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Nanoscale defect structure within the magnetic penetration depth of ∼100 nm is key to the performance limi-
tations of niobium superconducting radio frequency (SRF) cavities. Using a unique combination of advanced
thermometry during cavity RF measurements, and TEM structural and compositional characterization of
the samples extracted from cavity walls, we discover the existence of nanoscale hydrides in electropolished
cavities limited by the high field Q slope, and show the decreased hydride formation in the electropolished
cavity after 120◦C baking. Furthermore, we demonstrate that adding 800◦C hydrogen degassing followed by
light buffered chemical polishing restores the hydride formation to the pre-120◦C bake level. We also show
absence of niobium oxides along the grain boundaries and the modifications of the surface oxide upon 120◦C
bake.

I. INTRODUCTION

Superconducting radio frequency (SRF) cavities is the
state-of-the-art technology for particle acceleration im-
plemented in most modern and future planned accelera-
tors1,2. SRF cavities are predominantly made of bulk nio-
bium and are typically operated at temperatures of 2 K or
below, deep in superconducting state of niobium, which
has superconducting critical temperature Tc = 9.25 K.
The performance of SRF cavities is characterized by the
maximum accelerating field (Eacc) they can sustain, and
the cavity quality factor Q determining their efficiency of
operation. Lower Q leads to the increased dynamic heat
load for the cryogenic system, and, if severe, can even
lead to the limitation in Eacc as it causes an increase in
the inner cavity wall temperature that can trigger the
localized loss of superconductivity - quench. The magni-
tude of Q is determined by the average microwave surface
resistance Rs, which consists of the strongly temperature
dependent part RBCS(T ) and a temperature independent
(residual) component Rres.

Recent investigations showed that for standard cavity
preparation techniques3 as well as for a newly discovered
nitrogen doping4 both RBCS and Rres depend on the sur-
face rf magnetic field magnitude B ∝ Eacc. Since these
field dependencies are determined by the surface treat-
ments and the magnetic field only penetrates∼100 nm in-
side niobium in superconducting state at 2 K, the nanos-
tructure within this thickness and its changes with treat-
ments is key to understanding changes in surface resis-
tance and Q.

One of the long-standing puzzles is a strong increase
in the surface resistance of electropolished cavities above
≈100 mT surface magnetic field - a so-called high field Q
slope (HFQS). The effect persists in the absence of other
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well-known parasitic losses such as multipacting and field
emission. HFQS can be removed by the empirically found
“mild baking” at 100-120◦C in ultra high vacuum (UHV)
for 24-48 hours1.

Several models for the HFQS were proposed in the
past, but most were shown to contradict at least one of
the experimental observations5. The most recent promis-
ing model is based on the formation of lossy niobium
nanohydrides in the penetration depth6. Nanohydrides
may remain superconducting due to the proximity effect
up to the breakdown field, which is determined by their
size. The model attributes HFQS onset field to such a
loss of proximity-induced superconductivity, which mani-
fests as a strong increase in residual resistance and causes
HFQS. The rationale for this theory is the presence of
high concentration of interstitial hydrogen in the pene-
tration depth7–9, which, upon cooling to 2 K, may coa-
lesce into lumps of niobium hydrides. A challenging part
is that in order to search for such nanohydrides directly,
cryo-investigations at <100 K are required as at room
temperature no hydrides are present.

The characteristic feature of the HFQS is the localiza-
tion of strong additional dissipation in the areas of cavity
surface corresponding to highest surface magnetic fields1,
as found out by advanced temperature mapping stud-
ies of outside cavity walls. A very powerful approach is
based on localizing the strongest dissipative spots, which
then can be extracted from cavity walls and their inner
surface studied by different analytical techniques. Com-
paring cutouts from the cavities with the HFQS to the
ones from the mild baked cavities without HFQS allows
drawing conclusions on the possible underlying causes of
the HFQS, and the origin of the mild baking effect.

Previous comparative studies on such cavity cutouts
provided clues into possible mechanisms at play. Low en-
ergy muon spin rotation spectroscopy (LE-µSR) showed
that mild baking leads to a strong decrease in the electron
mean free path10. Variable energy positron annihilation
spectroscopy (VEPAS) showed that inward diffusion of
vacancies and the hydrogen-trapping effect of vacancies

FERMILAB-PUB-15-077-TD

Operated by Fermi Research Alliance, LLC under Contract No. De-AC02-07CH11359 with the United States Department of Energy. 



2

may be behind this ` suppression11. Another alternative
mechanism of the mean free path suppression may be
based on the inward diffusion of oxygen12. Both oxygen
and vacancies may then serve as trapping centers for hy-
drogen, preventing the formation of lossy nanohydrides6.

In this particular work we present structural and an-
alytic comparison of FIB-prepared cross-sectional sam-
ples from mild baked and unbaked cavity cutouts using
various TEM techniques at room and cryogenic (94 K)
temperatures. Temperature dependent nano-area elec-
tron diffraction (NED) and scanning electron nano-area
diffraction (SEND) reveal the formation of stoichiomet-
ric non-superconducting small niobium hydride inclu-
sions. Mild baking is shown to decrease nanohydride
sizes and/or density, which directly correlates with the
observed suppression of the high field Q slope in SRF
cavities. Importantly, we also find nanohydrides after ad-
ditional 800◦C degassing for 3 hours followed by buffered
chemical polishing for 20 µm material removal. Further-
more, size and/or density of such hydrides are compara-
ble to the pre-120◦C bake electropolished cutout. Addi-
tionally, high resolution TEM (HRTEM) and bright field
(BF) imaging show similar surface oxide thickness and
lack of any oxidation along grain boundaries. Electron
energy loss spectroscopy (EELS) chemical characteriza-
tion of the surface oxides suggests slight oxygen enrich-
ment just below the oxides after the mild bake, consistent
with the previous X-ray investigations13.

II. METHODS

A. Identification of the cutout regions in unbaked and
120◦C baked cavities

FIG. 1. (a) Cavity with attached thermometers. (b) Source
cavity with a cutout on SEM post.

In order to directly correlate different dissipation char-
acteristics with surface nanostructure and to determine
the underlying mechanisms of HFQS in Nb SRF cav-
ities, we base our studies on the comparison of cutouts
from cavities with and without HFQS, similar to previous
studies10,11. Two Nb fine grain (≈50 µm) TESLA shape
cavities with resonant frequency f0 =1.3 GHz were used.
Both cavities were electropolished, and one of them was

additionally baked at 120◦C for 48 hours. Dependence of
the quality factor on peak surface magnetic field at 2 K
was measured for both cavities, and both also had tem-
perature maps acquired during rf measurements in order
to identify the regions for cutout. As expected, the EP-
only cavity that had no final mild bake showed prominent
HFQS while the performance of the EP+120◦C baked
cavity was free from the HFQS.

Temperature maps of both cavities recorded at Eacc =
28 MV/m, which is above the HFQS onset field, are
shown in Fig. 2. The unbaked cavity shows large re-
gions of elevated temperature (up to 0.4 K) - a standard
feature of the HFQS - as compared to the cavity that
was baked at 120◦C, which had no such extended dis-
sipative regions. Based on the temperature maps, sam-
ples with characteristic rf field dependences for each of
the treatments (shown in Fig. 3) were cut out from both
cavities. The selected characteristic sample from the un-
baked cavity (labeled “EP” for the following) shows a
drastic increase of the local temperature as the surface
rf field amplitude reaches about 100 mT. This is in con-
trast with the characteristic cutout from the 120◦C baked
cavity (labeled “EP120C” for the following), which shows
no such feature. Cutouts were of circular shape with 11
mm diameter and were extracted from the cavities by an
automated milling machine with pure water used as a
lubricant.
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FIG. 2. Temperature maps at Eacc = 28 MV/m of: (a) un-
baked EP cavity, (b) EP+120◦C baked cavity. Locations of
the cutout samples are marked by black circles.

Additionally, two further samples from the unbaked
cavity were subjected to 800◦C vacuum degassing for 3
hours, and 20 µm buffered chemical polishing.

B. Characterization of cavity cutouts

Cross sectional TEM samples were prepared from
cutout samples by Focused Ion Beam (FIB) using a He-
lios 600 FEI instrument. Conventional polishing methods
are not acceptable for Nb cavity investigations because
polishing loads the sample with hydrogen. FIB lift-out
technique allows one to prepare and mount a small rect-
angular cross sectional sample onto a standard copper
TEM half-grid using an Omniprobe micromanipulator.



3

0 20 40 60 80 100 120 140 160

0

10

20

30

40

50

60

70

 

 

 EP unbaked - "hot" spot
 EP + 120C - "cold" spot

T 
(m

K
)

B (mT)

FIG. 3. Dissipation characteristics at different rf field ampli-
tudes of EP and EP120C spots.

Before milling, the top surface of each cross sectional
cut was covered by a protective layer of platinum, in or-
der to preserve the native niobium surface from Ga ions
(Fig. 4). Most FIB samples were intentionally prepared
as bi-crystals in order to overcome possible tilting limita-
tions of the TEM holder. For the temperature dependent
electron diffraction experiments, every sample was used
only once. This precaution was made to avoid possible
niobium hydride nucleation centers that could be artifi-
cially produced during the fast warm up inside the TEM.

FIG. 4. (a) SEM image of protective Pt layer deposition onto
Nb surface; (b) SEM image of material removal around cross-
sectional rectangular sample; (c) SEM image of TEM FIB-
prepared sample on copper grid; (d) TEM image of the sample
near-surface.

Two types of TEMs were used for this work: field-
emission gun (FEG) TEM and thermionic LaB6 gun
TEM. The key difference between these two microscopes
is the higher brightness of FEG relative to the thermionic
LaB6 gun. Brightness, which defines the electron dose, is

a crucial parameter for the investigation of dose-sensitive
niobium nanohydrides, as will be described below.

JEM 2010F Schottky FEG TEM at Materials Re-
search Laboratory (MRL) at the University of Illinois
at Urbana-Champaign (UIUC) operated at 197kV and
equipped with a Gatan imaging filter (GIF), was used for
the temperature dependent NED, SAED, and room tem-
perature EELS. An approximately 80 nm sized NED par-
allel beam probe was used to record diffraction patterns
onto Fuji imaging plates. EELS was collected in Scan-
ning Transmission Electron Microscopy (STEM) mode.
Energy dispersion was set to 0.3 eV/pixel for core-loss
EELS niobium M-edge spectra. EELS collection time
was set to 10-12 s for each of the spectra.

JEOL JEM 2100 LaB6 thermionic gun TEM at
MRL/UIUC was used for temperature dependent NED
and scanning electron nano-area diffraction (SEND)14,15.
In SEND, approximately 170 nm and 100 nm probe sizes
were used to obtain diffraction pattern “maps” by au-
tomated rastering of a parallel beam probe across the
area of interest on a FIB sample. A SEND experiment
produces a map of the diffraction patterns which repre-
sent a phase in a particular area of the sample. Auto-
mated positioning of the probe was achieved by using a
custom-made Digital Micrograph script. Diffraction pat-
terns were taken in sequential manner from a specific
area of the sample which was imaged every time prior
to scanning. Diffraction patterns were recorded using
Gatan Ultrascan CCD camera, which is optimized for
low contrast biological applications. The step length of
the scans was set equal to the probe diameter to avoid
oversampling and gaps in diffraction maps.

JEOL JEM-2100 FasTEM at Northwestern University
operated at 200 keV and equipped with GIF was used
for room temperature SAED and high resolution TEM
(HRTEM) imaging.

Gatan liquid nitrogen cooled double-tilt stage was used
for the low temperature measurements. FIB-prepared
cavity cutout samples were cooled to 94 K inside the
TEM in approximately 30 min. Additional 30 min was
allowed before the measurements for temperature stabi-
lization. SRF cavities have operational temperatures in
the range of 1.2-4.2 K while all hydride precipitation hap-
pens during the cool-down at much higher temperatures
of ∼100-150 K as follows from NbH phase diagram16 and
confirmed by recent direct optical investigations17. Thus
observing at 94 K is fully representative of the hydride
state inside niobium at lower temperatures.

III. RESULTS AND DISCUSSION

A. Temperature-dependent structural investigations

1. Room temperature measurements

Room temperature NED and SAED patterns were first
acquired on all of the samples in order to investigate the
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state of the Nb-H system in the warm state. NED pat-
terns were taken with a probe size of approximately 80
nm in diameter and areas directly underneath the nio-
bium oxides, as well as areas a few hundred nanome-
ters deep were explored. Similar diffraction patterns
produced by body centered cubic (BCC) niobium with
no additional ordered stoichiometric phases as shown in
Fig. 5 were found on all the samples we investigated.
SAED (not shown), which represents structural informa-
tion from sample areas of a few micrometers, shows only
BCC Nb reflections as well. Thus TEM electron diffrac-
tion shows that hydrogen behaves like a lattice gas and
occupies random tetrahedral interstitial sites in Nb at
room temperature. This phase is called solid solution
(α-phase).

FIG. 5. Room temperature NED for EP and EP120C cutouts:
(a) Nb [111] zone axis, (b) Nb [110] zone axis, (c) Nb [131]
zone axis.

2. Cryogenic temperature measurements

Before TEM measurements, in order to confirm the ab-
sence of large bulk concentrations of hydrogen, cutouts
from the same cavities were investigated in the opti-
cal cryogenic stage of the confocal microscope using the
same methodology as in our previous study of Q disease-
causing larger hydrides17. No hydride formation was seen
on any of the cutouts with the spatial resolution down to
∼1 µm.

Cryogenic temperature phase characterization of EP
and EP120C samples was accomplished with SEND in
thermionic gun TEM and with NED, SAED in FEG
TEM. Fig. 6 shows a SEND map taken from the EP sam-
ple along with a TEM image of the sample at 94K. NED
patterns were taken automatically in a sequential manner
from the Nb near-surface region which was imaged prior
to scanning. Every square in Fig. 6a represents a sample
area of diameter equal to the diameter of the diffraction
probe.

Fig. 6b-d show NED representative patterns taken
from the “EP” sample. “Half-order” additional reflec-
tions are clearly visible along with reflections from Nb
matrix. Orientation of Nb crystal is close to [110] zone
axis. Two niobium hydride phases were found in EP
sample at 94K.

Fig. 6b shows ε-phase niobium hydride diffraction pat-
tern overlapped with [110] Nb. ε-phase was recognized by

FIG. 6. (a) SEND map of EP sample at 94 K, (b) ε-phase
Nb4H3 overlapped with Nb, (c) β-phase NbH overlapped with
Nb, (d) ε- and β-phases overlapped with Nb.

“half-order” reflections along the [110]cubic direction18.
ε-phase (Nb4H3) has non-centrosymmetric orthorhom-
bic structure with P212121 space group18–20. The ε-phase
forms in α + β alloys, by ordering of β-phase, when H/Nb
< 0.7 at 207K21. The orientation of observed ε-phase do-
mains is close to the [114] Nb4H3 zone axis.

Fig. 6c shows a β-phase niobium hydride diffraction
pattern overlapped with [110] Nb. β-phase was recog-
nized by reflections at ( 1

2
1
2 1)cubic in terms of cubic

BCC Nb reflections22. β-phase forms by ordering of the
hydrogen interstitials on tetrahedral sites which lie on al-
ternate (11̄2)c planes upon cooling over the composition
range of 0.75 ≤ H/Nb ≤ 1.021. β-phase (NbH) has face
centered orthorhombic crystal structure with Pnnn space
group22,23. The orientation of β-phase domains is close
to the [100] NbH zone axis.

SEND mapping of EP120C sample at 94K demon-
strated only BCC Nb diffraction pattern with no ad-
ditional reflections. One EP sample and one EP120C
sample were evaluated by SEND at 94K.

One unbaked cavity sample which received 800◦C vac-
uum degassing for 3 hours, and 20 µm buffered chemical
polishing (BCP), was evaluated by SEND at 94K. SEND
mapping (Fig. 7) shows the presence of the same low
temperature niobium hydride phases as for the unbaked
cavity sample without 800◦C degassing followed by BCP.
The diagram in Fig. 11 summarizes SEND mapping at
94K for all three types of samples: EP, EP which received
800◦C degassing and BCP, and EP120C.

Additional NED structural characterization of the cav-
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FIG. 7. (a) SEND map of EP sample which received 800◦C
vacuum degassing for 3 hours and 20 µm BCP, measured at
94 K, (b) β-phase Nb4H3 overlapped with Nb, (c) ε-phase
NbH overlapped with Nb.

ity cutouts was performed in FEG TEM at 94 K. In order
to collect diffraction patterns from the near-surface area,
the NED probe was positioned by the deflection coils
onto the TEM sample for each exposure. The size of
the NED probe was approximately 80 nm. NED diffrac-
tion patterns were collected by sequentially moving the
probe along the length of the sample, which is schemat-
ically represented in Fig. 8a. Fig. 10 (a)-(c) and (d)-(f)
show typical cryogenic temperatures NED patterns taken
from EP and EP120C samples, respectively. Additional
second phase reflections are clearly observed along with
Nb matrix reflections at 94 K in both types of samples.
Additional low temperature reflections in EP samples
are more intense and frequent than additional reflections
in EP120C samples. Comparing EP and EP120C sam-
ples, the number of probed spots exhibiting reflections of
an additional low-temperature phase differ as shown in
Fig. 9. For the EP samples, 68% of probed spots showed
additional reflections, whereas for the EP120C samples,
27% of the probed spots showed additional reflections.
Three FIB prepared EP and three EP120C samples were
investigated with NED.

Most of the detected second phase reflections were not
in compliance with any reported phase of niobium hy-
dride. Only a few diffraction patterns taken from the
EP samples show clear “half-order” reflections which can
be associated with β- and ε-phases of niobium hydrides
(Fig. 8b,c). This can be explained in terms of dissociation
of the native low temperature niobium hydride phases
under the electron beam exposure. It has been noticed

FIG. 8. (a) Bright field image of EP sample. Right grain is
tilted to [110] zone axis. Positioning of NED probe on TEM
sample is indicated by the yellow circles; (b) EP sample NED
patterns taken at 94K.

FIG. 9. Fraction of area with and without NED-detected
hydrides in EP and EP120C samples.

that additional low-temperature reflections rapidly van-
ish under exposure to the electron beam. Heating of the
exposed area by electron bombardment allows hydrogen
to regain its mobility and move to different parts of the
sample, which can lead to severe distortion and dissoci-
ation of niobium hydrides. We believe that by the time
the exposure was taken, the structure of the second phase
could be already altered. A similar effect was previously
observed by several researchers18,21. Due to this effect,
relevant zone axis tilts were determined prior to cool-
ing, and set up with the minimal sample exposure at low
temperatures.

Formation of low temperature stoichiometric niobium
hydrides in Nb samples was previously detected by SAED
for various hydrogen concentrations18,21,24. However, low
temperature SAED on the samples prepared from the
cavity cutouts did not reveal any additional reflections.
The absence of an additional reflections in SAED pat-
terns can be explained either by negligibly small SAED
signal from nano-scale niobium hydrides or by their fast
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FIG. 10. (a)-(c) Diffraction patterns taken from EP samples at 94K; (d)-(f) Diffraction patterns taken from EP120C sample
at 94K.

FIG. 11. Diagrams of SEND maps taken at 94K for: (a) EP sample, (b) EP sample which received 800◦C vacuum degassing
for 3 hours + 20 µm BCP, (c) EP120C sample.

dissociation under the broad electron beam.

B. Grain boundaries and surface oxides

HRTEM imaging and EELS were used for detailed
imaging and comparison of the surface oxides and grain
boundaries in EP120C and EP samples. The appearance
of an approximately 5 nm-thick amorphous oxide layer
(Nb2O5) in HRTEM images is similar for both types of
samples (Fig.12).

EELS investigations of the surface oxides in the
EP120C and EP samples were performed as a way to
make detailed comparisons of niobium valence across the
oxide layer.

Fig. 13a shows EELS spectra for niobium M2,3 edge.
EELS spectra were taken for the four regions marked in
the STEM image of the niobium near surface (Fig. 13b).
The M2,3 edge of niobium is a result of the transition of
Nb 3p electrons to unoccupied Nb 4d and 5s states. Spin-
orbit coupling of the 3p orbital causes the appearance of
two peaks (M2 and M3). All niobium core loss spec-
tra were calibrated with respect to carbon K-edge onset
at 286 eV using the second derivative method25. Three

FIG. 12. (a) HRTEM image of EP120C sample under [110]
Nb; (b) BF image of EP sample under [110] Nb.

spectra for each region were added after the background
subtraction with log-polynomial function26. Thickness of
the sample in the region of interest was estimated to be
41 nm.

The linear relationship between the chemical shift of
M-edge onset and niobium valence can be used to deter-
mine the niobium oxidation state27. For both samples,
the M2,3 peak for each region shows a clear chemical shift
toward higher energy as a function of distance from the
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FIG. 13. (a) EELS taken from EP (solid line) and EP120C
(dashed line); (b) STEM image indicating the regions where
the EELS spectra were taken from.

Nb metallic surface. The EP120C sample shows a greater
shift than the EP sample. The observed shifts for both
the EP and EP120C samples agree well with previous
results of Tao et al24. Table I summarizes the positions
of M3 peaks for both samples for each region. The last
column shows the difference in position from region 1 to
region 4. The M2 peaks follow the same trend as the
M3 peaks. The comparatively larger shifts of the M2,3

peaks of the EP120C sample is an indication of higher
niobium valence in each region relative to that in the EP
sample. This suggests inward (toward the bulk of Nb)
oxygen diffusion during the mild bake.

TABLE I. Experimental position of Nb M3 peak in different
regions for EP120C and EP samples.

Sample Region 1 Region 2 Region 3 Region 4 Shift
EP 366.7 367.2 367.5 367.8 1.1

EP120C 366.8 368.0 367.9 368.3 1.5

According to X-ray investigations of Nb/Nb-oxide in-
terfaces13, an increase of x for NbOx underneath Nb2O5

in EP120C sample can be caused by the enrichment in
interstitial oxygen.

FIG. 14. (a) EP120C sample; (b) EP sample

Several samples with uniformly thin grain boundary
regions were prepared from the cavity cutouts. Images of
the grain boundaries in the EP and EP120C spot samples
are represented in Fig. 14. HRTEM images of the cavity
cutouts do not show an amorphous contrast from the
isolating niobium pentoxide along the grain boundaries,
in contradiction to some literature models28.

C. Comparison of dislocation structure

(a) (b)

FIG. 15. (a) HRTEM image of EP120C sample; (b) HRTEM
image of EP sample.

Appearance of dislocations produced by the precipita-
tion of niobium hydrides in Nb samples after the first cool
down was reported in a number of studies. Therefore,
EP spot samples that suffer from more prominent nio-
bium hydride precipitation at low temperatures can pos-
sess higher dislocation density in the near-surface layer at
room temperature. To look for this secondary effect, we
used HRTEM and Bright Field imaging to compare dis-
location content in the EP and EP120C samples. Fig.15
shows HRTEM images of EP120C and EP samples under
[111] Nb zone axis. Diffraction contrast in Bright Field
(BF) images of the EP120C and EP samples confirms
a large amount of dislocations in both, which appear
as dark streaks and spots (Fig.16). This large number
of pre-existing dislocations is likely a result of extensive
plastic deformation of niobium introduced during cav-
ity manufacturing steps (i.e. deep drawing). Such high
dislocation density leads to complicated bending effects
which make atomic column projections go in and out of
focus in HRTEM images, which made it impossible to
discern any effect of NbH precipitation.

IV. DISCUSSION

Presence and possible involvement of nanoscale nio-
bium hydrides in the HFQS mechanism was recently pro-
posed6 but gaining direct evidence of their existence re-
mained a challenging task. One of the primary findings of
our work is the clear demonstration in TEM by NEG and
SEND that such nanohydrides do in fact exist, and there-
fore may indeed be the possible cause of the HFQS. In
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FIG. 16. (a) BF image of EP120C sample; (b) BF image of
EP sample.

general, such nanohydrides represent a yet unaccounted
for extrinsic mechanism of additional rf dissipation in hy-
drogen Q-disease free SRF cavities, and the full range of
their effect on the whole Q(E) curve has to be further
understood.

The significantly lower area affected by nanohydride
precipitation in EP120C cutouts found by the near-
surface NED investigations is consistent with the hydride
precipitation suppression by the 120◦C baking, as pro-
posed recently6,11,17. At this stage, it is not yet possible
to definitively say if it is the volume density or the size
of the nanohydrides, which is affected. However, the re-
moval of the HFQS suggests that it is likely the size.

Another key finding is the reapperance of high nanohy-
dride population in the cutout sample after additional
800◦C vacuum treatment for 3 hours followed by 20 µm
buffered chemical polishing. This is a standard process-
ing sequence to guarantee the absence of the Q disease
in SRF cavities, which works by drastically lowering the
bulk hydrogen content. However, as our results confirm,
there is still enough hydrogen near surface - likely due to
hydrogen reabsorption in the furnace during cool down
and BCP - to cause the formation of nanohydrides.

It was discussed in the past that niobium oxide struc-
ture may also get modified during the 120◦C bake in
several different ways12,13,29,30. Our investigations show
that amorphous Nb2O5 of about 5 nm thick is very sim-
ilar in both EP and EP120C cutouts. The slightly in-
creased niobium oxidation state in EP120C is consis-
tent with the increased oxygen concentration right un-
derneath the oxide, as found before13,29. This increased
oxygen concentration may be a reason of the ∼1-2 nΩ
higher residual resistance in 120◦C baked cavities, which
can be restored to the pre-120◦C bake level by the hy-
drofluoric acid rinse31 since the oxygen-reach layer gets
converted to the newly grown oxide.

Finally, a very important finding is lack of any oxida-
tion along grain boundaries. This contradicts a model of
niobium surface, frequently used up to now, which sug-
gests the presence of oxidized grain boundaries, crack cor-
rosion, and isolated niobium suboxides islands32. Our in-
vestigations show that none of these features are present
in SRF cavities.

V. SUMMARY AND CONCLUSIONS

Extensive microscopic comparison of the original
cutouts from SRF cavities with and without HFQS was
performed in order to elucidate the underlying cause of
the HFQS and the mechanism of its cure. TEM compar-
ison using cryogenic NED and SEND of EP and EP120C
cutouts revealed for the first time the formation of the
near-surface low temperature nanoscale niobium hydride
phases, which area density and/or size directly correlates
to the presence or absence of the HFQS. Mild 120◦Cbake
was demonstrated to reduce the amount of and/or change
the distribution of niobium hydrides in the near-surface
layer. Phase identification in SEND demonstrated the
presence of β- and ε-niobium hydrides in the EP cutout
at 94K.

Additional HRTEM and BF imaging, as well as EELS
characterization of the cavity cutouts, were conducted
in order to investigate any possible differences in grain
boundaries, surface oxides, and dislocation structure.
HRTEM investigation of grain boundaries showed no nio-
bium pentoxide along the grain boundaries and a similar
structure of grain boundaries in EP and EP120C sam-
ples.

Identical thickness of the surface niobium pentoxide
was found from HRTEM images of the EP and EP120C
cutouts. EELS chemical characterization of the niobium
oxidation state as a function of distance from the sur-
face revealed that EP120C samples have higher chemical
shifts for all regions, suggesting inward oxygen diffusion
from the oxide into the bulk, which may be related to the
hydrofluoric acid rinse beneficial effect on 120◦C baked
cavities.
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