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Abstract
The new 𝛽-SRF facility at TRIUMF has recently been

commissioned. A new 1 m extension has been added to an
existing 𝛽-NMR beamline with a large Helmholtz coil to
produce fields up to 200 mT parallel to sample surfaces. The
𝛽-NMR technique allows depth dependent characterization
of the local magnetic field in the first 100 nm of the sample
surface making the probe ideal for studying Meissner screen-
ing in heat treated Niobium or layered SRF materials. First
measurements of Meissner screening at fields up to 200 mT
have been analyzed. The results show clear differences in
the Meissner screening of baseline treatments compared to
mid-T baked (O-doped) Niobium.

INTRODUCTION
The SRF community has been successful at improving

the high gradient and high quality factor (𝑄0) performance
of Niobium through empirically developed heat treatments
in vacuum or with small concentrations of doping agents.
The most successful recipes have been repeatable at multi-
ple labs and also in industry. Future projects like the ILC
require performance at high gradient to reduce costs. The
development of robust recipes and processes is a critical goal
of the present development. Researchers are also pursuing
thin films and layered structures [1, 2] in order to either re-
duce the cost of Nb or increase the performance or operating
temperature.

Niobium is a marginal Type-II superconductor. Raising
the applied field past a critical value, 𝐵𝑐1 leads to a mixed
state in which an increasing amount of magnetic flux pene-
trates the material in quantized flux vortices. At a second
critical field strength, 𝐵𝑐2 superconductivity is destroyed.
However, above 𝐵𝑐1 a metastable state persists up to the
superheating field, 𝐵𝑠ℎ allowed by a surface energy barrier
that inhibits vortex nucleation. As RF fields increase in am-
plitude, magnetic vortices with normal cores can nucleate
in the near surface and RF losses, hence surface heating, oc-
curs. For high gradient performance we need a material that
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can withstand vortex penetration up to a high peak magnetic
field.

The intrinsic performance of SRF cavities is determined
by the first 100 nm of the inner cavity surface, where RF
currents flow with a length scale characterized by the Lon-
don Penetration Depth. Cavity treatments impact the near-
surface nanostructure in the first hundreds (or less) nanome-
ters of the Niobium surface to improve 𝑄0 or gradient or
both. The strategy moving forward will be to engineer a
surface layer on bulk Nb to reproducibly optimize the per-
formance beyond pure Nb. Thin film research and theory
are continuing in parallel with work on NbN, Nb3Sn, MgB2
and Superconductor-Insulator-Superconductor (SIS) [1,2]
layers.

Investigations of new treatments and new materials would
benefit from a diagnostic that provides details of the mag-
netic screening within the near surface. Ideally the probe
should be able to diagnose the detailed magnetic screening
near the critical fields which for Niobium is in the range of
200 mT. DC magnetic fields applied both perpendicular and
parallel to the sample surface have been used as analogues
of cavity operating conditions to characterize SRF materials
with respect to the field of first flux penetration [3].

Perpendicular fields result in highly non-uniform surface
fields when the sample is in the Meissner state, with flux
accentuated at sample edges. Parallel fields on flat samples
or ellipsoid samples provide near uniform surface fields up
to the field of first flux penetration. Measurements typically
record the maximum local surface field (based on the applied
field and the sample geometry) that can be reached before
flux is detected in the bulk. Such measurements do not
provide local details of the role of the surface layer(s) in
the field of first flux entry. Given the interest in layered
structures and their precise role in enhancing the field of
first flux entry, a diagnostic that provides the depth-resolved
information of field attenuation through the London layer
would provide new insight.

Facilities like 𝛽-NMR [4–6] (TRIUMF) and LE-
muSR [7] (PSI) that use 8Li+ ions or low energy muons
respectively have been limited to <30 mT parallel field on
the sample as the transverse fringe field from the applied
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field deflects the low energy charged particle probe as
the charged particle approaches the sample. Of the two
techniques 𝛽-NMR with its heavier probe opens the door
for exploitation of higher parallel fields.

We have now extended an existing beamline at TRIUMF
called 𝛽-SRF [8] within the 𝛽-detected nuclear magnetic
resonance facility at TRIUMF [4–6] (𝛽-NMR) facility that
provides up to 200 mT parallel to the surface of the sample.
This paper will give an overview of the new facility and the
results from a first experiment on two SRF samples.

𝛽-NMR TECHNIQUE
𝛽-NMR is a type of nuclear magnetic resonance (NMR)

technique which utilizes implanted spin-polarized radioac-
tive nuclei as probes [4–6]. In 𝛽-NMR the local magnetic
field is monitored using the anisotropic emission of the 𝛽-
particles (typically MeV energy), that are highly correlated
with the direction of the nuclear spin at the time of the decay.
The energetic 𝛽s are detected in two opposing detector tele-
scopes (with pairs of scintillators in coincidence), oriented
at 0 and 𝜋 radians relative to the direction of the initial spin
polarization. The time evolution of the (longitudinal) spin-
polarization can be measured as the probe spin interacts with
the local magnetic field inside the sample. A unique feature
of the method is that the implantation energy of radioactive
nucleii can be varied (e.g., from ∼0.5 keV to ∼30 keV) to
study the surface of materials in a depth-resolved manner
with nm length scale.

Several techniques have been developed to characterize
materials with 𝛽-NMR . The spin-lattice relaxation (SLR)
technique [9] is adopted for the results reported here. In
the SLR technique, the applied field is parallel to the initial
spin-polarization direction. Spin-polarization of the probe
is lost through an energy exchange with its surrounding
environment. That is, spontaneous, stochastic fluctuations
in the local field that are transverse to the probe spin direction
serve to ”reorient” it back to thermal equilibrium while the
applied field acts to slow the relaxation.

The SLR rate, commonly denoted as 1/𝑇1 , characterizes
the depolarization time-constant of the 8Li nuclear spins af-
ter they are stopped inside the sample. The value of 1/𝑇1 is
extracted by fitting the measured time-dependent asymme-
try in the 𝛽-decay with a phenomenological depolarization
function. Figure 1 shows a typical asymmetry spectrum and
corresponding fit measured on a Nb sample (cut, etched,
and annealed at 1400 °C) at 5 K using a 4 keV 8Li+ beam.
The data corresponds to beam on (grey) and beam off time
responses.

At applied magnetic fields below ∼1 T, the dominant re-
laxation mechanism in Nb is due to cross relaxation between
the 8Li and the host Nb nuclear spins [10], which gives a
Lorentzian dependence of 1/𝑇1 on the local magnetic field
according to:

1/𝑇1 = 𝑎
𝑏 + ⟨𝐵(𝐸)⟩2 , (1)
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Figure 1: The time evolution of the normalized asymmetry
for beam on (grey) and beam off.

where ⟨𝐵(𝐸)⟩ is the average measured local magnetic field,
and 𝑎 and 𝑏 are material dependent fit parameters. The value
of the fit parameters are determined by measuring 1/𝑇1
values for known field levels.

𝛽-NMR FACILITY AT TRIUMF

The 𝛽-NMR technique as implemented at TRIUMF re-
quires a dedicated facility to produce high intensity radioac-
tive ion beams (RIBs) with a high degree of spin polarization.
In the case of TRIUMF, the high intensity RIBs, typically
8Li , are produced at the Isotope Separator and Accelerator
(ISAC) facility [11], which uses a 500 MeV cyclotron as a
driver to bombard a solid radio-isotope production target
with proton beams. The resulting short-lived nuclides are
then ionized, extracted, and separated on-line to produce
isotopically pure RIBs before being sent downstream for var-
ious experiments. Radioactive 8Li+ beams with an intensity
of ∼107 s−1 with polarization of 70% are routinely available.
The spin polarization is done in-flight via collinear optical
pumping with a circularly polarized resonant laser [12].

The TRIUMF 𝛽-NMR facility is shown in Fig. 2. At
the end of each leg is a spectrometer assembly for sample
measurements, containing the detectors, cold finger cryostat
(for low temperature measurements), magnets, RF coil, HV
deceleration (HV cage and deceleration electrodes), and
charge-coupled device (CCD) imaging system. In addition,
in order to achieve depth profiling, the sample ladder and
cryostat are raised to the bias of the HV platform, which can
be varied in order to decelerate the ion beam as it approaches
the sample. The bias capability spans from 0 to 35 kV and
typical beam energies are 20 to 30 keV.

There are two legs: the 𝛽-NMR leg and the 𝛽-NQR leg.
On the 𝛽-NQR beamline, the (low parallel-field) spectrom-
eter uses a normal conductor Helmholtz coil. The detectors
are oriented to the left and right side of the sample, and up
to four samples can be loaded simultaneously into the ultra-
high vacuum (UHV) chamber via a sample ladder load-lock
system.
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Low-parallel-field (≤ 24 mT)
Spectrometer

High-parallel-field (≤ 200 mT)
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β-NMR Leg8Li+ beam
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Figure 2: The 𝛽-NMR facility at TRIUMF.

𝛽-SRF Facility
This paper reports the upgrade of the 𝛽-NQR leg with the

addition of a 1 m long extension of the beamline to include
a parallel field spectrometer capable of up to 200 mT for
unique depth resolved studies of SRF and other materials [8].
A Helmholtz magnet generates the 200 mT at the Sample 2
location as shown in Fig. 3. Electrostatic quadrupoles are
used to control the beam shape during transport and to focus
the ions onto the sample and steering plates compensate for
the vertical deflection due to the fringe field of the Helmholtz
coil transverse to the beam direction.

Sample-1

Sample-2

Sample-1

Sample-2

Figure 3: The 𝛽-NQR leg at the ISAC 𝛽-NMR facility.
The ion beam is going from right to left. The sample 1 po-
sition is used for parallel fields up to 24 mT and the new
𝛽-SRFbeam line extension includes the ∼1 m section down-
stream of sample 1 leading to the sample 2 position where
fields up to 200 mT are possible. Superimposed on the beam-
line is the beam trajectory due to interaction of the beam
with the fringe field of the Helmholtz coil.

An additional four-sector electrode (Figure 4) close to the
sample (within ∼50 mm) acts as a deceleration electrode, and
allows independent horizontal and vertical steering which is
used to compensate for the beam deflection and to re-center
the beam on the sample. The fringe field diverts the beam
by ∼2.4 cm off-axis. Two vertical deflectors can be operated

Figure 4: Side view of Helmholtz coil and sample chamber.

independently to achieve the desired beam path at lower
fields (all the way down to zero-field).

The 8Li+ beam was decelerated to a range of final energies
range from 4 keV to 20 keV with Helmholtz magnet settings
from 50 mT to 200 mT to establish optic settings. These
tunes can be re-scaled for different beam energies, applied
magnetic fields, and RIBs, as well as re-loaded (i.e., as a
starting condition) to speedup future beam delivery. An
example of a typical beamspot image is shown in Fig. 5,
obtained at a parallel field of 200 mT. The image shows
a 8 mm × 8 mm viewable (by CCD camera) section of the
sapphire at the Sample 2 location. The average transverse
beamspot dimensions (i.e., FWHM) at the sample is ∼3 to
4 mm.

8 mm x 8 mm

Figure 5: Beam image at the Sample 2 location for 200 mT.

FIRST EXPERIMENTS AT 𝛽-SRF
The experimental results presented here correspond to

SLR measurements done on two samples. Each sample is
tested at a range of applied parallel fields from 100 mT to
200 mT and for each applied field the depth profiles of the
magnetic screening in the sample are measured by taking
data at five different 8Li+ energies from 4 to 20 keV. Each
sample is roughly a 10 mm × 10 mm flat slab of 2 mm thick-
ness.

Sample A (Baseline sample) is a residual resistivity ratio
(RRR) Nb slab that is annealed at 1400 °C for 4 h with a
final flash BCP. Sample B (O-doped sample) is a Baseline
sample further treated at 400 °C for 3 h in a typical mid-T
bake recipe. The heat treatments are done in the TRIUMF
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RF induction oven. The dimension definitions are given in
Fig. 6. The applied field is along the direction labelled ‘c’.

Figure 6: Reference geometry of the samples.

There are two key characteristics that need to be deter-
mined for each sample. In the Meissner state the sample
will displace flux leading to an enhancement of the flux on
the sample surface as compared to the applied field. The
enhancement factor is determined in COMSOL [13] and
confirmed in CST Studio [14] and the average value is deter-
mined by averaging over the beam spot of ∼4 mm diameter.
A second important parameter is the applied field where we
would expect flux to break into the sample. Here we adopt
the analysis of Brandt [15]. For Type-II superconducting
slabs in the parallel geometry (Figure 7), flux will first break
in at the corners and as the applied field increases the flux
lines will extend deeper across the corner and eventually join
at the centre where the now continuous flux line is driven
inwards due to interaction with the surface currents to mini-
mize the energy. The applied field where flux is driven into
the sample we denote as 𝐵entry. An empirical determination
of the entry field for a flat slab is given by:

𝐵entry = 𝐵𝑐1 tanh √0.36(𝑐/𝑎. (2)

with an example of flux just before entry given in Fig. 7.

Figure 7: Flux lines just before entry into the sample [15].

Both the enhancement factor (𝜀-factor) and the entry field
are geometry dependent. The two samples have similar but
not identical geometries and result in different 𝜀-factor and
𝐵entry values. A summary of the sample dimensions and
magnetic field characteristics are given in Table 1. The
absolute 𝐵entry is calculated assuming a 𝐵𝑐1=180 mT at 0 K
and evaluating the critical field at the operational temperature
of 4.5 K using:

𝐵𝑐1(𝑇) = 𝐵𝑐1(0) [1 − ( 𝑇
𝑇𝑐

)
2
] , (3)

where 𝑇𝑐 is the critical temperature at zero applied field.
The average implantation depths are computed using the

Stopping and Range of Ions in Matter (SRIM) package [16].
The ion depth increases with energy as does the broadening

Table 1: Sample Dimensions

Parameter Baseline O-Doped
a (mm) 1.8 1.7
b (mm) 8.1 12.5
c (mm) 9.8 12.6

𝜀 1.07 1.04
𝐵entry/𝐵𝑐1 0.885 0.926

𝐵entry (mT) @ 4.5 K 121 127

of the range as shown in Fig. 8. The implantation distribution
of the ions for each energy is used to correlate the spatial field
distribution to the field distribution measured as a function
of energy.

0 20 40 60 80 100 120 140 160

x [nm]

0.00

0.02

0.04

0.06

ρ
(x

)

2 keV

4 keV

8 keV

12 keV

16 keV

20 keV

Figure 8: Implantation distribution of 8Li+ ions in Nb with
5 nm of Nb2O5 native pentoxide (grey) overlayer.

Results
The samples are loaded into a target ladder so that samples

can be exchanged without venting the cryostat. Each sample
is tested at applied fields of 100, 110, 125, 150 and 200 mT.
For each value the sample is first cooled to 4.5 K in zero-field
and then the field is applied starting with the lowest field
first. For each applied field the relaxation data is taken at
implantation energies of 3.8, 7.9, 11.9, 15.9 and 19.9 keV.
The relaxation rate, 1/𝑇1 , is computed in each case and
plotted in Fig. 9 for the Baseline sample and in Fig. 10 for
the O-doped sample.

There are several features of note. The depolarization
rate for lower applied fields is higher than for higher average
fields since it is the magnitude of the field sensed by the
8Li that delays the relaxation. The rising slope of 1/𝑇1 for
lower applied fields as a function of implantation energy is a
clear indication of Meissner screening. Note that at 200 mT
the 1/𝑇1 values are independent of depth indicating that the
flux has fully broken into the sample.

The 1/𝑇1 values are explicitly mapped to ⟨𝐵(𝐸)⟩ values
by fits to the 𝑎 and 𝑏 Lorentzian parameters. The details
of the data analysis will be presented in a paper now in
preparation. This mapping results in the energy dependent
screening profiles show in Figs. 11 and 12 for the Baseline
and O-doped samples respectively. Note that for the Base-
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Figure 9: Experimental results for the Baseline sample.
Shown are the relaxation rate as a function of implantation
energy for various applied parallel fields.
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Figure 10: Experimental results for the O-doped sample.
Shown are the relaxation rate as a function of implantation
energy for various applied parallel fields.

line the applied fields of 100 mT and 110 mT have strong
screening profiles indicative of the Meissner state while at
125 mT there is a marked slope change consistent with some
flux breaking into the surface. This can be contrasted with
the O-doped sample where the screening profile is longer
than the Baseline sample but all of the 100, 110 and 125 mT
applied fields look to have screening profiles consistent with
the Meissner state.

Extracted data from the analysis of the two samples are
given in Tables 2 and 3 for the Baseline sample and O-Doped
sample respectively. Given are the applied field, the field
enhancement factor, the ratio of the applied field to the an-
ticipated entry field and the screening profile depth (SPD).
Note that the London penetration depth at an applied field
of 100 mT is 40 nm for the Baseline sample but almost three
times longer in the O-doped sample consistent with a much
dirtier near surface. Further, there is a distinct change in
slope of the screening profile as the field increases indicat-
ing the transition from the Meissner state to the mixed state
and that this slope transition is consistent with the expected
entry field. Also note that in both samples the measured
enhancement factor shifts towards unity when 𝐵applied in-
creases beyond 𝐵entry.
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Impl. Energy [keV]

0
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200

〈B
〉[m

T
]

Bapp[mT]:
100

110

125
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Figure 11: Baseline sample: Shown are the average B field
as a function of implantation energy for various applied
parallel fields.
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Figure 12: O-doped sample: Shown are the average B field
as a function of implantation energy for various applied
parallel fields.

The screening profiles plotted as a function of depth into
the material are given in Figs. 13 and 14 for the Baseline and
O-doped samples respectively. These plots clearly show the
transition of the screening profile below and above 𝐵entry.

SUMMARY
We have successfully completed a verification experiment

at the new 𝛽-SRF facility at TRIUMF with parallel fields
up to 200 mT for two samples, Baseline and O-doped. The
measurements show that the screening profile is significantly
longer in the O-doped sample compared to the Baseline
sample, that the screening profile in the Meissner state near
𝐵𝑐1 increases with applied field, and that there is a clear
slope change in screening profile when the Meissner state
transitions to the mixed state.

Table 2: Measured Parameters of the Baseline Sample

𝐵applied 𝐵surf /𝐵applied 𝐵applied /𝐵entry SPD
100 1.07 0.83 40
110 1.07 0.91 59
125 1.01 1.03 167
150 1.00 1.24 250
200 1.00 1.65 N/A
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Table 3: Measured Parameters of the O-doped Sample

𝐵applied 𝐵surf /𝐵applied 𝐵applied /𝐵entry SPD
100 1.04 0.79 117
110 1.04 0.87 178
125 1.04 0.99 248
150 1.00 1.18 600
200 1.00 1.58 N/A
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Figure 13: Baseline sample: Shown are the extracted 𝐵
field as a function of implantation depth for various applied
parallel fields. Shaded area (grey) indicates the dead layer.

0 50 100 150 200

x [nm]

0

50

100

150

200

B
(x

)
[m

T
]

Bapp[mT]:
100

110

125

150

200

Figure 14: O-doped sample: Shown are the extracted 𝐵
field as a function of implantation depth for various applied
parallel fields. Shaded area (grey) indicates the dead layer.

CONCLUSION

𝛽-SRF with high parallel field up to 200 mT near 𝐵𝑐1 and
variable implantation depth makes it ideal for characteriz-
ing new treatments, new materials and layered structures.
𝛽-SRF is the only facility in the world where such depth de-
pendent measurements can be done with magnetic fields that
replicate RF field amplitudes near the fundamental limits of
Niobium.
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