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Abstract
We present the results from DC magnetization and penetration depth measurements of
cylindrical bulk large-grain (LG) and fine-grain (FG) niobium samples used for the fabrication
of superconducting radio frequency (SRF) cavities. The surface treatment consisted of
electropolishing and low-temperature baking as they are typically applied to SRF cavities. The
magnetization data are analyzed using a modified critical state model. The critical current
density Jc and pinning force Fp are calculated from the magnetization data and their
temperature dependence and field dependence are presented. The LG samples have lower
critical current density and pinning force density compared to FG samples, favorable to lower
flux trapping efficiency. This effect may explain the lower values of residual resistance often
observed in LG cavities than FG cavities.

(Some figures may appear in colour only in the online journal)

1. Introduction

Over the past decade, particle accelerators have been relying
on superconducting radio frequency (SRF) cavity technology
to achieve high accelerating gradients with reduced losses [1].
SRF cavities are mostly made of high-purity (residual
resistivity ratio > 300), fine-grain (typical grain size of∼50×
50 µm2) bulk niobium. Since 2005, large-grain (grain size of
few cm2) Nb discs directly sliced from ingots became a viable
option to fabricate SRF cavities with performance comparable
to that achieved by standard fine-grain Nb cavities [2].
Large-grain Nb could be, on a large scale, cheaper than
fine-grain material. The performance of SRF cavities made
of bulk Nb is often limited by a sharp increase of the RF
losses starting at peak surface magnetic fields, Bp, greater
than about 90 mT. This phenomenon is often referred to
as ‘high-field Q-slope’ or Q-drop [3]. A low-temperature

(∼120 ◦C for 12–48 h) baking (LTB) in either argon or
ultra-high vacuum (UHV) is often found to be beneficial in
reducing the Q-drop. Preliminary theoretical and experimental
studies indicate that magnetic vortices pinned near the surface
are one among the possible causes for the Q-drop [4].
Magnetic vortices can be introduced in SRF Nb cavities
because of the imperfect shielding of the Earth’s magnetic
field or thermoelectric currents during cavity cool-down
across the critical temperature. Magnetic flux can be pinned
at material defects, such as grain boundaries, dislocations or
clusters of impurities [5, 6].

Flux pinning characteristics of niobium alloys such
as NbTi and Nb3Sn have been studied extensively in the
past because of their use in superconducting magnets,
where artificial pinning centers are introduced to reduce
the dissipation due to the movement of vortices, but fewer
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Table 1. Contents in ppm (per weight) of the main interstitial impurities from the different Nb ingots and RRR obtained from the samples’
thermal conductivity at 4.2 K.

Sample
Ta

(ppm)
H

(ppm)
C

(ppm)
O

(ppm)
N

(ppm) RRR

A 1295 2 <10 21 10 62
B 1310 2 <10 9 3 164
C 603 4 <10 14 9 159
D 644 3 <10 7 7 118
FG <100 <3 <20 <40 <20 280

reports exist on the pinning properties of single-crystal or
polycrystalline high-purity niobium used in SRF applications.

In order to study the pinning properties of Nb,
DC magnetization measurements were carried out in the
temperature range of 2–8 K on large-grain as well as
fine-grain niobium samples treated by electropolishing (EP)
and LTB. These treatments are commonly used in the
surface preparation of SRF cavities. From measurements
of the magnetization curves at different temperatures, the
temperature dependence of the field of first flux penetration,
Hffp, and of the upper critical field, Hc2, were obtained. The
critical current density as a function of the magnetic flux
density was calculated from the irreversible magnetization
curve using either the Bean model [7–9] or a modified
critical state model as proposed by Matsushita and Yamafuji
for superconductors with low Ginzburg–Landau parameter,
κ [10]. The field dependence of the pinning force was
analyzed using the standard pinning model for type-II
superconductors [11–13]. In addition, semi-quantitative
measurements of surface pinning characteristics were made
at 2 K on the same samples by measuring the change of AC
penetration depth during a linear ramp of the DC magnetic
field applied parallel to the surface, between zero and 1 T and
then back to zero.

2. Experimental setup

2.1. Sample preparation

The large-grain (LG) samples, labeled A to D, were machined
from Nb ingots of different purities as shown in table 1,
from CBMM, Brazil, while the fine-grain (FG) sample was
machined from a solid rod from Wah Chang, USA. The
samples used for this study are 6 mm in diameter and 120 mm
in length with a 2 mm diameter concentric channel drilled
down to about 115 mm. The inner channel was intended as a
cooling channel so that the RF properties of the sample’s outer
surface could be measured by inserting it into a ‘pill-box’
cavity [14, 15]. This will be part of future studies. Prior to
the experiments discussed in this contribution the LG samples
were treated according to the following processing steps [16].

(I) About 180 µm material removal by buffered chemical
polishing (BCP) with HF:HNO3:H3PO4 = 1:1:1.

(II) Heat treatment at 600 ◦C/10 h in a UHV furnace.

(III) ∼24 µm material removal by BCP 1:1:2.

(IV) Baking in UHV at 100 ◦C/12, 120 ◦C/12, 140 ◦C/12 and
160 ◦C/12 h. About 10 µm were etched by BCP 1:1:2
after each bake.

The FG sample was treated as follows, prior to the
experiments reported in this contribution.

(I) About 65 µm material removal by BCP with
HF:HNO3:H3PO4 = 1:1:1.

(II) Heat treatment at 800 ◦C/2 h in a UHV furnace.

(III) ∼140 µm material removal by BCP 1:1:1.

(IV) Heat treatment at 600 ◦C/10 h in a UHV furnace.

(V) Post-purification heat treatment of FG sample at 1250 ◦C
for 3 h using Ti as solid state getter.

(VI) ∼100 µm material removal by BCP 1:1:1.

After the post-purification heat treatment the typical size
of grain boundaries of the FG sample increased from∼50 µm
to about 1 mm.

Here, we report the results from the measurements carried
out on the samples which were subjected to the following
surface and heat treatments, after the last step of the initial
preparation sequence.

(I) ∼50 µm material removal by EP with HF:H2SO4 = 1:10
acid mixture.

(II) Baking in UHV at 120 ◦C for 48 h.

2.2. Magnetization and surface pinning measurement setup

A single-coil magnetometer [17] was built at Jefferson
Laboratory to measure the DC magnetization of the hollow
cylindrical Nb samples. Two heaters are clamped at the
sample ends (distance ∼ 70 mm) and two Cernox temperature
sensors are also clamped in between (distance ∼ 34 mm).
A pick-up coil (∼150 turns, length ∼ 30 mm, and 0.28 mm
diameter copper wire) is inserted in the center of the sample
as shown in figure 1. The sample is clamped on a flanged
copper block. The sample assembly is inserted in a copper
tube that has a stainless steel Conflat flange brazed on one end
and a copper flange on the other end. Indium wire provides
the vacuum sealing between the two copper flanges. The
assembly is bolted to a vertical test stand and it is concentric to
a custom built superconducting magnet from Cryomagnetics
INC that provides an axial magnetic field up to 1 T. The
magnetic field homogeneity is 0.01% over the length of the
pick-up coil. By making the length of the pick-up coil shorter
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Figure 1. (a) Schematic diagram of the experimental setup and (b) sketch of the sample used.

than the samples’ length, edge effects become negligible and
greater field homogeneity can be achieved over this shorter
length. The inside of the Cu tube is evacuated to a pressure
lower than 10−4 mbar. The test stand is inserted in a vertical
cryostat which is filled with liquid helium at 4.3 K. By
pumping on the He bath, a temperature of 2.0 K is achieved.

The sample is zero field cooled (ZFC) from room
temperature to 2 K. The DC magnetization measurement is
carried out by linearly ramping up the magnetic field of
the magnet from 0 to He at a ramp rate of 3.87 mT s−1.
The induced voltage in the pick-up coil is recorded with
a nanovoltmeter (model 2182, Keithley). The single-coil
measurement depends critically on the regularity of the field
sweeping. For this purpose a computer controlled magnet
power supply programmer (model 410, American Magnetics)
was used. The magnetization, M, as a function of the applied
field, He, is calculated by using the following equation [17]:

M(He) =

(
−1

1− Nd

)∫ He

0

V(H′)− Vn

Vs − Vn
dH′ (1)

where Vs and Vn indicate the voltages in the superconducting
and the normal conducting state, respectively, and Nd is the
demagnetization factor (∼0.001) [18].

The measurements are carried out at various temperatures
from 2 to 8 K. The temperature of the sample is changed
by using the top and bottom heaters. The temperature over
the sample length was monitored using calibrated Cernox
temperature sensors. The power to the heaters was controlled
by the proportional–integral–differential control loop of a
temperature controller (model 332, Lakeshore) to maintain the
temperature of the sample within a range of ±0.1 K about
the set point, Tset. After each magnetization measurement,
the sample was warmed above the transition temperature and
slowly cooled down to a new temperature Tset in zero field.

By connecting the leads of the pick-up coil to a 30 nF
capacitor outside the cryostat as part of an LC oscillator

circuit, it is possible to measure the change in resonant
frequency, 1f , as a function of the applied DC magnetic
field cycled between zero and 1 T and then back to
zero. The change in resonant frequency is proportional,
through a geometric constant, to the change in penetration
depth [19]. These measurements have been repeated at
different temperatures, between 2 and 8 K, and the samples
are thermally cycled through Tc, in zero applied fields, after
each measurement. The frequency of the oscillator at He = 0
is ∼270 kHz, which corresponds to a sampling depth of
about 30 µm from the surface. The amplitude of the AC
magnetic field produced by the coil is about 1.7 µT. The same
oscillator circuit is used to measure the critical temperature of
the sample by measuring the frequency change while slowly
warming up the samples from 4.3 to 10 K, in zero applied
field.

3. Experimental results

3.1. DC magnetization and penetration depth

Figure 2 shows the results of the magnetization measurements
carried out on samples D and FG at different temperatures
after EP. The observed irreversibility in magnetization is
consistent with the flux-line pinning of type-II superconduc-
tors. However, the irreversibility was also observed in the
absence of bulk pinning [20]. No significant dependence of
the M(He) curves on the magnetic field ramp rate, between
1.29 and 3.87 mT s−1, was found. Although not shown
here, similar results are found for the other samples in these
field and temperature ranges. As shown in figure 2(b), the
magnetization curves of the FG sample show an unusual
curvature in the mixed state, which might be related to the
nature of flux pinning. In the case of the FG sample, flux
jump was observed at the magnetic field∼0.3 T at 2 K, which
is believed to be due to the sudden redistribution of vortices
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Figure 2. Magnetization curves of samples (a) D and (b) FG at different temperatures after EP. The insets show the temperature
dependence of critical fields. The solid lines are calculated using (2)–(4).

Table 2. Critical field values at 0 K obtained by fitting the experimental data. The Tc in the table was measured using the LC oscillator
circuit.

EP EP+ LTB (120 ◦C for 48 h)

Sample µ0Hffp(0) (T) µ0Hc2(0) (T) Tc (K) µ0Hffp(0) (T) µ0Hc2(0) (T) Tc (K)

A 0.187± 0.005 0.464± 0.025 9.25± 0.01 0.190± 0.007 0.478± 0.012 9.22± 0.02
B 0.183± 0.004 0.442± 0.015 9.12± 0.02 0.185± 0.004 0.468± 0.035 9.26± 0.02
C 0.194± 0.005 0.479± 0.014 9.21± 0.02 0.193± 0.011 0.470± 0.023 9.24± 0.01
D 0.188± 0.005 0.463± 0.017 9.21± 0.03 0.190± 0.009 0.460± 0.017 9.24± 0.02
FG 0.187± 0.003 0.464± 0.012 9.34± 0.04 0.191± 0.01 0.472± 0.013 9.27± 0.03

caused by thermo-magnetic instabilities [21]. However, the
flux jump was not present at higher temperatures.

The Hffp (Hc1, for reversible magnetization) is extracted
as the value of the applied field at which the magnetization
curve deviates from perfect diamagnetism, i.e., the position
at which the magnetization curves deviate from the straight
line as the external magnetic field is ramped up from zero to
He [22]. The temperature dependence of the Hffp and upper
critical field Hc2 (extracted from the criteria M(Hc2) ∼ 0,
or the crossover from diamagnetic to paramagnetic state) is
plotted as shown in insets of figure 2 for both samples D and
FG, subjected to EP surface treatment. For all samples, the
Hffp(T) data are fitted well by the following empirical relation:

Hffp(T) = Hffp(0)(1− t2), (2)

where t = T/Tc. According to the two-fluid model, the
temperature dependence of Hc2 is given by [23]

Hc2(T) = Hc2(0)
(1− t2)

(1+ t2)
, (3)

but discrepancies between the behavior predicted by this
model and experimental data for niobium have been
reported in the past [24]. Numerical calculation of the
temperature dependence of Hc2, based on the solution of the
linearized Gor’kov equations, was carried out by Helfand and
Werthamer [25]. An approximate analytical formula which
deviates by less than 5% from the numerical solution is given

by [26]

Hc2(T) = Hc2(0)
(1− t2)

(1+ 0.4t2)
. (4)

The Hc2(T) data for the FG sample are fitted well by
equation (3), whereas the data for the LG samples are better
described by (4). The values of Hffp(T) and Hc2(T) obtained
from magnetization data and curve fits are shown as an inset in
figure 2 for samples D and FG. Table 2 summarizes the critical
field values at 0 K obtained by fitting experimental data with
(2)–(4) for all samples, where Tc = 9.25 K is taken for all
samples. The estimated value of Hffp is comparable with the
values of Hc1 for high-purity niobium [24, 27]. Also, the
estimated Hc2 values are comparable to the recently reported
values for niobium after BCP surface treatments [28]. These
experimental results show little or no influence from LTB on
the bulk superconducting properties.

Figure 3 shows the change in resonant frequency of the
LC oscillator as a function of external applied magnetic field
at different temperatures for samples C and FG, which is
proportional to the change in penetration depth. This will
allow us to determine the surface Hffp, Hc2 and Hc3. When the
external magnetic field is ramped up, no flux is penetrating
and therefore there is no change in the oscillator’s resonant
frequency. Once the external field reaches Hffp, the flux starts
to penetrate and the penetration depth increases gradually. The
penetration depth above Hffp depends on the surface barrier
(shielding current) as well as the surface pinning. At Hc2,
the bulk sample becomes stable in its normal state, whereas
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Figure 3. Frequency change as a function of the applied DC magnetic field measured at 2 K after different surface and heat treatments for
sample C (a) and sample FG (b). The arrows on the plots indicate the positions of the surface fields Hffp, Hc2, and Hc3.

Table 3. Critical field values measured within a ∼ 30 µm depth from the surface for all samples after EP and EP followed by LTB (120 ◦C
for 48 h) at 2 K.

EP EP+ LTB (120 ◦C for 48 h)

Samples µ0Hffp (T) µ0Hc2 (T) µ0Hc3 (T) µ0Hffp (T) µ0Hc2 (T) µ0Hc3 (T)

A 0.178± 0.010 0.384± 0.010 0.736± 0.015 0.173± 0.007 0.373± 0.011 0.766± 0.012
B 0.170± 0.006 0.336± 0.007 0.705± 0.012 0.173± 0.007 0.365± 0.010 >1
C 0.160± 0.008 0.393± 0.006 0.753± 0.010 0.165± 0.010 0.387± 0.009 ∼1
D 0.165± 0.007 0.345± 0.006 0.710± 0.013 0.166± 0.006 0.347± 0.009 0.745± 0.012
FG 0.168± 0.010 0.358± 0.009 0.689± 0.015 0.171± 0.010 0.362± 0.008 >1

the surface superconductivity still exists up to Hc3 [29]. With
decreasing field, the penetration depth is reversible down
to Hc2 and the irreversibility observed below Hc2 depends
on the surface treatment. The larger the irreversibility near
Hffp, the stronger the surface barrier. The irreversibility is
also expected due to fluxoids which are not in equilibrium
with the external magnetic field because of surface pinning
caused, for example, by NbO precipitates [30]. Another
possible cause of the irreversibility between Hffp and Hc2 is
the slight inhomogeneity of the order parameter, caused by
the combination of the induced and diamagnetic screening
currents, which is different in increasing and decreasing
fields [31]. Table 3 summarizes the surface critical field values
within ∼30 µm depth from the surface for all samples after
EP and EP followed by LTB at 2 K. As shown, the surface
critical field Hc3 (or the ratio Hc3/Hc2) increases due to the
LTB. After EP, the ratio Hc3/Hc2 at 2 K is ∼1.98, which
is in good agreement with the value of 1.93 calculated by
Hu and Korenman in the clean limit [32] by extending the
result from Saint James and de Gennes near Tc to the region
T ∼ 0 using Gor’kov’s theory. The ratio Hc3/Hc2 is increased
to even larger values by the LTB and this was explained by
the reduction of the electron mean free path due to diffusion
of impurities during LTB [28].

3.2. Magneto-optical measurements on FG samples

In order to further understand the unusual curvature in
the magnetization measurement of the fine-grain sample

in the mixed state, six 2.5 mm thick samples were cut
from the center portion of the rod by wire electro-discharge
machining to observe the pattern of flux penetration using
the magneto-optical (MO) technique [33]. After cutting, the
samples were etched for 2 min by BCP 1:1:2, removing about
6 µm of material. The samples have a ‘doughnut’ shape
with an estimated demagnetization factor of about 0.51. The
pattern of flux penetration was measured by MO for two out
of the six samples. One sample, labeled No 3, showed fairly
uniform flux penetration and remnant field as the external
magnetic field was cycled between zero and 0.120 T and back
to zero, at a temperature of 5.4 K. The other sample, labeled
No 5, showed non-uniform flux penetration and remnant field
distribution as the applied magnetic field was cycled above
Hffp and back to zero at different temperatures, between
6 and 8 K. Figure 4 shows the optical image of the top
surface of sample No 5 and the corresponding MO image
at 6 K, 0.124 T, indicating a non-uniform flux penetration,
with some preferential flux entry through some of the grain
boundaries. Evidence for preferential flux penetration at grain
boundaries has been reported in a detailed study of high-purity
Nb samples by MO imaging [34], and the results showed, in
particular, that the occurrence of this phenomenon strongly
depends on the orientation between the applied field and the
grain boundary plane. The Hffp values measured by MO at
different temperatures in the range 6.5–9 K are consistent
with those obtained for the full rod with the single-coil
magnetometer. The MO results suggest that the unusual
curvature in the mixed state in the M(H) plot of figure 2(b)
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Figure 4. Optical image (a) of the cross-section of sample No 5 cut from the FG hollow rod sample and MO image (b) after zero field
cooling of the same sample at 6 K and 0.124 T. The dark areas in (b) indicate flux-free regions of the sample.

could be due to the inhomogeneous flux distribution in the
volume sampled by the coil.

4. Calculation of critical current density and
pinning force

4.1. Critical state models

Bean’s model is one of the most widely used critical state
models to describe the field and current distribution in a
superconductor [7–9]. The critical state describes a current
distribution throughout the superconductor determined by the
effectiveness of material inhomogeneities in pinning the flux
distribution against Lorentz forces [35]. This allowed us to
determine the field dependent critical current density Jc(B)
in terms of the measured values of magnetization, under
the assumption of full flux penetration and uniform flux
distribution, as

Jc(B) =
3
2
1M(B)

(
R2

out − R2
in

R3
out − R3

in

)
(5)

where 1M(B) is the hysteresis when the externally applied
field is increased or decreased about B/µ0. Here, Rout is the
outer radius and Rin is the inner radius of the sample. In the
critical state of the superconductor the current density is equal
to the critical value Jc and the pinning force exactly balances
the Lorentz force. Therefore, the pinning force density Fp can
be calculated as

Fp(B) = Jc(B)B. (6)

Even though the Bean model successfully explained the
critical state of the high κ type-II superconductor, it deviates
for the low κ and weakly pinned superconductors where the
diamagnetic contribution to the critical state is significant.
Much work has been done to understand the origin of the
experimentally observed irreversible magnetization in low κ

type-II superconductors [36–40]. In all those models, several

assumptions and empirical parameters were used to obtain
a good fit of the experimental data, but there is no clear
consensus on which one provides the most accurate physical
description of the magnetic properties of low κ type-II
superconductors. For this study, we considered the modified
critical state model proposed by Matsushita and Yamafuji.
The model is described in detail in [10, 13]. The magnetic
field and flux density profiles in a cylindrical sample, Rin ≤

r ≤ Rout, are calculated numerically and the magnetization is
obtained as

M = −µ0He ±
B2

c2

α(Rout − Rin)

×

∫ He

H(r=Rin)

[
B(H)

Bc2

]2−γ [
1−

B(H)

Bc2

]−δ
dH (7)

where the positive sign is for increasing external field and
the negative sign is for decreasing field. α, γ and δ are fit
parameters resulting from the widely used empirical law that
was assumed for the pinning force density [41]:

Fp(B) = α

(
B

Bc2

)γ(
1−

B

Bc2

)δ
. (8)

For decreasing external field, He, the following dependence
H(r) is proposed in the model:

H(R) =
a

b
(1− e−bR) for 0 ≤ He ≤ Hc1 (9)

with a and b being two additional fit parameters, R = r + r0,
where r0 is chosen as H = 0 at R = 0. The parameter a
corresponds to the critical current density at He = 0.

The experimental data for the magnetization as a function
of reduced magnetic field (H/Hc2) for sample B after EP
and LTB treatment are shown in figure 5. The symbols in
figure 5 are obtained from a calculation of the magnetization
using (7) with the parameters listed in table 4, showing an
excellent agreement with experimental data. The data for all
LG samples could be fitted well with (7). The modified critical
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Figure 5. Magnetization as a function of reduced applied field
(H/Hc2) for sample B after EP and LTB treatments at 2 K. The solid
lines are the experimental data whereas the points are the results of
numerical calculations using the modified critical state model with
the parameters given in table 4.

Table 4. The parameters used to fit the experimental magnetization
curves using the modified critical state model of Matsushita and
Yamafuji [10].

Sample B Sample FG

Fitting
parameters EP EP+ LTB EP EP+ LTB

α (N m−3) 8.38× 106 8.08× 106 2.38× 107 2.13× 107

γ 1 1 0.5 0.5
δ 1.25 1.25 1.25 1.25
β 0.08 0.08 0.05 0.05
a (A m−2) 1.29× 108 1.37× 108 3.5× 108 3.37× 108

b (m−1) 4.26× 102 4.31× 102 5.13× 102 5.06× 102

state model cannot provide a good fit of the magnetization
curve for the FG sample in increasing field, between Hffp and
Hc2, due to the unusual curvature of M(H) in the mixed state
which we attribute to a highly non-uniform flux distribution in
the sample’s volume, because of preferential flux entry along
the grain boundaries.

4.2. Critical current density and pinning force

Figure 6 shows a plot of the critical current density at
2 K as a function of reduced magnetic flux density (b =
B/Bc2) for sample D after EP, calculated using Bean’s model
(equation (5)) from the experimental data. Using the modified
critical state model described above, it is also possible to
calculate the critical current density from (6) and (8), as shown
in figure 6. The critical current density calculated using Bean’s
critical state model and the modified critical state model
of Matsushita and Yamafuji are in good agreement at high
magnetic flux density; however, a large deviation is observed
at low field (b ∼ 0.13). This is consistent with previous
studies showing that Bean’s model underestimates Jc at low
magnetic flux densities even for high κ superconductors,
compared to other critical state models which better describe
the magnetization data [42, 43].

4.3. Flux pinning mechanism

The pinning force depends on the temperature, the applied
magnetic field and the microstructure of the sample.
Any dislocation networks, grain boundaries or surface
precipitation with sizes of the order of the coherence length
(about 40 nm in Nb) can act as a pinning center. These pinning
centers are randomly distributed within the sample and are
capable of pinning one or multiple vortices at a particular site.
In view of this scenario, it is not possible to give an exact
mathematical expression for the basic pinning force involved,
but one can analyze the scaling of the pinning force with
various parameters.

In a simple case where vortices are randomly distributed
and the applied magnetic field is not very large (near Hffp),
each pinning site can be considered as independent and the
total pinning force is just the summation due to all the pinning
sites. Considering Np as the number of pinning sites in a unit
volume and fp as the elementary pinning force involved, the
total pinning force density has a simple dependence

Fp ∝ Npfp. (10)

As the magnetic field is increased, the spacing between
the vortices is reduced and therefore an attractive or repulsive
interaction between vortices results in a pinning force
that is less than the mere summation of force due to
individual vortices. In short, the average superconducting
order parameter and hence the average magnetic induction is
changed with variation in the applied magnetic field. Thus, the
experimental curves show a maximum at a particular value of
the reduced magnetic flux density, b. An empirical scaling law
of the pinning force per unit volume, Fp, is given by [35]

Fp ∝ Hm
c2f (b) ≈ Hm

c2bγ (1− b)δ. (11)

In order to understand the intrinsic pinning mechanism of
the system, the normalized pinning force density Fp/Fp(max),
calculated from (6), was plotted against the reduced magnetic
flux density b as shown in figure 7 for samples D and FG after
EP. The critical current density from Bean’s model was used
in (6). As shown in figure 7, Fp/Fp(max) as a function of b
follows the same curve at all temperatures, suggesting that the
basic pinning force in a sample is unique and depends on the
microstructure (grain size). The normalized pinning force has
the peak value at a reduced magnetic flux density of 0.34 ±
0.02 for sample D, whereas it is 0.46±0.02 for the FG sample.
It was reported that for materials containing a second phase, or
grain boundaries, the maximum in normalized pinning force
occurs at about 0.33, for dislocation pinning; on the other
hand, it can vary between 0.25 and 0.8 depending on the
deformation structures [37]. In this case, a large shift of the
peak in normalized pinning force to a higher value is observed
in the FG sample.

We have also plotted the approximate fit to the
normalized pinning force with the function Fp/Fp(max) =
Abγ (1 − b)δ with the parameters A = 5.2, γ = 0.9 and δ =
1.65 for sample D, whereas A = 7.4, γ = 1.35 and δ = 1.58
for sample FG. The value of peak reduced magnetic flux
density can be calculated to be bpeak = γ /(γ+δ), which yields
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Figure 6. Critical current density as a function of reduced magnetic flux density (b = B/Bc2) at 2 K for (a) sample D and (b) sample FG
after EP surface treatment. The critical current density is calculated from magnetization data using Bean’s model and the modified critical
state model described in the text.

Figure 7. Normalized pinning force versus the reduced magnetic
flux density b = B/Bc2 at different temperatures for samples D (a)
and FG (b) after EP surface treatments. The solid line is an
approximate fit to the experimental data.

bpeak = 0.36 for sample D and bpeak = 0.46 for sample FG.
This scaling expression fits well the experimental data up to
bpeak; however, some deviations are visible closer to Bc2.

The temperature dependence of Fp is defined by the
first term in (11) while terms containing reduced magnetic
flux density define the basic pinning force. A plot of the
maximum pinning force Fp(max) at different temperatures
and the corresponding upper critical field Hc2(T) is shown
in figure 8. The slope of the straight line fit gives the index
m and hence the dependence of Fp on Hc2(T). In all the LG
samples we studied m ∼ 1.5 ± 0.01, and in the case of FG
m = 1.82± 0.02.

5. Discussion

The results on the critical current density showed no
correlation with the RRR of the samples and therefore with

Figure 8. Scaling of the maximum pinning force with the upper
critical field for sample D after EP and LTB. The dotted line is the
result of the fit Fp(max) ∼ Hm

c2, yielding m = 1.50± 0.01 for
sample D and m = 1.82± 0.02 for sample FG.

the bulk impurity concentrations. Measurements of the depth
profile of the critical current density on low-purity (RRR ∼
40) Nb samples indicated Jc values at 4.2 K up to about
5× 1010 A m−2 at the surface, leveling off to less than about
2×107 A m−2 at a depth of about 10 µm [44]. Similar results
were obtained on single-crystal samples of the same purity.
Oxygen depth profiles calculated from values of Hc2 measured
at different depths indicated oxygen concentrations above
400 at. ppm within a 30 µm depth from the surface. From
these results, it was inferred that material inhomogeneities,
such as oxygen and hydrogen precipitates, dominated the
pinning mechanism. For the higher-purity Nb which is now
available for SRF cavity fabrication, the concentration of
impurities has been significantly reduced and the influence
of grain boundary on pinning properties is more evident, as
shown by the large-grain and fine-grain samples measured in
this study. Impurity depth profiling by secondary ion mass
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spectrometry showed O, N and C levels below 180 at. ppm
[45]. On the other hand, hydrogen concentrations of several
tens of atomic per cent have been measured near the surface
[46], as hydrogen is readily absorbed into Nb during chemical
treatments.

Penetration depth measurements as a function of an
applied external magnetic field showed, after LTB, not only
an increase of Hc3 but also a broadening of the transition to
Hc3. Such broadening can occur due to surface roughness or
material inhomogeneities. Since baking at 120 ◦C does not
affect the surface roughness, the measurement results suggest
an increase of surface inhomogeneities. The increase of the
ratio Hc3/Hc2 after baking was explained by the presence
of an impurity layer of thickness smaller than the coherence
length [28]. Oxygen diffusion within a 50 nm depth from the
surface had been proposed as a possible explanation of the
baking effect [47], but experiments trying to test the validity
of the model showed contradicting results (see for example
the review in [45]).

In relation to the application to SRF cavity fabrication,
the results presented in this contribution indicate that
large-grain Nb would be less effective in pinning magnetic
flux during the cavity cool-down, compared to fine-grain
Nb, because of the lower Jc. This would result in reduced
RF losses (higher Q0-value) for large-grain cavities. Results
on direct measurements of trapped flux in fine-grain and
large-grain Nb samples were recently reported [48] and
showed a lower trapping efficiency in large-grain Nb,
consistent with our conclusion. Furthermore, comparison of
several cavities’ RF test results at DESY, Germany [49],
and Jefferson Lab [50] indicate lower residual resistance
and higher Q0-values in large-grain compared to fine-grain
cavities which underwent similar surface treatments.

6. Conclusions

DC magnetization measurements carried out on large-grain
Nb samples of different purities and one fine-grain Nb
sample of high purity at various temperatures allowed us to
obtain the field and temperature dependence of the critical
current density and pinning force on such samples. Using
the modified critical state model by Matsushita and Yamafuji,
the irreversible magnetization was calculated, showing good
agreement with the experimental data. The calculated Jc and
Fp of large-grain samples (A–D) are lower than the FG, as
expected because of the fewer grain boundaries. Even though
the LG samples have different RRR values, the magnetic
properties of these large-grain samples do not depend on the
bulk impurity concentrations. Because of the lower Jc-value,
it is expected that large-grain niobium would have lower
pinning efficiency than fine-grain Nb. This should result in
lower RF losses and therefore higher Q0-values for large-grain
cavities. Recent results on cavities and samples confirmed
these findings. The improvement of Q0 at 2 K and accelerating
gradients of about 20 MV m−1 is important in order to reduce
the cryogenic losses in superconducting continuous wave
accelerators for a variety of applications.
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