
IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 32, NO. 4, JUNE 2022 1500206

Direct Experimental Observation of Harmonics of
Josephson Generation in the Flux-Flow Oscillator

Nickolay V. Kinev , Kirill I. Rudakov, Lyudmila V. Filippenko, and Valery P. Koshelets

Abstract—We present an experimental observation and a study
of harmonics of radiation from a flux-flow oscillator (FFO) based on
a long Josephson junction. An integrated microcircuit consisting of
the FFO, the transmitting antenna and a harmonic mixer (HM) was
used to provide the phase-locked emission in the terahertz (THz)
range to open space. Both the FFO and the HM were made of
superconductor–insulator–superconductor (SIS) trilayers based on
Nb/AlOx/Nb. Two independent techniques were used for detecting
of the output emission: a THz Fourier transform spectrometer with
a wideband detector based on an 4.2 K silicon bolometer, and a THz
spectrometer based on the heterodyne SIS receiver with a high
spectral resolution. The FFO spectral composition obtained using
the FTS demonstrates the main Josephson frequency and clear
higher harmonics. Following that, the spectral characteristics of
the 2nd harmonic at a frequency of 600–670 GHz (corresponding to
the main frequency of 300–335 GHz) were carefully studied with
a spectral resolution better than 0.1 MHz using the SIS receiver.
To our knowledge, this is the first direct high-frequency observa-
tion of Josephson harmonics carried out at the true frequency of
oscillations, which is in contrast to dc measurements.

Index Terms—Fourier transform infrared spectroscopy,
harmonic analysis, josephson junctions, superconducting
integrated circuits, terahertz radiation, transmitting antennas.

I. INTRODUCTION

THE ac Josephson effect was discovered in 1962 [1] and was
extensively studied over the next 20 years, both experimen-

tally and theoretically. Most of the results are presented in the
books completely devoted to the Josephson junctions and the
effect (see, for example, [2], [3]). At present, the ac Josephson
effect itself is widely used, for example, in voltage standard
systems [4], [5], in high-sensitive magnetometers based on
superconducting quantum interference devices [6]–[7], in rapid

Manuscript received September 16, 2021; revised December 13, 2021; ac-
cepted January 10, 2022. Date of publication January 14, 2022; date of current
version January 25, 2022. The work was supported by the Russian Science
Foundation under Project 17-79-20343. The development of the technology
for fabrication of tunnel junctions with sub-μm dimensions was supported by
the Russian Foundation for Basic Research under Project 19-52-80023. The
fabrication of experimental samples was carried out using the Unique Science
Unit “Cryointegral” (USU #352529), which was supported by the Ministry
of Science and Higher Education of Russia under Project 075-15-2021-667.
(Corresponding author: Nickolay V. Kinev.)

Nickolay V. Kinev, Lyudmila V. Filippenko, and Valery P. Koshelets are with
the Kotel’nikov Institute of Radio Engineering and Electronics RAS, Moscow
125009, Russia (e-mail: nickolay@hitech.cplire.ru).

Kirill I. Rudakov is with the Kotel’nikov Institute of Radio Engineering
and Electronics RAS, Moscow 125009, Russia, and also with the Kapteyn
Astronomical Institute, University of Groningen, 9712 CP Groningen, The
Netherlands.

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TASC.2022.3143483.

Digital Object Identifier 10.1109/TASC.2022.3143483

single-flux quantum logic systems [8]–[10], and others [11].
However, in certain applications of Josephson junctions, such as
microwave detection based on the SIS mixers, the ac Josephson
effect is harmful and must be eliminated by suppressing the
critical current by means of a supply of the local magnetic field
[12]–[14].

The Josephson equation �·�ϕ/�t = 2eVDC defines the fun-
damental frequency fJ = (2e/h) VDC, here h is the Planck
constant, e is the electron charge, and VDC is the dc voltage.
The presence of higher harmonics fN = N·fJ with number N
≥ 2 is already known and measured indirectly by observation
of the induced steps in the current-voltage curves (IVCs) [15],
[16]. A similar effect is observed for the harmonic generation
of the external microwave signal in Josephson junctions [17],
which is successfully used in harmonic SIS mixers [18]–[20].
Since the power of Josephson emission is rather low (typically
from a few nanowatts to fractions of 1 μW [3], [21]), and taking
into account that the power of higher harmonics is much lower
than that of the fundamental (first) harmonic [16], these were
not studied directly at a high frequency.

Recently we elaborated and tested a terahertz Josephson
oscillator radiating to an open space based on the flux-flow
oscillator fabricated from Nb/AlOx/Nb trilayer with SIS current
density in the range of 5-10 kA/cm2 [22]–[27]. The emis-
sion to open space is provided by the transmitting slot an-
tenna coupled with the FFO and mounted on the back surface
of the semielliptical silicon lens, forming the narrow output
quasioptical beam. The slot antenna is made in the niobium
base electrode with a thickness of about 200 nm. The phase
locking of the FFO radiation is successfully obtained using
the harmonic mixer and the phase locking loop (PLL) system.
Three different integrated “FFO+ antenna+HM” designs were
developed [22]–[24] to cover the output range of the emission
from ∼200 GHz up to ∼750 GHz. Both direct and heterodyne
detection methods were used to study the output emission to
open space. A 4.2 K high-sensitive silicon bolometer was used
to study the antenna characteristics in the wide range [25], [26]
with the frequency definition of the output emission calculated
from dc voltage of the FFO; hence, the harmonic composition
could not be resolved. The superconducting integrated receiver
(SIR) operating in the range roughly 500-700 GHz [28]–[29]
was used for precise measurements of the FFO spectral lines
radiated to open space [22], [23], with a resolution of approxi-
mately 0.1 MHz. The SIR operating bandwidth was too narrow
(∼35% of the central frequency) to simultaneously cover two
harmonics.

In this paper, we used the FTS with a silicon bolometer-based
detector to distinguish the harmonics of the FFO emission (see
Section II). Following that, we studied the spectral characteris-
tics of the second harmonic 2·fJ in the SIR operating range,
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Fig. 1. (a) Layout of the oscillator integrated circuit containing the FFO, the
slot antenna and the HM all interconnected by microstrip lines. (b) Sketch of
lens antenna quasioptical system mounted in the 4.2 K cryostat.

while the characteristics of the main harmonic fJ out of the
SIR operating range were simultaneously recorded using the
feedback PLL circuit utilizing the HM (see Section III).

II. FTS MEASUREMENTS

A. Design of the Oscillator

A design of the Nb/AlOx/Nb-based oscillator and technology
for fabrication are discussed in detail in [22], [25]. The main
parts of the integrated microcircuit are presented in Fig. 1. An
FFO output edge is connected to a microstrip line for feeding
the transmitting lens antenna system. A small part (commonly
about 5-15%) is branched to the HM to provide the feedback
with the oscillator for frequency and phase locking, and also for
real-time monitoring of the spectral properties of radiation. A
typical output power to open space was experimentally estimated
in [27] and is of the order of fractions to a fewμW. The oscillator
is operating in liquid helium cryostat at a bath temperature Tb ∼
4.2 K, and additionally installed inside the magnetic shield due
to extremely high sensitivity to external field and noise. The FFO
operating point is continuously tuned in wide range by both the
bias current IBIAS and the control line current ICL for supplying
the local magnetic field.

B. Experimental Setup

In the Fourier transform spectrometer setup, we used a tra-
ditional Michelson interferometer with two flat mirrors and the
beam splitter made of Mylar and oriented by 45° to the input
beam (see Fig. 2). For detection, a commercially available cooled
silicon bolometer by Infrared LaboratoriesTM was used, with
a noise equivalent power of 1.44·10-13 W/Hz1/2 according to
the specifications. The spectrometer is operating as follows: an
interference pattern (mirror position, μm vs bolometer response,
mV) as a result of the interference of beams reflected from
the mirrors is recorded for the set of positions of the movable

Fig. 2. (a) Block diagram of the FTS setup utilizing the Michelson interfer-
ometer layout for studying of the spectral composition of the FFO. (b) Photo of
the central part of experimental setup showing the optical path of the beam, not
including measuring instruments. The distance between the beam splitter and
the immovable mirror (“zero-position” for the movable mirror) is 172 mm.

mirror. After that, a frequency dependence is recovered using a
Fourier transform applied to the interference pattern based on
the known speed of light and a step of the mirror that leads to
the specific phase difference. Hence, two liquid helium cryostats
were simultaneously used in the FTS setup, #1 for the emitter
and #2 for the detector. A standard lock-in amplifier technique
was used to read out the bolometer response, with an optical
chopper at room temperature with a frequency of ∼170 Hz. For
dc biasing and testing of the FFO, an autonomous low-noise
battery power supply (not connected to 230 V power net) was
used. The equipment for the dc measurements is not shown in
Fig. 2.

The maximum travel length of the movable mirror, ΔXmax,
is 200 mm, which provides the best spectral resolution

δf ≈ c / (2 ·ΔXmax) = 0.75GHz,

where c is the speed of light. Such a resolution is redundant
for the purpose of distinguishing harmonics distant by hundreds
of GHz from each other. Owing to this, most measurements
were carried out with a travel length of 24 mm, which leads
to a spectral resolution of 6.25 GHz. The maximum frequency
fMAX that could be detected is defined by the minimum step
of the mirror, Xstep, which is 2.5 μm for the motor used, and
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estimated as

fmax ≈ c / (4 ·ΔXstep) = 30THz.

This expression does not take into account a factor of ac-
curacy of restoring the spectra by Fourier transform, which is
reducing fMAX commonly with a coefficient 1-1.25. A frequency
of 30 THz is also redundant for our study since a maximum
expected frequency for detection was approximately ∼1 THz
due to strong losses in niobium films above 800 GHz. These
losses are described by Mattis-Bardeen theory and actually set
an upper frequency limit of the Josephson generation. Most
measurements were carried out with a step size of 62.5 μm,
which leads to the upper frequency of Fourier transform of
about 1.2 THz. With the chosen parameters discussed above,
the time constant of the lock-in amplifier of 300 ms and taking
into account a finite motor rotation speed, the duration of one
measurement at a fixed frequency was about 7 minutes. The
FFO signal was phase locked during measurements providing
high stability.

C. DC Results

The IVCs of the HM demonstrating the quality of the
Nb/AlOx/Nb trilayer are shown in Fig. 3(a). The gap voltage
of the trilayer is about 2.7 mV, and the subgap resistance to
the normal-state resistance ratio Rj/Rn is about 30. It is worth
noting that the critical current is not suppressed for the junction
presented. A set of IVCs of the FFO in wide range of magnetic
fields is presented in Fig. 3(b). During the FFO dc testing, a level
of the HM pumping by the FFO power was measured as follows:
the HM was biased to an operating point of 2.5 mV slightly below
the gap voltage, and the quasiparticle current step induced by the
external emission was measured simultaneously and indicated
by color at the FFO IVCs. Note that the X-axis of the FFO IVCs
linearly corresponds to the frequency of the main harmonic fJ. A
range of the most efficient HM pumping, which is from 350 GHz
to 510 GHz for the experimental sample presented in Fig. 3, is
completely defined by the design of microstrip lines and is tuned
from about 200 GHz up to 750 GHz [22]–[24] with bandwidth
of about 30% of central frequency.

D. High-Frequency Results

A set of wideband measurements of the FFO spectra using
the FTS setup was carried out at different frequencies of the
main harmonic fJ in the range from 110 GHz to 500 GHz.
Furthermore, a set of measurements was carried out for certain
fixed fJ. at different bias currents. A typical spectrum obtained at
fJ = 280 GHz is presented in Fig. 4(a), with the corresponding
dc operating points presented in Fig. 4(b). A clear main and
the second harmonics at f2ND = 560 GHz are demonstrated.
A reasonably good signal-to-noise ratio of restoring the spectra
can be noted at this operating frequency. The IVCs of the FFO
at frequencies around 280 GHz corresponding to voltage of
∼0.579 mV demonstrate clear Fiske steps caused by geometrical
resonances inside the long junction [14], [30], [31]. The steps
become completely indistinguishable at currents below 20 mA
due to an increased slope, that is why the scatter-pointed IVCs
are not shown in this region in Fig. 4(b). One can see that the
higher bias currents (points 1 to 5) correspond to higher emission
power (detector response) for both the main and the second har-
monics, which is reasonable. Similar results were demonstrated

Fig. 3. (a) IVCs of Nb/AlOx/Nb-based HM junction with an area of∼1.4μm2

on the experimental sample under study. The specific parameters are as follows:
normal-state resistance Rn = 16.2 Ω, ratio Rj/Rn=32.9, gap voltage is 2.71 mV.
The supplementary grey dashed curves are shown for defining the parameters.
Colored dashed curves are the IVCs with pumping by the FFO emission at two
different frequencies. (b) IVCs of the FFO with the dimensions 400 × 16 μm at
different magnetic fields produced by the control line current from 10 mA to 90
mA. The level of the HM pumping is indicated by color as an rf-induced current
step related to the current jump at the gap voltage; red color is pumping more
than 10%. Points 1 and 2 indicate the operating points at 400 GHz and 475 GHz,
correspondingly, at which the “pumped” IVCs of the HM were measured in (a).

for many frequencies fJ = in the range of high efficiency of the
transmitting antenna from ∼250 GHz to ∼450 GHz.

It is known that the interferometer setup can lead to artificial
harmonics due to a finite travel length, phase errors and other
effects. To prove that the harmonics observed by FTS are true
harmonics of Josephson generation but not the artifacts of optical
system, two additional techniques were used during the exper-
iments. First, we set the FFO to the operating point at which
the frequency fJ is lower than the operating range of output
integrated circuit, so the signal of the main harmonic could not
come out of the junction reflecting from its edge. At the same
time, the higher harmonics f2ND = 2fJ, and, in some cases, f3RD

= 3fJ were permitted by the output microstrip lines and the
transmitting antenna, and hence were detected by the FTS. The
results for certain frequencies are presented in Fig. 5, where
higher harmonics are clearly demonstrated with the absence of
the main harmonic. One should note that there is a much worse
signal-to-noise ratio compared to results in Fig. 4(a), as the
power of higher harmonics is approximately one-two orders of
magnitude lower than that of the main harmonic. Another point
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Fig. 4. (a) Spectra of the FFO output emission at fJ = 280 GHz obtained by
the FTS, at different operating points 1-5 specified in (b). The insets are shown in
larger scale for clarity, to distinguish curves close to each other. (b) IVCs of the
FFO presented by scatter points around voltage of 0.579 mV corresponding to
fJ = 280 GHz. Operating points 1-5 are located at different Fiske steps. Region
of IVCs is not shown below 20 mA.

Fig. 5. Spectra of the FFO output emission at a set of fJ out of the operating
range of the chip design, obtained by the FTS. Only higher harmonics are
observed and marked on the graph.

to note is presence of the peaks at frequencies corresponding to
4th harmonics of fJ or, the same, 2nd harmonics of f2ND: see, for
example, in Fig. 5 the peak at ∼460 GHz for fJ = 116 GHz,
and the peak at 600 GHz for fJ = 150 GHz. The magnitude
of these peaks is almost the same as that of 3rd harmonics. We
suppose that these peaks in particular are the artifacts of the
optical system related to additional modes in the interferometer
and not related to Josephson generation.

Fig. 6. (a) Specification of 500 GHz BP filter given by the manufacturer, with
a micrograph shown in the inset. (b) Spectra of the FFO output emission at fJ =
250 GHz obtained by the FTS, using the original technique (red curve) and with
the additional BP filter (blue curve).

Another technique is using a bandpass (BP) filter for one of
the harmonics. A commercially available 500 GHz narrowband
multi-layered mesh filter produced by QMC InstrumentsTM was
used, having a frequency specification presented in Fig. 6(a). We
set the FFO to operating point of fJ = 250 GHz and observed
a 2nd harmonic at f2ND = 500 GHz as discussed above (red
curve in Fig. 6(b)). Following that, we installed the BP filter at
the output window with the emitter and clearly observed only
2nd harmonics while the main one was filtered (blue curve in
Fig. 6(b)). This experiment is the evidence of true Josephson
harmonics, otherwise the 2nd harmonics would not be observed
without the first one. One should note a small peak at 1000 GHz
corresponding to 4th harmonics, which is observed both with and
without the filter. Since the BP filter cannot allow this frequency,
and taking into account that niobium films obviously cannot
operate at so high frequencies due to losses (Mattis-Bardeen
theory), the peak at 1000 GHz is evident artifact generated by
the interferometer setup.

III. SIS RECEIVER MEASUREMENTS

A. Experimental Setup

As we ensured the presence of true Josephson harmonics radi-
ated to open space, we studied the spectral characteristics of the
first two harmonics simultaneously with high spectral resolution
utilizing the superconducting integrated receiver [14], [28], [29].
The experimental setup is shown in Fig. 7. Owing to the fact
that the operating range of the SIR (roughly 500–700 GHz)
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Fig. 7. Block diagram of the experimental setup for studying the emission
spectral lines of both the main and second harmonics of the FFO simultaneously
with resolution of 0.1 MHz.

is much narrower than that of the bolometer-based detector
in the FTS, only one harmonic, f2ND, can be detected by the
SIR simultaneously, while the main harmonic at fJ is studied in
parallel using the HM in the PLL circuit. Hence, two spectrum
analyzers (SA) are used in such a complex setup (see Fig. 7):
SA #1 for recording the spectra of the main harmonic in the HM
intermediate frequency (IF) range of 0-800 MHz, and SA #2 for
recording the spectra of the second harmonic in the SIS-mixer
IF range of 4-8 GHz. IF amplifiers are based on high electron
mobility transistors (HEMT) at a temperature of 4.2 K.

B. Results

The second harmonic was successfully detected and recorded
by the SA #2, for the set of main frequencies in the range from
300 GHz to 335 GHz, corresponding to f2ND in the range of
600–670 GHz. The typical spectra of both the first and second
harmonics are presented in Fig. 8(a) for the main frequency of
300 GHz and 310 GHz. One should note that the signal of the
second harmonic detected using this technique is the convolution
of true spectra and the spectra of the SIR local oscillator (LO),
which is also based on the FFO (#2 in Fig. 7). Theoretically,
the linewidth of the N-th harmonic (LWN) defined at a half

Fig. 8. (a) Power spectra of the first and second harmonics of the FFO at two
frequencies fJ = 300, 310 GHz. The span for both (top and bottom) horizontal
axes is the same and equals to 100 MHz. The defined linewidths are as follows:
LW1 = 2.4 MHz, LW2 = 8.8 MHz at 300 GHz, and LW1 = 1.55 MHz, LW2

= 4.4 MHz at 310 GHz. (b) Linewidth of the first and second harmonics of the
FFO obtained at fJ in the range from 300 GHz to 335 GHz. A theoretical straight
line LW2=4·LW1 is drawn for assistance.

power of the peak is N2 times larger than that of the first one
(LW1) for the case of wideband fluctuations (spectral density
of voltage noise S(ω) is nearly constant in the range 0 < ω <
LW1), which means that LW2 = 4·LW1 (see chapter 4 in the
book [3]). The coefficient LW2/LW1 obtained experimentally
for most operating points is close to 4; a certain deviation can
be still noted for LW1 < 2 MHz. An accurate calculation of the
signal convolutions of the harmonics and LO is a different task
for a separate paper. In Fig. 8(b), a summary of LW’s for all
studied spectra (diamonds) and the theoretical value LW2/LW1

= 4 (solid line) are presented.

IV. CONCLUSION

A direct observation of the Josephson harmonics at terahertz
frequencies is demonstrated for the first time, by different tech-
niques: using the wideband FTS and the heterodyne receiver.
Clear harmonics up to N = 3 are detected by the FTS, and
the spectral characteristics (shape and linewidth) of the 2nd

harmonic are measured by the receiver. A ratio of linewidth
of the second-to-first harmonics of appriximately 4 is obtained,
which corresponds well to theoretical value of N2 taking into
account a deviation of the LO spectra from δ-function.
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