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Modern electron microscopy and spectroscopy are key technologies for studying the structure and
composition of quantum and biological materials in fundamental and applied sciences. High-resolution
spectroscopic techniques and aberration-corrected microscopes are often limited by the relatively large
energy distribution of currently available beam sources. This can be improved by a monochromator, with
the significant drawback of losing most of the beam current. Here, we study the field-emission properties
of a monocrystalline niobium-tip electron field emitter at 5.2 K, well below the superconducting tran-
sition temperature. The emitter fabrication process can generate two tip configurations, with or without
a nanoprotrusion at the apex, strongly influencing the field-emission energy distribution. The geometry
without the nanoprotrusion has nanoampere beam currents, long-term stability, and an energy width of
around 100 meV. The beam current can be increased by 2 orders of magnitude by xenon-gas adsorption.
We also study the emitter performance up to 82 K and demonstrate that the energy width of the beam can
be below 40 meV with high emitter brightness even at liquid-nitrogen cooling temperatures when an apex
nanoprotrusion is present. Furthermore, the spatial and temporal electron-electron correlations of the field
emission are studied at normal and superconducting temperatures and the influence of Nottingham heat-
ing is discussed. This monochromatic source will allow exceptional accuracy and resolution in electron
microscopy, spectroscopy, and high-coherence quantum applications.
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I. INTRODUCTION

Electron-beam field emitters are foundational in modern
electron-optical applications. The performance of elec-
tron microscopes [1,2], interferometers [3–5], sensors [6],
and quantum information-science applications [7] relies
on intense, stable, coherent, and monochromatic beam
sources with high brightness. The development of unique
beam sources exploiting their nanoscopic quantum envi-
ronment is opening up several areas in microscopy, such
as laser-pulsed tip emitters [8,9] allowing pulse-probe
microscopy of dynamic behavior on the nanosecond scale,
single-atom tips [10–12] for matter-wave experiments
with high coherence, or carbon-nanotube field emitters
[13] with high brightness. Recently, a microengineered
LaB6 nanowire-based electron source with an on-tip inte-
grated passive collimator has achieved atomic resolution
in a transmission electron microscope [14] and a highly
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monochromatic cold flat single-crystal Cu(100) surface
source based on near-threshold photoemission has been
reported [15]. However, commercialized-microscope hot
Schottky field emitters typically have energy widths of
�E ≈ 750 meV and “cold” (meaning room-temperature)
field emitters have �E ≈ 300 meV. This large energy dis-
tribution limits current state-of-the-art analytical methods
in electron microscopy, such as high-resolution vibrational
spectroscopy [16] or surface-sensitive imaging techniques
such as low-energy electron microscopy (LEEM) [17].
The energy distribution can be reduced down to 9 meV
[16] by the application of monochromators [18] but this
removes most of the beam current and results in signif-
icantly extended measurement times, potentially causing
problems with sample stability. There is a need for sta-
ble, bright, and coherent electron emitters with intrinsically
narrow energy distributions.

Such a source is described in this paper. We demonstrate
the fabrication of a monocrystalline niobium- (Nb) tip
electron field emitter and analyze the emission properties
at a superconducting temperature of 5.2 K. The emitter has
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extremely low energy spreads, high beam currents, and dif-
ferent modes of operation that depend on the apex surface
geometry of the tip. This paper complements our recent
work in Ref. [19], where we have demonstrated that a
nanoprotrusion (NP) can be formed on top of such a Nb tip
by a specific annealing procedure, causing a distinct self-
focusing field geometry. We further label such an emitter
as a nanoprotrusion tip (NPT). The space confinement in
the NP leads to localized quantum band states at the apex
[19–24]. The field-emission energy spectra are Lorentzian
shaped and can be shifted in energy relative to the sharp,
low-temperature Fermi edge, cutting off the energy distri-
bution for even smaller energy widths. This leads to energy
distributions down to 16 meV full width at half maxi-
mum (FWHM), an emission angle of 3.2◦, and a highly
reduced brightness of up to 5.0 × 108 A/(m2 sr V) [19].
Calculations reveal that combined with energy filtering,
this leads to more than an order-of-magnitude improve-
ment in energy-filtered sources used in advanced electron
microscopes [19].

Here, we describe a different geometrical situation with
a monocrystalline Nb field emitter with a radius of 23 nm
and without a NP on the apex. In the following, we term
this an Nb tip, in contrast to the NPT. The absence of
the NP changes the associated geometry-dependent elec-
tronic band structure, leading to significant variations in
the emission energy spectrum and the beam-current behav-
ior compared to a NPT. In Sec. II A, we describe in detail
the Nb tip and NPT fabrication by electrochemical etch-
ing and focused-ion-beam (FIB) ion milling, followed
by annealing steps. Then, in Sec. II B, we present our
field-emitter test and characterization setup and provide
in Sec. III a theoretical analysis of the Nb-tip and NPT
field-emission process. In Sec. IV, we give examples of the
energy spectra for Nb-tip field emission at room or liquid-
helium temperatures and compare them to the spectrum of
a NPT. The beam current at different Nb tip voltages is
described and we provide a beam-stability analysis over
several hours. The Nb-tip emission tends to be less prone
to adatom-related fluctuations than for a NPT and fits the
Fowler-Nordheim (FN) theory [25,26] well, as do most
commercial field emitters in microscopy. However, at low
temperatures, the measured field-emission energy distribu-
tion is still significantly more monochromatic than con-
ventional electron-beam sources, with around 110-meV
FWHM. This can be sufficiently narrow for several tech-
niques in electron microscopy and spectroscopy. By deter-
mining the temperature dependence of the field-emission
spectra, we can demonstrate, for a Nb tip and a NPT,
that the energy width changes only moderately between
liquid-helium and liquid-nitrogen temperatures. This is of
relevance for technical and commercial applications of our
source.

We furthermore demonstrate that a layer of xenon
adatoms on the Nb tip can increase the field emission

by 2 orders of magnitude while not significantly chang-
ing the energy distribution. Finally, we discuss the role
of superconductivity in the emission characteristics. There
has been speculation [27]—and there have been theoreti-
cal predictions [28]—to the effect that electrons connected
as a Cooper pair inside the superconducting tip may get
emitted into vacuum in a correlated or even entangled
state with opposite momentum and spin. We measure the
two-electron correlation with nanosecond resolution and
cannot confirm this phenomenon. However, we point out
in Sec. V that this could be due to Nottingham heating
[23,29–31], where the tip is locally heated due to the
energy difference between the emitted electrons and the
succeeding bulk electrons. This may cause the nanoscopic
beam exit area on the tip apex to surpass the superconduct-
ing transition temperature. We discuss options to reverse
this effect, leading to Nottingham cooling [21] and poten-
tially realizing a correlated electron field emitter. Such an
entangled electron source could have a significant impact
on spectroscopy and quantum information science. Our
observations are compared with previous field-emission
studies on superconducting tips [27,32–36].

The Nb-tip electron-beam source presented in this paper
hopefully opens up a promising field in high-resolution
spectroscopy, limits the effect of aberrations, and may
improves electron-energy-loss spectroscopy (EELS). It
may decreases the impact of chromatic aberrations in low-
voltage scanning electron microscopes and when com-
bined with a monochromator, it may has the potential to
enhance the energy resolution to the 1-meV level.

II. EXPERIMENTAL SETUP

A. Tip preparation

We fabricate the monocrystalline Nb tip shown in
Fig. 1(f) in a four-step procedure. In case a NP should
be generated on the apex, such as in Ref. [19], a fifth
step is added. In most of the literature on Nb field emit-
ters, polycrystalline wires have been used as a base for
tip fabrication [27,35–37]. Only two studies have pre-
pared a monocrystalline Nb source. One of them has
realized a [111] tip by electrochemical polishing from a
single-crystal wire and has measured the room-temperature
energy distribution [38]. The other study has not prepared
a tip but has analyzed the field-emission current from
crystalline Nb surfaces at high voltages at room temper-
ature [39]. For the generation of a beam with a narrow
energy distribution, a monocrystalline structure is believed
to be preferred, since the ratio between the electrical resis-
tance at room temperature compared to 4.2 K depends
on the crystalline quality and is significantly higher for
monocrystalline wires [35,40].

Our tip preparation starts with a larger Nb [100]-
oriented single crystal with a purity of 4N+ that is
cut into rectangular monocrystalline pieces of

034036-2



ELECTRON-BEAM SOURCE WITH A SUPERCONDUCTING... PHYS. REV. APPLIED 19, 034036 (2023)

(a) (b) (c) (d)

(h)

(e)

(g)

(f)

FIG. 1. Tip fabrication. (a) The setup for the electrochemical etching of the monocrystalline niobium tip that is spot welded on a
cathode holder and submerged in a KOH solution. (b)–(d) A single crystal rectangular Nb wire (b) before etching, (c) during etching,
and (d) after etching. (e) Monocrystalline Nb wires spot welded on a V-shaped bar before etching. (f) The tip after ion milling in the
FIB: enlarged views of (left) the apex and (right) the tip on the shaft. (g) The four-point measurement of the resistivity of the bar wire
versus the tip temperature, with the superconducting transition step at 9.3 K. (h) The cryostat head positioned upside down without the
cooling shield, indicating the tip mounting between two sapphire plates.

0.25 × 0.25 × 10 mm, as shown in Fig. 1(b), by electrical-
discharge machining (EDM, Surface Preparation Labora-
tory B.V). One of these pieces is then spot welded onto a
polycrystalline Nb wire bar with the same diameter (0.25
mm) and bent to the V-shaped form as visible in Fig. 1(e).
In the next step, the monocrystalline piece is etched to a tip
based on a procedure described in Ref. [37] and with the
setup illustrated in Fig. 1(a). The monocrystalline wire on
the bar is cleaned with isopropanol, acetone, and deminer-
alized water in an ultrasonic bath. It is clamped on a holder
that serves as an anode and immersed in a 5 M potassium
hydroxide (KOH) solution for electrochemical etching. A
graphite electrode placed in the solution serves as the cath-
ode [not visible in Fig. 1(a)]. The immersion depth of the
niobium wire should be approximately 2 mm and is set by a
micrometer stage and monitored by an optical microscope
using a camera. The etching process starts by applying a
50-Hz 20-Vpp ac voltage between the cathode and anode.
At the surface, a neck forms, narrowing the wire until the
lower part (in the solution) falls off after about 20 min.
More KOH solution is constantly added during etching to
compensate for evaporation and to keep the neck at the
surface of the liquid. This creates the approximately 80-
µm-diameter tip shaft, visible in Fig. 1(f), which serves as
a base for ion-beam milling. For the fabrication of sharper

tips, pulse-wave-form etching, as described in Ref. [37],
can be applied. Figures 1(b)–1(d) show the tip before, dur-
ing, and after the etching process, respectively. Finally, the
tip is cleaned by immersing it in isopropanol and deion-
ized water and stored in vacuum or a dry gas atmosphere
to avoid oxidation.

In the fourth step, the tip is then further shaped by gal-
lium ion-beam milling in a FIB (Thermo Fisher Scientific,
model FEI Helios G4 UX). We mill along the longitudinal
axis with an annular pattern to cut the base symmetrically
and form a conical Nb tip. The tip is imaged by SEM in
the same instrument, as shown in two magnifications in
Fig. 1(f). The left image, at high magnification, indicates
a tip radius of approximately 23 nm. After this procedure,
the tip is removed from the FIB and installed on a closed-
cycle liquid-helium cryostat (Advanced Research Systems,
model DE-210). Figure 1(h) illustrates that it is mounted
between two sapphire plates, allowing electrical isolation
and thermal conductivity. It is further thermally isolated
by a copper cooling shield with a small aperture for the
beam path, which is removed for the picture in Fig. 1(h).
We confirm superconducting conditions by cooling the tip
to 5.2 K, which is well below the transition temperature of
Nb (Tc = 9.3 K), and perform a four-point resistivity mea-
surement while the temperature of the cryostat increases.
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The expected step in resistivity at Tc can be clearly
observed in Fig. 1(g) and is further used for temperature
calibration.

A stable and intensive field emission requires strin-
gent surface cleaning and ultrahigh-vacuum conditions. In
Refs. [27,35,36], the Nb tip is prepared with repeated sur-
face cleaning by field evaporation with a high voltage of
+6 kV. Here, we clean the tip by annealing to approx-
imately 1220 K, where the tip is clearly glowing. The
annealing is done, while the cryostat is still on, by ramp-
ing up a current of 4.85 A through the polycrystalline Nb
wire bar. To avoid the tip getting blunt, an electrical bias of
−3 kV is set on the extractor aperture during the process.
The temperature is monitored through a vacuum window
by a disappearing-filament pyrometer and the procedure is
repeated several times. The tip geometry can vary depend-
ing on the annealing duration, ramping speed, temperature,
and number of heating cycles. This results in either a Nb
tip with an approximately 23-nm radius or, as described in
detail in Refs. [19,37], in the formation of a NPT with a
nanoprotrusion smaller than 5 nm [19,20] on the tip apex.
We automate the annealing process with a programmable
current source and can form the desired geometry in most
of the cases. Sometimes, there are still differences in the
outcome, altering the emission properties of the tip after
a certain annealing cycle. This changes the onset voltage
of the field emission, which is observed anywhere between
Vtip = −300 V and Vtip = −500 V.

B. Field-emitter characterization setup

The setup to measure the field-emitter properties is
illustrated in Fig. 2. The vacuum pressure needs to be
extremely low during the cleaning procedure [27] and the
field emission. Thus, the base pressure in our setup is kept
at approximately 8 × 10−11 Torr by a large non evaporable
getter (NEG) pump in combination with a turbo pump.
The chamber contains the closed-cycle liquid-helium cryo-
stat with a heater element for temperature control of the
Nb tip between 5.2 and 82 K. The cryostat is placed
on a rotational flange and a three-dimensional manipu-
lator, so that the tip can be rotated and pointed toward
three ports for measuring different beam features with-
out breaking the vacuum. The first one is a hemispherical
electron-energy analyzer (ScientaOmicron DA20 R) with
a resolution of 3 meV. For field extraction and beam guid-
ing, an extractor aperture and a custom deflector element
are installed between the tip and the entrance and col-
lection optics of the analyzer. A cryostat rotation by 45◦
points the tip toward a Faraday cup (Kimball Physics,
FC-71) with a picoamperemeter (Keithley, Model 237).
This allows recording of the FN plots of the beam cur-
rent as a function of the applied tip voltage. Addition-
ally, it can perform long-term emission-stability measure-
ments. After a 90◦ rotation, the emitter can be pointed
toward a single-electron delay-line detector (RoentDek

FIG. 2. A sketch of the experimental setup for the in-vacuum
characterization of the cryogenic niobium field emitter. It allows
measurement of the beam energy distribution, the emission cur-
rent, the angular profile, and the electron-electron correlations.

DLD HEX100) with a high spatial and temporal resolution.
This allows imaging of the beam profile with the angu-
lar distribution at low intensity. Along the beam path, a
custom Einzel lens for beam magnification is positioned,
followed by a deflector for alignment. This spreads the
emission across a large area on the MCP, which is nec-
essary to determine spatial and temporal electron-electron
correlations on the nanosecond scale.

III. THEORY

The electrons in a metallic cathode are kept from escap-
ing to vacuum by the work function φ, an electrostatic
barrier above the Fermi level EF . This potential barrier
can be decreased by a negative bias voltage applied to
the cathode or a positive bias on the extraction aperture.
It gets further decreased by the image-charge potential due
to the interaction of the beam electrons with the conduction
electrons in the metal:

Vpot(x) = φ − eFx − e2

16πε0x
, (1)

where F = |E| = βVtip is the magnitude of the electric
field at the emission region, with β ≈ 0.008 nm−1 being
an enhancement factor that is a function of the geometry of
the tip at an applied tip voltage Vtip [41]. The total energy
distribution, with respect to EF , of electrons emitted from
a finite-temperature metallic tip cathode in the Murphy-
Good regime between pure field emission and thermal
emission can be written as

G(E, F , T, φ) = 4πm
h3

f (E, T)D(F , φ) exp(E/D(F , φ))

exp(B(F , φ)φ3/2/F)
,

(2)
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(a) (b)

FIG. 3. (a) An illustration of the FN field-emission process from a Nb tip that is set on a high voltage. The electrons tunnel through
the Coulomb barrier from states around the Fermi energy EF into vacuum. The inset on the right indicates the single broad energy peak
in the spectra that is highly asymmetric due to the sharp cutoff at EF at low temperatures. (b) The emission process from a NPT, where
quantum band states form in the NP, acting as intermediate levels in the Coulomb barrier. The associated peaks in the field-emission
energy spectrum are Lorentzian distributed with significantly smaller widths. They can be shifted relative to EF by the applied tip
voltage.

where T is the temperature, f (E, T)= (1 + exp(E/kBT))−1

is the Fermi-Dirac distribution, B(F , φ) = 8π
√

2mv(y)/

3h and D(F , φ) = e�F/2
√

2mφ with v(y) ≈ 1 − y2(3 −
ln(y))/3 and y =

√
e3F/4πε0φ2 [26]. The tunnel bar-

rier increases linearly in EF − E with E � φ, resulting
in an exponentially decaying emission probability below
EF . There is a hard cutoff in the emission probability
above EF due to the sharp exponential tail of the Fermi-
Dirac distribution at low temperatures. This is illustrated
in Fig. 3(a). Integration over G and multiplication by the
electron charge e gives the well-known FN current den-
sity, J (F , T, φ) = e

∫
dE G(E, F , T, φ) [42]. As shown in

Fig. 4, the width of the FN energy distribution from stan-
dard emitters is limited. Depending on the emitting area
(the blue, orange, and green lines in Fig. 4 for emission
radii of rtip = 5, 25, and 100 nm, respectively) the FWHM
energy distribution for the nanoampere beam currents that
are usually required for electron microscopy is in the range
of 100 meV at T = 0 K.

However, for a significantly smaller field-emission
energy distribution at a comparable beam current, a differ-
ent emission process needs to be established that leverages
distinct quantum states due to the surface geometry of
extremely sharp tips. Equation (2) can be used to model
the total energy distribution and current density from tip
emitters with tip radii down to a single-atom tip. But if
the height-to-width ratio of the tip exceeds some critical
threshold, such as in the NPT, the confinement poten-
tial creates localized discrete electronic states away from
the bulk Fermi sea. These states are commonly approxi-
mated as a well in the Coulomb barrier, spatially separated
from, yet supplied directly by, the Fermi sea [20], as illus-
trated in Fig. 3(b). The discrete states of the NP act as an
intermediary between the Fermi sea and vacuum, giving a
resonant enhancement of the tunneling probability at the
energy of the midbarrier state; a process resembling the
physics of single-atom resonance-tunneling spectroscopy
[43]. If we neglect the interference between the direct

and resonant tunneling amplitudes, the NPT emission total
energy distribution can be written as

Gtot(E, F , T, φ) ≈ G(E, F , T, φ)

(

1 +
∑

n

Rn(E, F)

)

,

(3)

where the resonant-enhancement factors, Rn, have the form

Rn(E, F) = An

(E − En + αF)2 + �2
n

, (4)

i.e., have a Lorentzian shape centered at the midbarrier
state energy En that shifts in energy proportionally with
the applied field, an associated line width of �n, and a
resonance magnitude of An [43]. They are single-peaked
functions corresponding to each discrete state of the NP at
an energy that shifts linearly with the electric field strength

FIG. 4. The dependence of the electron-beam current as a
function of the energy distribution FWHM for three standard
field emitters that can be described by the FN relation with differ-
ent radii of their emitting areas at T = 0 K. Reasonable currents
for microscopy applications in the nanoampere regime lead to
energy widths around 100 meV.
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at the tip. With increasing field strength F , the Coulomb
barrier to vacuum is lowered, shifting the NPT field emis-
sion peaks down in energy with respect to EF . As these
resonances are multiplied by the envelope of FN emis-
sion, resonant tunneling is most efficient through states
near EF and the applied field required for resonant tun-
neling can be much lower than is typically necessary for
a tip without a NP. Consequently, resonant emission from
a discrete NPT state can be present without the FN emis-
sion with the broad energy spectrum and NPT emission
can be realized with line widths in the order of tens of mil-
lielectronvolts [19,22]. Extremely narrow field-emission
energy-spectrum peaks can be achieved when the tip is
cold enough that the width of the Fermi-Dirac distribu-
tion is narrower than the line width of the discrete state
and the center energy is near EF . Then, the peak shift
with the applied field can be used to adjust the emis-
sion peak such that the Fermi edge of the distribution
cuts off a portion of the peak, lowering the line width
of the total energy distribution of the emission [19,21].
We demonstrate this process using the setup described in
Ref. [19]. The physics of this observation is similar to an
early method in atomic spectroscopy for atoms adsorbed to
metallic surfaces [43] and similar resonant field-emission
spectra have been demonstrated with gold nanoclusters
deposited on tips [44], single-atom nanoprotrusions grown
in situ on tips by high field and heat [45], edge states
from graphene on tips [46], and photoassisted emission
from a quantum dot on a tip [47]. It has been shown that
the exact energy distribution of emission from nanoprotru-
sions can be determined by density-functional calculations
[24]. However, there is a strong dependence on the exact
geometry of the apex and uncertainty in the growth pro-
cess [45]. Thus, it can be more useful to take an empirical
approach and assume a resonant enhancement factor that is
similar to resonant tunneling through an adsorbed surface
atom [21]. This has been derived rigorously for a deposited
gold cluster in Ref. [48].

IV. RESULTS

We describe the field emission of the Nb tip shown in
Fig. 1(f) without a NP in a superconducting state at 5.2
K and compare it with a NPT. The upper blue curve in
Fig. 5 presents the energy spectrum of the Nb tip (with-
out NP) field emission at room temperature and at a tip
voltage of Vtip = −600 V, with a FWHM of 185 meV. As
expected from the FN theory, it is significantly broader
than the emission from the same tip at 5.2 K, with a
FWHM of 75 meV (orange middle curve). After a NP is
formed on the apex of the tip by the annealing procedure
described in Sec. II A, the NPT is cooled again to 5.2 K and
yields an energy distribution with an ultranarrow FWHM
of 22 meV (green lower curve), also at Vtip = −600 V. As
expected, the peak is Lorentzian shaped and is cut off by

FIG. 5. A comparison of the Nb-tip field-emission energy dis-
tribution at the Fermi edge without a NP at room temperature
(blue upper curve), at a superconducting temperature of 5.2 K
(orange middle curve), and after the formation of a NP on the tip
apex also at 5.2 K (green lower curve).

the sharp low-temperature Fermi edge. Our measurements
indicate clearly that the temperature reduction decreases
the energy width of the FN emission of the Nb tip sig-
nificantly. Further decrease is feasible by changing the tip
apex geometry by adding the NP, as described in Sec. III.
The field-emission energy spectrum, brightness, and cur-
rent stability of a NPT are discussed in detail in Ref. [19].
There, a different monocrystalline Nb tip has been used but
both emitters have been fabricated according to the same
procedure as described above.

For further beam analysis of the superconducting Nb
tip without the NP at 5.2 K, we perform a measurement
of the FN current versus the tip voltage with the Fara-
day cup indicated in Fig. 2. As is already observed in the
room temperature energy spectra in Fig. 5, the field emis-
sion follows the described FN current density J (F , T, φ). A
Faraday-cup measurement is expected to give a linear rela-
tionship between the natural log of emitted current divided
by the square of the tip voltage as a function of the inverse
tip voltage [25]. This is perfectly reflected in our Faraday
measurement, shown in Fig. 6, for a Nb-tip field emission
at a temperature of 5.2 K, where the data points can be
well matched by a FN fit function. The observed emis-
sion is in clear contrast to such a measurement for the Nb
tip with a nanoprotrusion at the apex, in Ref. [19]. There,
we determine a clear deviation from the FN theory for the
ultranarrow discrete state emission.

Furthermore, we perform a long-time field-emission
current-stability measurement at 5.2 K, monitoring the
beam current over 5 h with the Faraday cup for the Nb
tip (without the nanoprotrusion). The data are shown in
Fig. 7. The closed-cycle cryostat pumps liquid helium with
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FIG. 6. The FN measurement with the Faraday cup of the
field-emission current versus the applied tip voltage for the
superconducting monocrystalline Nb tip shown in Fig. 1(f). The
data matches well with a linear FN fit function.

a period of 1.5 s, which causes the tip to be mechani-
cally displaced by about 50–100 µm in every pump cycle
relative to the fixed extraction aperture. This movement
changes the field configuration throughout the pump cycle,
causing slight deviations in the field-emission current, as
can be observed in the blue measurement points of Fig. 7.
We carry out a Fourier analysis of the data for an emission
current of around 1.1 nA and remove the fluctuations due
to the periodic vibration frequency of the cryostat, lead-
ing to the orange dots in Fig. 7. For the long-time stability,
drifts and jumps of the cryotip beam current, which are also
known from cold field emitters made of other materials,
play a more important role. This can also be observed in
Fig. 7, particularly after 3 h, when adatom accumulation on
the surface increases. We measure long-time fluctuations
on the order of 10% of the mean tip current.

FIG. 7. The stability measurement of the superconducting Nb-
tip field-emitter beam current (blue points). The orange points
represent the data after a Fourier filter to remove the peri-
odic current fluctuations from the closed-cycle cryostat pumping
vibrations (cyro osc.).

The introduction of xenon (Xe) gas to the vacuum cham-
ber with Nb-tip field emitters at cryogenic temperatures
has been shown to increase the emission current signifi-
cantly [37]. This is due to the adsorption of the Xe atoms
onto the tip surface, which is known to lower the effec-
tive work function [37]. We carry out similar studies with
our superconducting emitters and set a sequence of Xe
gas exposures to the Nb tip at a temperature of 5.6 K.
Every step increases the Xe adsorption by approximately
0.5 L (1 Langmuir(L) = 10−6 Torr s). Then, we determine
the field-emission total count rate of the magnified angu-
lar distribution with the delay-line detector at a constant
tip voltage of −1150 V. The data are shown in Fig. 8(a),
revealing an increase in the count rate by a factor of 116
at a Xe exposure of 14 L. While the field strength and
tip geometry have long been used as parameters to tune
the emission properties of field emitters, working with a
cryostat for temperature control and adsorbed gases for
work-function lowering significantly expands the param-
eter space for tunable emitters. We also analyze if the
Xe coverage changes the energy distribution of the beam.
As demonstrated in Fig. 8(b), the field-emission energy
FWHM of the clean tip is 69 meV. After 14 L Xe-gas cov-
erage, the FWHM is 66 meV. The difference is within our

(a)

(b)

FIG. 8. (a) The increasing beam current with increasing cov-
erage of xenon gas adsorbed on the superconducting Nb tip at a
constant field-emission voltage. (b) Energy spectra with a xenon
coverage of 14 L on the Nb tip (top orange curve) and for the
clean Nb tip (lower blue curve), both with a FN fit.
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measurement error and both energy peaks are distributed
according to FN, so we do not observe any change in
the beam energy distribution after Xe-atom adsorption on
the tip.

As a next step, the temperature dependence of the field-
emission energy spectrum of our electron source is mea-
sured. Previous studies have determined the beam energy
width of cold platinum-tip field emission from localized
surface band states as ranging from 80 K to 293 K [22].
They have demonstrated an energy distribution of 64 meV
at 80 K and found a linear increase in the line width up to
100 meV at 293 K. Considering their calculated instrument
broadening, it has been predicted that the energy distribu-
tion could be decreased to around 20 meV by lowering the
temperature close to 0 K [22]. In Ref. [19] and Fig. 5 of
this work, we can demonstrate this predicted ultranarrow
energy width with the Nb nanoemitters with a nanopro-
trusion. Here, we compare the temperature dependence
between 5.6 K and 82 K in Fig. 9 for the two described
tip-geometry configurations. The blue dots and the blue FN
fit in Fig. 9(a) illustrate the measured temperature depen-
dence of the FWHM of the energy distribution of the beam
for the Nb tip that follows the FN description. The orange
dots with a linear fit exhibit the temperature-dependence
FWHM data of the resonant localized band state emission
for the NPT (fabricated in Ref. [19]). The results reveal
that there is only a moderate broadening in the line-width
FWHM from liquid-helium (4.2 K) to liquid-nitrogen (77
K) temperatures. This observation is quite significant for
the integration of this field emitter in electron microscopes,
since it is technically much easier and cheaper to cool the
emitter with liquid nitrogen. The outcome demonstrates
that narrow energy distribution emission well below 40
meV is feasible at liquid-nitrogen cooling. The data also

indicate a difference in energy width of approximately 75
meV between the two tip geometries.

Another important question to address is the possible
correlation between electrons emitted from the supercon-
ducting tip. According to a theory paper by Yuasa et al.
[28], a niobium tip is a possible source of entangled free
electrons with opposite spin and momentum following
field emission of correlated Cooper pairs. However, it is
still an open experimental question if a correlated two-
electron emission can be realized from solid-state surfaces
to the vacuum. Solid-state Cooper-pair tunneling through
a barrier is well known in physics, e.g., it is the basis for
superconducting quantum interference devices (SQUIDs)
and it is applied in superconducting scanning-tunneling
experiments [49]. Also, a recent solid-state experiment
has demonstrated efficient Cooper-pair splitting into nor-
mal conductors in nanostructured devices [50], resulting
in spatially separated pairs of entangled electrons. A fur-
ther theoretical study has considered a superconducting
tip in a high electric field [51] and predicted the exis-
tence of vortices and superconducting states that persist
in nanosized tips up to fields much larger than the bulk
critical field. They conclude that a significant Cooper-
pair density is present even in the confined space of a
tip with a size on the order of the coherence length. The
confirmation of entangled electron emission from a super-
conducting source would be a breakthrough in the field.
Such an emitter would create significant opportunities for
quantum information science with free electrons, by anal-
ogy with the scientific impact of entangled two-photon
sources [52]. They have led to major achievements in
quantum optics, including the violation of Bell inequality
[53], quantum cryptography [54], quantum teleportation
[55], and quantum computing [56]. It would additionally

(a) (b) (c)

FIG. 9. (a) The temperature dependence of the electron energy distribution FWHM in the beam from a Nb-tip field emitter with
(orange dots) and without (blue dots) a nanoprotrusion on the apex. The blue line is a fit according to the FN theory including
instrument noise and the orange line is a basic linear fit. (b) Temperature-dependent FN emission spectra corresponding to the blue
dots in (a). (c) Temperature-dependent nanoprotrusion emission spectra corresponding to the orange dots in (a). The origin of the
sudden shift at approximately 25 K by approximately 10 meV is unknown.
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allow correlated two-electron spectroscopy, with an excep-
tional accuracy that depends on the extremely low energy
difference between the correlated electrons compared to
the energy variation between single electrons in an uncor-
related beam.

For that reason, we perform an electron correlation anal-
ysis in the field emission of our Nb emitter. The delay-line
detector in our setup (see Fig. 2) is capable of verifying
electron-pair emission with high spatial and temporal reso-
lution if the electrons are spatially separated by more than
approximately 8 mm [57]. Based on the predicted oppo-
site initial momentum of the correlated electrons [28], they
are expected to arrive at the detector with a distinct dis-
tance dr within a few nanoseconds dt. To increase the
local separation, the beam gets magnified by the Einzel
lens across the delay-line-detector area with a radius of
50 mm. The results are shown in Figs. 10(a) and 10(b)
for the superconducting tip temperature of 5.6 K and in
Figs. 10(c) and 10(d) for a normal-conducting tip temper-
ature of 44 K. In both cases, we integrate over 7 × 105

counts. Figures 10(a) and 10(c) are the magnified angular
beam profiles at normal and superconducting temperatures
as they arrive at the detector, respectively. In Figs. 10(b)
and 10(d), we add the arrival-time information to plot the
time difference dt between any two detected electrons up
to 30 ns against their spatial distance on the detector dr.
It provides the correlated events under superconducting
[Fig. 10(b)] and normal-conducting [Fig. 10(d)] condi-
tions. There is no significant difference between the two
measurements. The counts in the lower right corner with
dr ∼ 0 mm and dt ∼ 20–30 ns are believed to be due to

(a) (b)

(c) (d)

FIG. 10. (a) The integrated total electron-beam signal on the
delay-line detector at a superconducting tip temperature of 5.6
K. (b) A correlation analysis between two consecutive elec-
trons with the time difference dt and the spatial separation
dr at a superconducting tip temperature corresponding to (a).
(c) The integrated signal and (d) the correlated counts at a
normal-conducting temperature of 44 K.

ion feedback in the detector, where a residual gas atom
in an MCP channel gets ionized by an electron avalanche
and accelerated in the opposite direction. Within the same
channel, it triggers a second delayed electron pulse. This
is a known effect for MCP detectors. The origin of the
diagonal features in Figs. 10(b) and 10(d) is not clear; we
assume double counts due to ringing effects in the detec-
tor electronics. However, these are only a few seemingly
correlated counts in both images relative to the total accu-
mulated signal. They are extremely rare and their number
and pattern are about the same at normal and superconduct-
ing temperature. For that reason, we do not observe any
significant two-electron correlation in the superconducting
field emission.

V. DISCUSSION AND CONCLUSIONS

We discuss the field-emission properties of monocrys-
talline niobium-tip electron-beam sources at a temperature
of 5.2 K well below the superconducting transition. This
work complements our recent publication [19], where we
emphasize the resonant emission through band states with
ultralow energy distribution from a Nb nanotip with a
nanoprotrusion on the apex. Here, we concentrate on the
emission behavior of such an Nb tip without the nanopro-
trusion and compare the two cases with each other. We
provide a detailed description of the fabrication steps to
produce a tip with a 23-nm radius. The tip is cooled by
a liquid-helium cryostat. Energy distributions around 100
meV are measured, with an emission-current stability of
10% in the nanoampere regime. The current increases with
the tip voltage according to the FN description. Addition-
ally, it is demonstrated that the adsorption of xenon atoms
leads to an increase in the beam intensity by 2 orders of
magnitude.

We also compare the temperature behavior of the field
emission for both emission processes from 5.6 K to
approximately 82 K. It is observed that the energy width of
the beam does not change strongly between liquid-helium
and liquid-nitrogen cooling temperatures. With the NPT,
narrow energy widths below 40 meV are observed and
with the Nb tip, they remain below 110 meV. The cool-
ing with liquid-nitrogen eases the commercial application
of this source significantly compared to the use of liquid
helium. According to an evaluation based on BCS the-
ory by Gadzuk [35,58], a narrow peak with an energy
width below 0.1 meV is expected to be observed at the
Fermi edge (EF ). In Refs. [35,36], a 20-meV peak has been
claimed to appear near EF only at superconducting temper-
atures. However, we do not measure such distinct changes
around Tc.

Furthermore, electron-electron correlation measure-
ments are performed, resulting in no evidence of two-
electron field emission from the superconducting tip, as
predicted by theory [28]. This result is potentially due
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to two reasons. Either there is no correlated electron-pair
emission from the superconducting state around the Fermi
energy EF or there is local heating at the beam-exit area
of the electrons, leading to nonsuperconducting conditions
even at a measured overall tip temperature below Tc. A
local heating mechanism that may need to be considered
is Nottingham heating [23,29–31]. The high current from
a small spatial area can thereby induce localized heating
that can even destabilize the structural integrity of the apex
[59]. This is due to the Nottingham effect in which elec-
trons emitted from below EF are, on average, colder than
the electrons in the Fermi sea. This results in net heating,
because most electrons that tunnel through the Coulomb
barrier are lower than EF at cryogenic tip temperatures
[29,31]. The effect has been measured by Binh et al. [23]
for a tungsten tip with a single-atom protrusion. They have
observed no heating below 0.3 pA but a local change in
temperature of approximately 30 K at a beam current of 9
pA with a linear increment in between. Our count rate in
Fig. 10 is in the femtoampere regime and therefore signif-
icantly smaller. However, superconductors are considered
to be bad thermal conductors, so our situation is poten-
tially not comparable to normal-conducting tungsten tips
at these cryogenic temperatures. This will be a matter for
future investigations.

It is worth noting that the effect can be reversed if the
emission mostly comes from energies above EF , caus-
ing Nottingham cooling [21]. This could, in principle,
be realized with a NPT by shifting the surface resonant
peaks slightly above EF by lowering the extraction volt-
age [19,21]. It is challenging to actually cool efficiently
at cryogenic temperatures, since there are not many elec-
trons left above EF that can be addressed by the resonance
peak. But with the possibility of precisely shifting an ultra-
narrow Lorentzian excitation that is truncated at EF , such
as we observe in Fig. 5 and in Ref. [19], a stable condi-
tion may be found that allows local Nottingham cooling
and possibly correlated electron emission. This may lead to
the predicted correlated and entangled two-electron emitter
[28]. Alternatively, tips made from materials with a higher
superconducting transition temperature could be applied,
e.g., niobium nitrite [60]. Such sources could become an
electron-optical analog to the parametric down-conversion
two-photon source in quantum optics [52] and open up
unique modes in quantum information science, quantum
metrology, and electron spectroscopy. They could also play
an important role in quantum correlation measurements
in electron microscopy, such as free-electron entangle-
ment with optical excitations, e.g., plasmon polaritons
[61]. It is not clear to what extent the Coulomb repulsion
would influence such a correlated source. In Ref. [28], the
entangled superconducting electron emission has been pre-
dicted while explicitly neglecting the Coulomb interaction
between the emitted electrons, considering the low current
densities in emission experiments from superconducting

tips [36]. However, this is only valid for stochastic elec-
tron emission where, at low count rates, most subsequent
electrons have a significant time separation. For that rea-
son, it is a question of space-time confinement of the
correlated emission. This has been studied in recent exper-
iments about emission from a tungsten nanotip [62] or
a ZrO/W Schottky [63] emitter induced by a femtosec-
ond laser pulse. The authors have reported a two-electron
emission that is highly anticorrelated in energy due to
dynamic Coulomb repulsion. Such preparation of highly
non-Poissonian electron beams is of great relevance in
microscopy, lithography, and quantum electron optics. It
has revealed a mean energy splitting of a few electron-
volts and a correlation decay time in the order of 100
fs. For that reason, it can be assumed that a two-electron
emission process from the superconductor within this time
difference will be influenced by the Coulomb interaction.
Further clarification in future studies is required to analyze
the competition between superconductivity and Coulomb
interactions [64] in low-dimensional systems such as a
nanotip and how it will influence the field-emission pro-
cess.

The near-monochromatic field emission of our super-
conducting Nb source is highly coherent. The longitudinal
coherence length is inversely proportional to the width of
the energy distribution and the transversal coherence is due
to the small virtual source size. This is especially impor-
tant in quantum applications with electron matter waves
in, e.g., sensor technology [5,6], interferometry [12], quan-
tum information science [7], multipass-transmission elec-
tron microscopy [65], and quantum electron microscopy
[66,67].

Our source could be combined with a monochroma-
tor, which would lead to an extremely low electron-
beam energy distribution on the millielectronvolt or even
submillielectronvolt scale, while still maintaining reason-
able beam currents for microscopy applications. A high-
brightness free-electron source based on a Nb tip with a
native-energy line width on the order of tens of millielec-
tronvolts has a myriad of potential benefits throughout all
electron microscopy and would open up several regimes,
such as high-resolution EELS [68] including the direct
imaging of vibrational modes [16], the analysis of semi-
conductor band gaps or defects, and low-loss structures in
metal nanoparticles, solar cells, or organic materials. The
reduction in the field-emitter energy distribution will also
reduce chromatic aberrations, particularly in low-voltage
scanning electron microscopes. This will improve their
spatial resolution into the subnanometer range.
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