segments and 2 folding seg-
ments, with a total of 324 superconducting radio-frequency 
(SRF) cavities (divided among quarter-wave and half-wave 
resonators) in 46 cryomodules.  The FRIB400 project pro-
poses to double the energy of the current superconducting 
FRIB linac for the heaviest uranium ions from 200 MeV 
per nucleon (MeV/u) to 400 MeV/u [2].  The increased rare 
isotope production from higher-energy drive beams would 
bring many important foci of nuclear physics research 
within reach of FRIB, including the ability to probe param-
eters of the nuclear matter equation of state to new levels 
of precision, which would provide critical information for 
the study of neutron star mergers. Further, the facility’s 
reach along the neutron drip line would be significantly in-
creased. [2]. 

In support of the FRIB400 proposal, a design study 
identified the novel bopt = 0.65 5-cell elliptical 644 MHz 
SRF cavity with an accelerating gradient (Eacc) of 

17.5 MV/m as the best candidate for  the upgrade acceler-
ator [3].  Of the three frequencies studied for elliptical cav-
ities, the 644 MHz 5-cell bopt = 0.65 case was the only one 
capable of delivering the necessary accelerating voltage 
within the 80 m of space available in the FRIB linac tunnel 
without increasing the current standards for the peak sur-
face electric field, around 40 MV/m [3].  This design also 
has the lowest cryogenic heat load and the largest longitu-
dinal acceptance [3]. The principal cavity design parame-
ters and operating goals can be found in Table 1, and Figure 
1 shows the cavity design. 

 

Table 1: FRIB400 Cavity Parameters 

Frequency 644 MHz 
Geometric b 0.61 
Optimal b  0.65 
Aperture diameter  83 mm 
Effective length Leff 71.0 cm 
Number of cells 5 
Geometric shunt impedance R/Q 368 Ω 
Geometry factor G  188 Ω 
Epeak/Eacc 2.28 
Bpeak/Eacc 4.42 mT/(MV/m) 

2 K operating goals 
Accelerating gradient Eacc 17.5 MV/m 
Peak surface electric field Epeak 40 MV/m 
Peak surface magnetic field Bpeak 77.5 mT 
Intrinsic quality factor Q0 2 × 1010 

 
 

 
Figure 1: Drawing of the FRIB400 5-cell cavity. 

The proposed 5-cell cavity operating at medium gra-
dient bridges a hitherto unfilled gap from low-b TEM-type 
cavities to b = 1 elliptical-type cavities for continuous 
wave (CW) operation.  Requiring a minimum Q0 of 
2 × 1010, these large, sub-GHz cavities pose novel rf sur-
face processing challenges.  The European Spallation 
Source (ESS) and the Spallation Neutron Source (SNS), 
both of which operate in pulsed mode, employed buffered 
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chemical polishing (BCP) with a Q0 requirement nearly an 
order of magnitude lower than that of FRIB400.  In order 
to limit FRIB400 to a modest upgrade to the FRIB cryo-
genic facilities and provide broader benefit to the field of 
SRF in this velocity and frequency range, our R&D efforts 
for rf surface processing aim higher than the FRIB400 min-
imum Q0 of 2 × 1010. 

Two prototype 5-cell cavities were fabricated and ver-
tically tested at MSU/FRIB under various “conventional” 
rf processing recipes, such as Electropolishing (EP) and 
buffered chemical polishing (BCP), to demonstrate that the 
novel 644 MHz geometry was valid, had no confounding 
multipacting or microphonic resonance issues, and thus 
was a reasonable vehicle for high-Q0 development [4].  EP 
was the most successful of the conventional recipes, 
achieving Q0 = 2.3 × 1010 in the best trial. 

We now move to explore the potential of advanced and 
highly promising rf surface processing recipes of nitrogen 
doping (N-doping) [5] and furnace/medium temperature 
baking [6] for FRIB400 cavities.  Though well-developed 
at frequencies greater than 1 GHz, complex physics makes 
the translation of these techniques to lower-frequency, 
larger-area cavities not obvious. 

RF SURFACE PROCESSING 
N-doping classically consists of heat treating a freshly 

electropolished cavity to 800 C in vacuum, profusing nitro-
gen for some time at that temperature, annealing at that 
temperature without nitrogen for some time, and then cool-
ing.  Afterwards, the cavity must undergo light EP to re-
move the detrimental layer of niobium nitrides.  The EP 
tool we used for the large FRIB400 cavities is described in 
[4].  A “2/6” recipe (2 minutes of doping, 6 minutes of an-
nealing) was explored for PIP-II high-b 650 MHz cavities 
[7], where 7 µm of post-doping EP was found to be opti-
mal. Subsequent work for LCLS-II found a “2/0” recipe (2 
minutes doping, 0 minutes annealing) improved upon those 
results, in part by reducing the temperature-dependent 
component of the rf resistance, the BCS resistance (RBCS) 
[8].  

Furnace/medium temperature baking consists of a rel-
atively short, low-temperature baking period, followed by 
high-pressure rinsing (HPR), then assembly to the vertical 
test insert.  It is important to note that this differs from other 
“mid-T” baking methods in which a similar temperature is 
applied to the cavity for a similar amount of time, but in 
situ, avoiding post-treatment exposure of the cavity surface 
to air.  Based on past results [6], we elected to apply the 
300 degrees C bake for 3 hours to a FRIB400 5-cell cavity. 

The cavity cold tests were performed at MSU/FRIB 
and Fermilab.  Both facilities use magnetic field cancella-
tion during cooldown to ensure the background magnetic 
field at transition is generally less than 1 mG.  The results 
of these trials are shown in Fig. 2.  Both recipes improved 
cavity performance over the EP baseline (green); the 2/0 
doping recipe delivered the best performance of Q0 = 3.8 × 
1010 at Eacc = 17.5 MV/m (magenta) with a low background 
magnetic field.  Post-EP tests were limited by available am-
plifier power; the N-doped tests were limited by quench; 

and the FMTB test reached the administrative limit of 
26 MV/m. 

A few interesting points emerge from these initial trials.  
The first 2/6 N-doping of S65-001 (blue) caused a slightly 
decreased Q0 compared to the EP baseline despite similar 
background magnetic fields.  Given the challenges of con-
ducting EP on this cavity, it is possible that the post-doping 
EP did not remove enough material; cavity performance 
can be highly sensitive to the depth of post-doping EP.  Ad-
ditional EP improved the performance of that cavity in a 
subsequent test (red) where the background magnetic field 
may have even been slightly higher.  In testing of the cavity 
at 1.5 K at Fermilab, we found that the temperature-inde-
pendent component of the surface resistance, the residual 
resistance (R0), decreased by nearly 1 nΩ at 17.5 MV/m 
after further EP; hence the improvement can be attributed 
to fuller removal of the Nb nitride layer produced during 
N-doping. 

The second prototype cavity was also EP-baselined to 
a very similar performance level to the first cavity, then 
treated with 2/0 N-doping.  With a low background mag-
netic field in the MSU vertical test dewar, this cavity had 
very strong performance achieving an unprecedented Q0 = 
3.8 × 1010 at Eacc = 17.5 MV/m (magenta).  As is typical in 
N-doped cavities, 1.5 K testing revealed that R0 was the 
primary performance limitation.  Hence further pursuit of 
N-doping development for these cavities will focus on mit-
igating known contributors to R0.  In particular, we aim to 
quantify the increased magnetic flux sensitivity of N-doped 
cavities and develop methods of promoting flux expulsion, 
for vertical testing, with an eye toward practical solutions 
for flux expulsion in a cryomodule. 

After an EP-reset and re-baselining (black), the first 
prototype cavity underwent FTMB at 300 C for 3 hours, 
high-pressure rinsed, and then cold tested (cyan).  The re-
sultant performance, while elevated, was not significantly 
different from the immediately-prior EP baseline.  The ef-
fect of the treatment became more obvious in the decom-
position of RBCS and R0 in low-temperature testing, where 
the FMTB’ed cavity had elevated R0 and low RRCS, in con-
trast to the elevated RBCS and low R0 of the EP-treated cav-
ity. 

 
Figure 2: Cold tests at 2 K for the FRIB400 prototype cav-
ities (S65-001, -002) before and after N-doping or FMTB.  
The yellow star marks the FRIB400 minimum goal. 
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CAVITY FLUX SENSITIVITY 
The residual resistance R0 clearly dominates the loss 

mechanisms for N-doped and FMTB’ed cavities.  Mag-
netic flux trapping in the Nb cavity walls increases R0, so 
efforts have been made to understand flux trapping and 
how to minimize it [9]. 

Three single-cell cavities of the same bopt = 0.65 de-
sign at 644 MHz were fabricated for FRIB400 upgrade 
R&D, including a more detailed study of magnetic flux ex-
pulsion.  To begin quantifying the flux sensitivity of the 
FRIB400 cavity, a baseline electropolished single-cell cav-
ity was subjected to a slow-cooldown in an imposed 20 
mgauss ambient magnetic field.  By immersing the cavity 
in a known field, we can directly measure the change in 
surface resistance resulting from the trapped flux, usually 
referred to as the flux sensitivity.  Results for a baseline 
electropolished single-cell cavity are shown in Fig. 3.  With 
low ambient field the Q0 is high at 2 K (black), as expected; 
with 20 mGauss ambient field, Q0 at 2 K decreases signif-
icantly (blue).  The 1.5 K performance with 20 mGauss of 
imposed field (pink) makes it clear that the performance 
degradation is mainly due to increased R0, as expected.  We 
infer a flux sensitivity of 0.45 nΩ/mGauss from these 
measurements.  Future experiments will repeat this meas-
urement in an N-doped cavity, for which we expect signif-
icantly higher flux sensitivity.  Quantifying the flux sensi-
tivity for the FRIB400 cavity will help us to understand the 
magnetic shielding and cool-down speed requirements for 
electropolished and N-doped cavities in a future FRIB400 
cryomodule.  

 

 
Figure 3: Flux sensitivity measurement in an elec-
tropolished single-cell FRIB400 cavity. 

CAVITY FLUX EXPULSION 
Given the likely high flux sensitivity of the highest-per-

forming N-doped recipes, it is highly desirable for cavities 
to expel as much background magnetic flux as possible 
during cooldown. The flux expulsion performance of cav-
ities is measured as a ratio of the magnetic field measured 
at the cavity equator after the superconducting transition 
and before the transition in an imposed magnetic field 
(BSC/BNC).   Simulations can be used to predict the theoret-
ical maximum flux expulsion ratio; for the FRIB400 cavity, 
the theoretical value is BSC/BNC ≈ 1.8.  We can expect to 

measure a ratio near the theoretical value in a best-case sce-
nario. 

In the course of rf testing, single-cell bopt = 0.65 cavities 
fabricated from Nb material from Ningxia (NX) for 
INFN/PIP-II (650 MHz) showed significantly improved 
expulsion performance after a 900 C, 3 hour heat treatment, 
as shown in Fig. 4.  The ratio BSC/BNC is the most enhanced 
for 900 C-treated NX material (green), compared to the 
previous 800 C-treated performance. 

Since flux expulsion properties have been found to vary 
by Nb vendor, and even by lot number for material from 
the same vendor, we began to investigate whether material 
from a different vendor would respond similarly to 900 C 
heat treatment.  The FRIB400 single-cell cavity was fabri-
cated from Tokyo-Denkai (TD) material, and despite a sig-
nificant difference in average grain size (around 130 µm 
for the TD material vs. 40 µm for the NX material), per-
formed similarly in flux expulsion testing (blue).  The cav-
ity has since been heat treated at MSU at 900C for 3 hours, 
and we plan to repeat the flux expulsion test on the heat-
treated cavity. 

 

 
Figure 4: Measured single cell cavity flux expulsion as a 
function of the spatial temperature gradient along the cell 
surface. 

It is worth noting that challenges remain in determin-
ing whether it is feasible to apply high-temperature heat 
treatment to the 5-cell cavities.  Studies are currently un-
derway at Fermilab to determine the mechanical stability 
of the cavities during heat treatment. 

SAMPLE FLUX PINNING FORCE 
For cavity mass production runs requiring Nb material 

from multiple vendors or multiple lots from the same ven-
dor, it would be desirable to understand the flux expulsion 
properties of a given lot of Nb without having to first fab-
ricate and test a cavity.  The Fermilab Material Science La-
boratory has a Physical Property Measurement System 
(PPMS) which allows us to measure the flux-pinning force 
(Fp) in small (3 mm × 8 mm) samples of niobium.  At 9 K, 
just below the superconducting transition, the PPMS ap-
plies a magnetic field on the order of many gauss in two 
opposite directions and measures the resulting irreversible 
magnetization of the sample, from which the flux pinning 
force may be calculated [10].  The imposed field in this 
measurement is obviously well beyond that which a cavity 
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will experience, since a typical background magnetic field 
is of order a few mGauss.  However this PPMS measure-
ment is still informative, as will be described below. 

We measured Fp on samples from TD and NX, as 
shown in Fig. 5.  Initial measurements were done without 
heat treatment (black, gray). After heat treatment for 
3 hours at 800 C, there is a reduction in Fp (red, blue).  Af-
ter further heat treatment for 3 hours at 900 C (mimicking 
the heat treatment of the INFN-NX cavity which had the 
dramatic flux expulsion improvement with 900 C treat-
ment), we saw an additional decrease in Fp for the NX ma-
terial (green).  A similar decrease in Fp was observed in the 
MSU-TD material (magenta).  A wider sample set is 
needed to fully understand the relationship between Fp 
measurements on samples and cavity performance, but 
these preliminary results are encouraging.  Based on our 
results, we hypothesize that the TD cavity will have an im-
proved flux-expulsion ratio after 900 C treatment, similar 
to that seen in the NX cavity. 

 

 
Figure 5: Flux-pinning force as a function of applied mag-
netic field measured on Nb samples using the PPMS. 

If the hypothesis above is confirmed, it will provide 
motivation to continue development of a practical under-
standing of how Fp measurements in Nb samples correlate 
with flux-expulsion performance in cavities.  If we find that 
there is a good correlation between the flux pinning force 
in samples and flux expulsion in cavities, this would be 
beneficial both for evaluating treatments to improve cavity 
performance and for evaluating lots of Nb material from 
material suppliers for their potential to produce good cavi-
ties. 

CONCLUSION 
The high-Q0 development for the medium-β 644 MHz 

FRIB energy upgrade cavity is progressing well, as demon-
strated by our current world-record of Q0 = 3.8 × 1010 at an 
accelerating gradient of 17.5 MV/m in an N-doped 5-cell 
FRIB400 cavity.  Initial tests suggest that the highest Q0 is 
obtained via N-doping for the FRIB operating temperature 
(2 K) and gradient (17.5 MV/m).  Furnace/medium-tem-
perature baking provides some improvement in Q0 with a 
simpler treatment, but does not yet show potential to equal 
or exceed the results of N-doping, even prior to refinement 
of the N-doping recipe for FRIB400. 

We anticipate that the ultimate limit to Q0 for real cry-
omodules will be the residual resistance, and we are devel-

oping multiple approaches to minimize its adverse impact.  
Efforts to establish a connection between cavity flux ex-
pulsion and the bulk material property of flux-pinning 
force (which can be measured with small samples) show 
promise; however, further study is needed to refine our un-
derstanding of the correlation between the two. Overall, we 
expect significant progress in improving cavity perfor-
mance, and look forward to extending it to a fully dressed 
cavity by the time we receive project funding for FRIB400. 
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