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Abstract

Superconducting radio-frequency (SRF) cavity surface
treatment with nitrogen-doping (N-doping) was a break-
through in cavity processing which was found capable of
increasing the cavity quality factor (Qo) by more than a fac-
tor of 2 compared to standard electropolish (EP) surface
treatments, as well as achieving a highly desirable anti-Q
slope behavior, an increase of Oy with increasing acceler-
ating field, in 1.3 GHz superconducting niobium cavities.
N-doping has been extensively studied in 1.3 GHz cavities;
however, a similarly significant increase in performance
had not yet been observed in sub-GHz cavities. In this
study, field-dependent BCS and residual resistances were
measured in 644 MHz cavities for the FRIB energy up-
grade with various surface treatments. The frequency de-
pendence of the O-slope was investigated by measuring
BCS and residual resistances in the fundamental mode
(FM) and a 1.45 GHz higher-order mode (HOM) in the
same cavity. We will report effects of various N-deping
surface treatments on the FM and HOM performance, in-
cluding the achievement of Qo as high as®.9 X310'° at
17.5 MV/m in this class of SRF cavities!

INTRODUCTION

Maximizing the intrinsic quality factor (Op)is critical fon
superconducting radio-frequency (SRE) accelerators to
minimize the cryogenic load'and operating cost: Past stud-
ies of GHz-«fange SRE nitrogen-doped niobium cavitics
have shown both improved Qp and an “anti-Q slope”—an
increase in Qo with accelerating gradient (Eacc) in the me-
dium-field range (Eacc ~2 to 20 MV/m),[1].

Higher Qo and a possible anti-Q slopeéyare of particular
interest for the FRIB energy upgrade (FRIB400) project,
which will makefuse of 5-cell elliptical niobium cavities
operating at 644 MHz in CW at 2 K, with a goal of Qg =2
x 10'% at an“Eaeehof 17.5 MV/m [2]. For cavities near
644 MHz, studies on the effects of mid-temperature baking
(MTB) with 900 °Cannealing have been found to increase
Qo significantly [3]. Additionally, pioneering studies on 5-
cell cavities were done using 800 °C N-doping, finding an
increase (o, but by a lesser margin than for 1.3 GHz cavi-
ties [4]. However, the optimization of N-doping parameters
has not yet been well-studied in this frequency range.
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Additionally, studying the frequency dependence of the
BCS resistance (Rpcs) and residualdresistance (Rres) via
measurements of different monopole modes in the same
cavity, thus removing the depefidence, of cavity-to-cavity
surface treatment variations, could provide guidance to4
wards reducing Q-slope at 644 MHz.

CAVITY PROCESSING

Two FRIB energy upgrade single-cell cavities were used
for this study' (S65-901, S65-903), These cavities under-
went N-doping of 800 °C and 900 °C, respectively. The
process‘consisted of heat treatment at 800 °C or 900 °C for
3 hours in an ultra-high vacuum furnace (UHV) to reduce
hydrogen concentration‘in the niobium bulk. For the last 2
minutes ofithe heat treatment, nitrogen was introduced at a
pressure of 25 mTorr to promote diffusion of nitrogen into
the cavity inner surface. After these 2 minutes, the nitrogen
was pumped out, and the cavity was cooled back down to
room temperature, This process is referred to as 800 °C or
900 °C 2NO-doping. The temperature and pressure for the
900 °C treatment of S65-903 are shown in Fig. 1. The N-
doping treatment was preceded by bulk electropolishing
(EP)rand followed by light EP (5 pm). The post-treatment
EP removes the harmful niobium nitride layer formed dur-
ing N-doping, as the NbN layer significantly degrades Qo
[1]. The cayities were then ultrasonic cleaned (USC), high-
pressurerinsed (HPR), and clean-assembled for cold test-
ing.
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Figure 1: Chamber temperature and pressure during the
900 °C 2N0-doping procedure.

To measure Oy as a function Eye, a “Q-curve”, at cryo-
genic temperatures for both the TMoi1o FM (644 MHz) and



the TMo20 HOM (1.45 GHz), the cavity was equipped with
variable input and pickup couplers, as shown in Fig. 2. The
HOM coupling is much stronger than the FM coupling
(Qext smaller by ~20 dB). the couplers bellows were ad-
justed to make Qext1 ~ 10'0 (input) and Qexiz ~ 5:10'2
(pickup). The couplings were set after the cavity had been
clean-assembled, pumped out, and removed from the clean
room. Both the FM and HOM could thereby be measured
without disassembly of the cavity.
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Figure 2: Cross-sectional view of the setup for ve
ing of a FRIB energy upgrade single-cell cavi
justable couplers.
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Figure 4: Field-dependent Rpcs (top) and Rrs (bottom) for
the cavities and treatments shown in Fig. 3.



To better understand the mechanism behind the increase
in Qo after N-doping, the field dependences of Rgcs and Ryes
were compared in Fig. 4. N-doping consistently reduces
Rgcs relative to baseline EP. The N-doping recipes have
mixed impacts on Rrs: Rres increases after N-doping at
800 °C, which can be explained as an increase in the sen-
sitivity to trapped magnetic flux due to less optimal elec-
tron mean free path [7]. On the other hand, after 900 °C N-
doping, Ry is similar to the baseline EP case, even though
the sensitivity to trapped magnetic flux after 900 °C N-
doping is higher than after 800 °C N-doping. This is due to
the ability for the cavity to expel magnetic flux when trans-
iting across 7T, allowing for minimal trapped flux to con-
tribute to Rres. This enhanced flux expulsion is thought to
be a result of a change in the grain structures from higher-
temperature annealing [5].
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Figure 5: QO-curves for the FM and HOM after 800 °C N-
doping + 5 um post-EP (top). Corresponding Rpcs values
at 2 K, normalized to their low field values (bottom). For
the FM, Bk = 80 mT corresponds to Eacc = 18 MV/m.

The FM and HOM Q-curves after 800°C N-doping are
compared in Fig. 5 (top). For the 1.45 GHz HOM, anti-Q
slope can been seen for a peak surface magnetic field (Bpk)
between 10 and 60 mT, whereas the 644 MHz FM shows
the typical decreasing Oy in this range. This difference in

the O-slopes is due to changes in Rgcs, as shown in Fig. 5
(bottom). These results are roughly consistent with a past
study in which Rpcs was investigated for N-doped cavities
with resonant frequencies ranging from 650 MHz to
3.9 GHz [8]. However, we investigated this frequency de-
pendence on the same SRF surfaces, which allows any var-
iations in cavity geometry or surface processing to be ruled
out.

CONCLUSION ANDOUTLOOK

Treatments on FRIB energy upgrade single-cell cavities
were studied via cold testing after 800 °C and 900 °C N-
doping. After 900 °C 2NO dopinggwe measured Qo = 4.9 x
10'° at the design field of Edee = 17.5 MV/m;, a factor of.
2.45 above the FRIB400 goal. Decomposition nto Rgcs
and Ry indicates that the Qg increase is due to a decrease
in Rpcs without a reduction in Ry. Further studies with ad-
ditional'post EP after the 900 °C N-doping + 9 wm post-EP
treatment are of interest, with the goal of increasing the
quench field to atileast a 10% safety, margin, while main-
taining the,high Q.

A vettical test setup with adjustable couplers was devel-
opedfor the single-cell cavities, which allowed us to study
the impact of RF frequency onithe field-dependent Rpcs af-
ter 800°°C 2N0 doping via measurements on multiple mon-
opole,modes. At 2 K, the 1.45 GHz HOM exhibits an anti-
O'slopeywhile the 644 MHz FM does not. This difference
in O-slopeiis due to,the field dependence of Rpcs. These
observationsy measured on the same RF surface, suggest
that the Q-slope behavior has an intrinsic dependence on
RF frequency.
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