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Séminaires

Aujourd’hui	:	Jérome	Beugnon,	Laboratoire	Kastler	Brossel,	Sorbonne	Université,	Collège	de	France,	ENS-PSL,	CNRS	 
La	superfluidité	révélée	en	une	seule	image				


Vendredi	12	juin	:	Benoît	Vermersch,	Quobly	&	Université	Grenoble	Alpes 
Observing	the	quantum	Mpemba	effect	in	a	quantum	processor						


Vendredi	19	juin	:	Klaus	Mølmer,	Københavns	Universitet	&	Niels	Bohr	Institute,	Copenhague 
Sensing	with	quantum	trajectories									


 
Vendredi	26	juin	:	Eleni	Diamanti,	LIP6	Sorbonne	Université 
Ressources	et	applications	des	réseaux	quantiques	



Le	point	sur	les	cours	précédents

La	jonction	idéale	et	les	deux	relations	de	Josephson

Le	modèle	RCSJ	(Resistively	and	Capacitively	Shunted	Junction)

a b

Choix	d’unités	sans	dimension

• intensités	mesurées	en	unités	de	Ic

• temps	mesurés	en	unités	de		t0 =
ℏ

2eRIc

• jonction	caractérisée	par	le	paramètre	de	Stewart-McCumber		βc =
2eR2CIc

ℏ
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Le	point	sur	les	cours	précédents	(2)	:	la	caractéristique	d’une	jonction

Pour	une	jonction	alimentée	par	un	générateur	de	courant	délivrant	une	intensité	
constante,	quelle	est	la	différence	de	potentiel	électrique	moyen	(jonction		supra)	
ou	de	potentiel	chimique	moyen	(jonction	atomique)	?
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Cette	caractéristique	dépend	de	 	βc =
2eR2CIc

ℏ

Limite	résistive	( 	ou	de	manière	
équivalente	 )	:				

C → 0
R → 0 βc ≲ 1

�2 �1 0 1 2
�2

�1

0

1

2

V̄
RIc

�c = 1

pas	d’hystérésis

Limite	capacitive	(faible	dissipation)		:				
βc ≫ 1

hystérésis	marquée

V̄
RIc

I/Ic I/Ic



5

La	question	abordée	aujourd’hui

Que	se	passe-t-il	si	on	module	l’intensité	traversant	la	jonction	?

I(t) = I0 + I1 sin(ωt)

Réponse	déjà	présente	dans	l’article	de	Josephson	(1962)	:

il	peut	apparaître	une	différence	de	potentiel	moyenne	quantifiée		:		 										 	entier	2e V = n ℏω n

Phénomène	observé	dès	1963	par	Shapiro

Rôle	central	pour	la	réalisation	de	standards	électriques
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Un	exemple	de	résultat
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More detailed studies on the anisotropy of the
self-activated luminescence center, including the
polarization of the thermoluminescence associated
with the center, are now in progress.

~For example, D. Dutton, J. Phys. Chem. Solids
6, 101 (1958); A. Lempicki, J. Electrochem. Soc.
107, 404 (1S60).
2D. L. Birman, J. Electrochem. Soc. 107, 409 (1960).
3P. P. Feofilov, J. Phys. Radium 17, 656 (1956);
J. Lambe and%. D. Compton, Phys. Rev. 106, 684
(1S57).
4R. J. Elliott, I. G. Matthews, and E. %. J. Mitchell,

Phil. Nag. 3, 360 (1958).
5Kindly supplied by Dr. A. Addamiano, General Elec-

tric Co. , Cleveland, Ohio.
6A. Addamiano and M. Aven, J. Appl. Phys. 31, 36

(196O).
~Actually about 10 /& according to x-ray analysis.
S. Shionoya, T. Koda, K. Era, and H. Fujiwara,

J. Phys. Soc. Japan 18, Suppl. II, 299 (1963).
SJ. S. Prener and F. E, Williams, J. Chem. Phys.

25, 361 (1956).
~op. H. Kasai and Y. Otomo, Phys. Rev. Letters 7,
17 (1961); J. Chem. Phys. 37, 1263 (1962).
~~In the nomenclature used here, m or cr dipole means
parallel or perpendicular, respectively, to the sym-
metry axis of the center. See E. U. Condon and G. H.
Shortley, Theory of Atomic Spectra (University Press,
Cambridge, 1935), Chap. IV; also reference 12.
L. Patrick, Phys. Rev. 117, 1439 (1960).

JOSEPHSON CURRENTS IN SUPERCONDUCTING TUNNELING: THE EFFECT OF MICRO&AVES
AND OTHER OBSERVATIONS*

Sidney Shapiro
Arthur D. Little, Inc. , Cambridge, Massachusetts

{Received 13 June 1963)

In the course of experiments on the effect of
micromave fields on superconducting tunneling,
we have had occasion over the past few months
to fabricate many tunneling crossings of low re-
sistance (5-20 0 with a crossing area of 1.5
x10 4 cm~). Every one of these samples has
exhibited the zero-voltage currents predicted by
Josephson' and attributed, in effect, to the tun-
neling of Cooper pairs. The observation of these
currents has already been reported by Anderson
and Rowell. ' Our experiments have brought to
light several new effects which we summarize
below.
The samples were Al/Al, O~/Sn. Two five-mil-

wide Al lines, evaporated onto cleaned glass sub-
strates, were oxidized in a glom discharge gen-
erated in an atmosphere of about 0. 1 Torr of dry
oxygen for 15 seconds. A five-mil-wide cross-
strip of Sn was then evaporated forming two sam-
ples on each substrate.
The tunneling current versus voltage charac-

teristics were displayed on an X-Y oscilloscope.
A low-impedance source was used to drive the
loop containing the sample and the current-meas-
uring resistor. The latter, and thus the circuit
load line, could be varied, either in calibrated
steps or continuously, from 10 Q to 10000 Q.
The source was either dc, ac, or both in com-
bination. Generally 60-cps ac was used though
other frequencies were employed as desired.

No attempt was made to shield the earth's mag-
netic field. Most data mere taken at about 0.O'K.
The following observations were noted in the

course of experiments with a large number of
tunneling crossings:
1. Using an ac display, Fig. 1 shows for a

typical sample the zero-voltage current pre-
dicted by Josephson and previously observed
with a dc technique by Anderson and Romell.
During each haU-cycle of the sweep, current

FIG. 1. I-V characteristic near origin showing zero-
voltage Josephson current and negative resistance switch-
ing trace. Vertical scale 58. 8 p, V/cm, horizontal scale
13O nA/cm.
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FIG. 3. Micro~ave power at 9300 Mc /sec (A) and 24850
Mc/sec {8)produces many zero-slope regions spaced at
hv/2e or hv je. For A, hv/e =38.5 pV, and for 8, 103
pV. For A, vertical scale is 58.8 pV/cm, horizontal
scale is 67 nA/cm; for I3, vertical scale is 50 pV/cm,
horizontal scale is 50 pA/cm.

pears to be a negative resistance at the origin.
Negative-resistance-like regions occur between
virtually every pair of zero-slope regions. At
power levels of about ten milliwatts, these nega-
tive-resistance-like regions gradually vanish
(the sa.mple can be biased to any voltage), and
the "zero-slope" regions exhibit a finite slope.
Both these high-power effects are probably due
to the superimposed conventional detection proc-
esses associated with the background single-
particle tunneling curve.
3. Similar effects occur at 24000 Mc/sec.

Figure 3 shows the numerous steps at 9300 Mc/
sec (A) and at 24850 Mc/sec (8) which are pres-
ent at intermediate microwave power levels.
Josephson' has already discussed briefly the

effect rf should have on the pair-tunneling super-
current. He predicted the occurrence of zero-
slope regions separated by hv/2e in the I Vch-ar-
acteristic in the presence of the rf field. This
prediction was based on the frequency modulation
by the rf of the ac supercurrents previously re-
ferred to. Our experiments have confirmed this
prediction and represent indirect proof of the
reality of Josephson's ac supercurrent. In ad-
dition, they have brought to light several startling
accompaniments of the Josephson effect, namely,
the instability of the origin; the dc negative re-
sistance at the origin; the noise associated with
the onset of instability; and the periodic change
at a given voltage level, e.g. , at zero voltage,
between stable and unstable as the microwave
power changes.
We gratefully acknowledge the assistance of

Mr. Andre R. Janus and helpful discussions with
Mr. Sandor Holly.

*Supported by the Electronic Technology Laboratory,
Aeronautical Systems Division, U. S. Air Force,
Wright-Patterson Air Force Base, Ohio, under Contract
No. AF33(657)-7915.
~B. D. Josephson, Phys. Letters 1, 251 (1962).
2P. O'. Anderson and J. M. Rowell, Phys. Rev.
Letters 10, 230 (1963).
W. Schonbein and P. H. Smith (private communi-

cation) .

ANOMALOUS SHIFTS IN THE FLUORESCENCE OF MnF, AND KMnF,

W. W. Holloway, Jr. , M. Kestigian, R. Newman, and E. W. Prohofsky
Sperry Rand Research Center, Sudbury, Massachusetts

(Received 31 May 1963)

In this Letter measurements are reported of
large temperature-dependent changes in the fluo-
rescence of MnF, and KMnF, . These changes
take the form of relatively abrupt alterations in
the wavelength and intensity of the fluorescence.
The effects appear to be related to exchange in-
teractions. To our knowledge, they have not been
observed or reported previously. ' We have ob-
served similar effects in KMnCl„' but these ef-
fects were absent in the luminescence of K(Mno o,-
Zno. »)F~~ and MnCl, .'
The fluoride crystals used in these experiments

were grown by the horizontal Bridgman technique
and the temperature gradient method in an HF at-
mosphere. The observations were performed us-
ing a Perkin-Elmer Model 12-C spectrometer.
The crystals were mounted on a copper post in a
metal Dewar provided with windows for optical
access. Separate thermocouples monitored the
temperature of both the post and the sample at-
tached to the post.
The procedure for taking measurements began

with the cooling of the sample by placing liquid
helium in the coolant reservoir of the Dewar. Af-

V̄

I0

ℏω
2e

= 51.5 μV

ω
2π

= 24.850GHzI(t) = I0 + I1 sin(ωt)

Largeur	totale	horizontale	:	0.5	mA,	verticale	0.4	mV

I(t) = I0

I0
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Plan	du	cours

1.	L’effet	Josephson	alternatif

2.	Les	résonances	de	Shapiro

3.	Un	standard	électrique

4.	Résonances	de	Shapiro	pour	des	jonctions	atomiques



Equation	du	mouvement	pour	l’effet	Josephson	alternatif

V0

I(t) = Ic sin(ωt + φ0) ℏω = 2eV0

Générateur	de	tension	“idéal”	(impédance	interne	nulle)
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Expériences	sur	3He	superfluide

Avenel & Varoquaux (1988)

Pereverzev & al.; Nature 388, 449 (1997)  [groupe de R. Packard]
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letters to nature

Quantumoscillationsbetween
twoweaklycoupled
reservoirsof superfluid 3He
S. V. Pereverzev*, A. Loshak, S. Backhaus, J. C. Davis
& R. E. Packard
Physics Department, University of California, Berkeley, California 94720, USA
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Arguments first proposed over thirty years ago, based on funda-
mental quantum-mechanical principles, led to the prediction1–3

that if macroscopic quantum systems are weakly coupled together,
particle currents should oscillate between the two systems. The
conditions for these quantum oscillations to occur are that the
two systemsmust both have a well defined quantum phase, f, and
a different average energy per particle, m: the term ‘weakly
coupled’ means that the wavefunctions describing the systems
must overlap slightly. The frequency of the resulting oscillations is
then given by f = (m2 − m1)/h, where h is Planck’s constant. To date,
the only observed example of this phenomenon is the oscillation
of electric current between two superconductors coupled by a
Josephson tunnelling weak link4. Here we report the observation
of oscillating mass currents between two reservoirs of superfluid
3He, the weak link being provided by an array of submicrometre
apertures in a membrane separating the reservoirs. An applied
pressure difference creates mass-current oscillations, which are
detected as sound in a nearby microphone. The sound frequency
(typically 6,000–200Hz) is precisely proportional to the applied
pressure difference, in accordance with the above equation.
These superfluid quantum oscillations were first detected while
monitoring an amplified microphone signal with the human ear.
The theory underlying the above equation was developed in the

context of generalizing the ideas of Josephson4. He predicted that in
a superconducting tunnel junction, the quantum phase difference,
Df, across the function is related to the electrical current, I, through
it, by the equation

I ¼ Ic sin ðDfÞ ð1Þ

where Ic is the critical current of the junction. The phase difference
evolves in time t according to

!ðDfÞ
!t

¼ !
Dm

ð2Þ

where is Planck’s constant divided by 2p, and Dm is the chemical-
potential5 difference across the junction. For a fixed Dm, Df evolves
in time as Df ¼ !Dmt= , and the corresponding current oscillates
as I ¼ Ic sin ð !Dmt= Þ. The chemical-potential difference (per
Cooper pair) between two superconductors biased at voltage
difference DV is given by Dm ¼ 2eDV where e is the charge on the
electron, and the corresponding Josephson frequency
f j ¼ 2eDV =h ¼ 4:82 " 1014 HzV! 1.
Equations (1) and (2), often called the d.c. and a.c. Josephson

relations respectively, were re-derived in a more general context by
Josephson, Anderson and Feynman1–3 who realized that the equa-
tions were applicable for any two, weakly coupled, phase-coherent
systems. The dramatic aspect of the superconducting case is that the
two coupled systems are macroscopic rather than microscopic.
For several decades physicists have recognized a close analogy

between superconductors and superfluid helium6 in that they are
both systems where a large number of particles occupy a single
coherent quantum state. It has therefore been natural to search for
quantum current oscillations in superfluids. The required condi-

tions for the oscillations to exist in superfluids are that two samples
of superfluid be separated by a region small enough so that the
wavefunctions of each part can weakly penetrate and overlap that of
the other. An example of this would be two reservoirs of superfluid
helium in contact through a small aperture. Both the diameter and
the length of the aperture must be comparable to the superfluid
healing length7. This is the minimum length scale over which the
magnitude of the superfluid wave function is allowed to vary for

* Permanent address: Institute for High Pressure Physics, Russian Academy of Sciences, Russia.

Figure 1 a, Scanningelectronmicrograph of a small area of the array of apertures

in a silicon nitride (SiN) membrane whose thickness is 50nm. It shows the 3-#m

separation between each aperture, and that the aperturediameter is near 100nm.

Larger-area scans showing the whole array confirm that there are 4,225 holes.

Scale bar at bottom,1#m. b, Schematic diagram of the experimental cell. The pill-

box-shaped inner cell consists of an 140-#m-thick aluminium washer, to which

are attached (by epoxy resin) a stiff diaphragm on the lower side, and a very soft

(1140 $ 170Nm! 1) diaphragm on the top. The Si chip, containing the SiN

membrane through which the array of apertures has been etched, is glued in

position (by epoxy resin) over a small hole in the lower membrane. The upper

membrane is metallized on the outside by evaporating a 100-nm layer of Pb, and

then a 20-nm layer of In, onto its surface. It is at the same potential as the Al

washer. About 100#m above the upper membrane is a thin metallized electrode.

Changes in the potential of this electrode relative to the membrane are used to

apply forces to the soft membrane. Approximately 10#m behind this electrode

are the superconducting wires which form the input coil of the d.c. SQUID. This

system is used as the sensitive position sensor. This whole assembly is immersed

in a container of superfluid 3He in contact with a nuclear demagnetization

refrigerator.

Electrode

d.c. SQUID input coil

Soft membrane

Stiff membrane Aluminium
washer

Microaperture array

Si chip attached
to stiff membrane
by epoxy resin

b
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quantum current oscillations in superfluids. The required condi-

tions for the oscillations to exist in superfluids are that two samples
of superfluid be separated by a region small enough so that the
wavefunctions of each part can weakly penetrate and overlap that of
the other. An example of this would be two reservoirs of superfluid
helium in contact through a small aperture. Both the diameter and
the length of the aperture must be comparable to the superfluid
healing length7. This is the minimum length scale over which the
magnitude of the superfluid wave function is allowed to vary for

* Permanent address: Institute for High Pressure Physics, Russian Academy of Sciences, Russia.

Figure 1 a, Scanningelectronmicrograph of a small area of the array of apertures

in a silicon nitride (SiN) membrane whose thickness is 50nm. It shows the 3-#m

separation between each aperture, and that the aperturediameter is near 100nm.

Larger-area scans showing the whole array confirm that there are 4,225 holes.

Scale bar at bottom,1#m. b, Schematic diagram of the experimental cell. The pill-

box-shaped inner cell consists of an 140-#m-thick aluminium washer, to which

are attached (by epoxy resin) a stiff diaphragm on the lower side, and a very soft

(1140 $ 170Nm! 1) diaphragm on the top. The Si chip, containing the SiN

membrane through which the array of apertures has been etched, is glued in

position (by epoxy resin) over a small hole in the lower membrane. The upper

membrane is metallized on the outside by evaporating a 100-nm layer of Pb, and

then a 20-nm layer of In, onto its surface. It is at the same potential as the Al

washer. About 100#m above the upper membrane is a thin metallized electrode.

Changes in the potential of this electrode relative to the membrane are used to

apply forces to the soft membrane. Approximately 10#m behind this electrode

are the superconducting wires which form the input coil of the d.c. SQUID. This

system is used as the sensitive position sensor. This whole assembly is immersed

in a container of superfluid 3He in contact with a nuclear demagnetization

refrigerator.

Electrode

d.c. SQUID input coil

Soft membrane

Stiff membrane Aluminium
washer

Microaperture array

Si chip attached
to stiff membrane
by epoxy resin

b

Une	électrode	déforme	la	paroi	souple

Différence	de	pression	 		 	différence	de	potentiel	ΔP ⇔ V0

65 × 65 trous,	diamètre	100	nm

Courant	oscillant	attendu	à	la	fréquence

ℏω =
m
ρ

ΔP

m = 2mHe ρ = 82 kg/m3
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Expériences	sur	3He	superfluide	(suite)

Pereverzev & al.; Nature 388, 449 (1997)  [groupe de R. Packard]
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Quantumoscillationsbetween
twoweaklycoupled
reservoirsof superfluid 3He
S. V. Pereverzev*, A. Loshak, S. Backhaus, J. C. Davis
& R. E. Packard
Physics Department, University of California, Berkeley, California 94720, USA
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Arguments first proposed over thirty years ago, based on funda-
mental quantum-mechanical principles, led to the prediction1–3

that if macroscopic quantum systems are weakly coupled together,
particle currents should oscillate between the two systems. The
conditions for these quantum oscillations to occur are that the
two systemsmust both have a well defined quantum phase, f, and
a different average energy per particle, m: the term ‘weakly
coupled’ means that the wavefunctions describing the systems
must overlap slightly. The frequency of the resulting oscillations is
then given by f = (m2 − m1)/h, where h is Planck’s constant. To date,
the only observed example of this phenomenon is the oscillation
of electric current between two superconductors coupled by a
Josephson tunnelling weak link4. Here we report the observation
of oscillating mass currents between two reservoirs of superfluid
3He, the weak link being provided by an array of submicrometre
apertures in a membrane separating the reservoirs. An applied
pressure difference creates mass-current oscillations, which are
detected as sound in a nearby microphone. The sound frequency
(typically 6,000–200Hz) is precisely proportional to the applied
pressure difference, in accordance with the above equation.
These superfluid quantum oscillations were first detected while
monitoring an amplified microphone signal with the human ear.
The theory underlying the above equation was developed in the

context of generalizing the ideas of Josephson4. He predicted that in
a superconducting tunnel junction, the quantum phase difference,
Df, across the function is related to the electrical current, I, through
it, by the equation

I ¼ Ic sin ðDfÞ ð1Þ

where Ic is the critical current of the junction. The phase difference
evolves in time t according to

!ðDfÞ
!t

¼ !
Dm

ð2Þ

where is Planck’s constant divided by 2p, and Dm is the chemical-
potential5 difference across the junction. For a fixed Dm, Df evolves
in time as Df ¼ !Dmt= , and the corresponding current oscillates
as I ¼ Ic sin ð !Dmt= Þ. The chemical-potential difference (per
Cooper pair) between two superconductors biased at voltage
difference DV is given by Dm ¼ 2eDV where e is the charge on the
electron, and the corresponding Josephson frequency
f j ¼ 2eDV =h ¼ 4:82 " 1014 HzV! 1.
Equations (1) and (2), often called the d.c. and a.c. Josephson

relations respectively, were re-derived in a more general context by
Josephson, Anderson and Feynman1–3 who realized that the equa-
tions were applicable for any two, weakly coupled, phase-coherent
systems. The dramatic aspect of the superconducting case is that the
two coupled systems are macroscopic rather than microscopic.
For several decades physicists have recognized a close analogy

between superconductors and superfluid helium6 in that they are
both systems where a large number of particles occupy a single
coherent quantum state. It has therefore been natural to search for
quantum current oscillations in superfluids. The required condi-

tions for the oscillations to exist in superfluids are that two samples
of superfluid be separated by a region small enough so that the
wavefunctions of each part can weakly penetrate and overlap that of
the other. An example of this would be two reservoirs of superfluid
helium in contact through a small aperture. Both the diameter and
the length of the aperture must be comparable to the superfluid
healing length7. This is the minimum length scale over which the
magnitude of the superfluid wave function is allowed to vary for
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Figure 1 a, Scanningelectronmicrograph of a small area of the array of apertures

in a silicon nitride (SiN) membrane whose thickness is 50nm. It shows the 3-#m

separation between each aperture, and that the aperturediameter is near 100nm.

Larger-area scans showing the whole array confirm that there are 4,225 holes.

Scale bar at bottom,1#m. b, Schematic diagram of the experimental cell. The pill-

box-shaped inner cell consists of an 140-#m-thick aluminium washer, to which

are attached (by epoxy resin) a stiff diaphragm on the lower side, and a very soft

(1140 $ 170Nm! 1) diaphragm on the top. The Si chip, containing the SiN

membrane through which the array of apertures has been etched, is glued in

position (by epoxy resin) over a small hole in the lower membrane. The upper

membrane is metallized on the outside by evaporating a 100-nm layer of Pb, and

then a 20-nm layer of In, onto its surface. It is at the same potential as the Al

washer. About 100#m above the upper membrane is a thin metallized electrode.

Changes in the potential of this electrode relative to the membrane are used to

apply forces to the soft membrane. Approximately 10#m behind this electrode

are the superconducting wires which form the input coil of the d.c. SQUID. This

system is used as the sensitive position sensor. This whole assembly is immersed

in a container of superfluid 3He in contact with a nuclear demagnetization

refrigerator.
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reasons of energy minimization. We refer to such an aperture as a
weak link.
The equations which are the superfluid equivalent of the super-

conducting Josephson equations, have the same form as equations
(1) and (2). The chemical-potential difference per particle on the
right side of equation (2) becomes DPm=r. Here DP is the pressure
difference across the weak link, r is the liquid density, and m is the
mass of either the 4He atom or twice the 3He atomic mass,
depending on whether one is describing 4He or 3He. (We are
neglecting a small temperature term in the chemical potential
because it is almost negligible in the experiments reported here.)
In equation (1) the current, I, now refers to a mass current rather
than an electric current. The pressure difference should therefore be
accompanied by a mass supercurrent oscillating at the frequency

f ¼
DPm
rh

ð3Þ

which is 69 kHzPa−1 for 4He, and 183.7 kHz Pa−1 for 3He. We
emphasize that this effect does not appear in ordinary fluids, or
even for superfluids flowing through tubes which are not weak links.
In the weak link, the fluid’s response to an applied pressure
difference is not simply to accelerate in proportion to that pressure
gradient, but rather to oscillate in place at a frequency which is
proportional to the pressure difference.
Demonstration of superfluid effects relying on these equations

has been very elusive8. The fundamental problem is that a superfluid
weak link requires an aperture whose dimensions are on the scale of
the superfluid healing length, which is only !0.1 nm for 4He and
!50 nm for 3He. To observe quantum oscillation phenomena one

must first solve two technical problems; the fabrication of such
small structures, and the measurement of the extremely small mass
currents that would flow through such an aperture. Although these
problems are not yet completely solved for 4He (ref. 9), recent
advances have succeeded in both goals for 3He. Micro-fabrication
techniques have led to the development of apertures which are
submicrometre in all three dimensions10. At the same time, dis-
placement transducer development11 (for gravity-wave detection)
has led to technology that enables one to monitor the motion of a
fluid-driving piston12, with sensitivity sufficient to detect the small
currents predicted13–18 in a superfluid weak link. These technical
advances have set the stage for observation of Josephson effects in
3He, and for study of the rich physical phenomena analogous to
those observed in superconductors.
There is already one positive experimental indication19,20 of a 3He

superfluid current–phase relation similar to equation (1). In that
work, the superfluid 3He mass flow was through a single submicro-
metre aperture connected in parallel with a larger tube. The authors
of references 19 and 20 report that, over a limited temperature
range, they can numerically simulate the observed response of their
nonlinear superfluid 3He oscillator, by using equations of motion
that incorporate equations (1) and (2) into the dynamics of the
system.
Encouraged by these reports, we have pursued the development

of a 3He weak link21,22. Our device uses a square array (Fig. 1a) of
4,225 apertures spaced by 3,000 nm. Each aperture is 100 nm in
diameter, in the same 50-nm-thick, silicon nitride membrane10. We
use this 3He weak link in a temperature range where the superfluid
healing length is greater than, or at least comparable to, the aperture
diameter. We designed the array with the hope that the apertures
would act coherently and have no interference between adjacent
apertures, so that the array should behave like a single aperture but
with 4,225 times greater current. One of the significant discoveries
implied by the results reported below is the fact that the array does
indeed behave in this desired manner.
The silicon chip containing the aperture array is placed in the wall

of a pill-box-shaped cell, whose top and bottom surfaces are plastic
membranes (Fig. 1b). The array is located in a lower, stiff membrane
and the position of the upper, soft membrane is monitored with a
sensitive displacement detector which can resolve motion as small
as 10−14mHz−1/2. The upper membrane can be manipulated by the
application of bias voltages between its conducting surface and a
fixed electrode. The cell has an internal volume of !10mm3, and
takes several hours to fill by flow of normal liquid 3He through the
array at temperature near 1 K. This cell is placed in a 3He-filled
enclosure, which is in contact with a nuclear demagnetization
refrigerator capable of cooling the 3He to temperatures well below
its superfluid transition temperature (Tc ¼ 0:929mK).
We apply a step increase in bias potential to the soft membrane,

which pulls it abruptly toward the fixed electrode. This creates a
stepwise change in the pressure difference DP across the array, from
zero initial pressure to a value determined by the applied voltage.
We record the subsequent motion of the membrane’s position, x(t),
as mass flow through the array allows it to relax towards its new
equilibrium position xf, where DP is again zero. The value of
Dx ! xf ! xðtÞ is a measure of the instantaneous pressure across
the aperture. If the aperture array behaves like a quantumweak link,
the relaxing pressure difference DP(t) should be accompanied by
mass-current oscillations within the aperture whose frequency is
determined by equation (3).
A typical flow transient shows a relaxation of x(t) towards

equilibrium. Owing to vibration noise in the displacement trans-
ducer, an oscilloscope trace (of the instantaneous voltage which is
proportional to x) exhibits no remarkable structure suggestive of the
predicted quantum oscillations. But if the electrical output of the
displacement transducer is amplified and connected to audio head-
phones, the listener makes a most remarkable observation. As the
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Figure 2 A graph of the frequency of the quantum oscillation detected at the top

membrane as a function of DP, the pressure difference across the weak-link array.

Data for five different temperature T (0.468, 0.505, 0.543, 0.627, 0.685mK) are

plotted. A line is fitted to all the data points, as shown. The slope of the line is

194 kHzPa−1 with a statistical error of "1 kHzPa−1, and a systematic uncertainty of

"15 kHzPa− 1. The larger systematic error comes from uncertainties in the capa-

citance between the soft membrane and the electrode above it. The excellent

linear relationship between f and DP, and the measured value of the slope (which

is predicted to be 183.7 kHzPa−1), provide a very clear confirmation of equation (3)

over more than two orders of magnitude of pressure. For the data at each

individual temperature, the f versus DP slope has been measured, and the

differences between these measured slopes are #0.5%

ℏω =
m
ρ

ΔP

m = 2mHe ρ = 82 kg/m3

Pente	mesurée	:	194(15)	kHz/Pa

Pente	attendue	:	183.7	kHz/Pa
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Expériences	sur	un	gaz	d’atomes	piégés

Levy et al., Nature 449, 579 (2007)    [groupe de J. Steinhauer]

x x

Gaz	de	105	atomes	de	rubidium,	avec	une	barrière	initialement	décalée	par	rapport	au	centre

On	recentre	la	barrière	en	un	temps	court	(5	à	10	ms),	 
ce	qui	crée	une	différence	significative	de	potentiel	chimique

		 				comparable	à	 			et	Δμ = μ̄a − μ̄b μ̄a, μ̄b ≫ ℏωp = ECEJ

μ̄a
μ̄b

∼ 1 kHz ∼ 100Hz



Expériences	sur	un	gaz	d’atomes	piégés	(suite)

Levy et al., Nature 449, 579 (2007)     
[groupe de J. Steinhauer]

x

μ̄a
μ̄b

• Evolution	des	populations	 	et	 	?Na Nb

	oscillation	à	la	fréquence	∼ Δμ/h

• Validité	de	l’approximation	 	?nEC ≪ Δμ
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Expériences	sur	un	gaz	d’atomes	piégés	(suite)	:	l’autopiégeage

Albiez et al., Phys. Rev. Lett. 95, 010402 (2005)    
[groupe de M. Oberthaler]

Direct Observation of Tunneling and Nonlinear Self-Trapping
in a Single Bosonic Josephson Junction

Michael Albiez,1 Rudolf Gati,1 Jonas Fölling,1 Stefan Hunsmann,1 Matteo Cristiani,2 and Markus K. Oberthaler1

1Kirchhoff-Institut für Physik, Universität Heidelberg, Im Neuenheimer Feld 227, D-69120 Heidelberg, Germany
2CNR-INFM, Dipartimento di Fisica E. Fermi, Università di Pisa, Largo B. Pontecorvo 3, I-56127 Pisa, Italy

(Received 7 December 2004; published 27 June 2005)

We report on the first realization of a single bosonic Josephson junction, implemented by two weakly
linked Bose-Einstein condensates in a double-well potential. In order to fully investigate the nonlinear
tunneling dynamics we measure the density distribution in situ and deduce the evolution of the relative
phase between the two condensates from interference fringes. Our results verify the predicted nonlinear
generalization of tunneling oscillations in superconducting and superfluid Josephson junctions.
Additionally, we confirm a novel nonlinear effect known as macroscopic quantum self-trapping, which
leads to the inhibition of large amplitude tunneling oscillations.

DOI: 10.1103/PhysRevLett.95.010402 PACS numbers: 74.50.+r, 03.75.Lm, 05.45.2a

Tunneling through a barrier is a paradigm of quantum
mechanics and usually takes place on a nanoscopic scale.
A well known phenomenon based on tunneling is the
Josephson effect [1] between two macroscopic phase co-
herent wave functions. This effect has been observed in
different systems such as two superconductors separated
by a thin insulator [2] and two reservoirs of superfluid
helium connected by nanoscopic apertures [3,4]. In this
Letter we report on the first successful implementation of a
bosonic Josephson junction consisting of two weakly
coupled Bose-Einstein condensates in a macroscopic
double-well potential.

In contrast to all hitherto realized Josephson junctions in
superconductors and superfluids, in this new system the
interaction between the tunneling particles plays a crucial
role. This nonlinearity gives rise to new dynamical re-
gimes. Anharmonic Josephson oscillations are predicted
[5–7] if the initial population imbalance of the two wells is
below a critical value. The dynamics changes drastically
for initial population differences above the threshold of
macroscopic quantum self-trapping [8–10] where large
amplitude Josephson oscillations are inhibited. The two
different dynamical regimes have been experimentally in-
vestigated in the context of Josephson junction arrays [11–
13]. However, the small periodicity of the optical lattice
does not allow to resolve individual wells and thus the
dynamics between neighboring sites. Our experimental
implementation of a single weak link makes it possible
for the first time to directly observe the density distribution
of the tunneling particles in situ. Furthermore we measure
the evolution of the relative quantum mechanical phase
between both condensates by means of interference [14].

The experimentally observed time evolution of the
atomic density distribution in a symmetric bosonic
Josephson junction is shown in Fig. 1 for two different
initial population imbalances (depicted in the top graphs).
In Fig. 1(a) the initial population difference between the
two wells is chosen to be well below the self-trapping

threshold. Clearly nonlinear Josephson oscillations are
observed; i.e., the atoms tunnel right and left over time.
The period of the observed oscillation is 40(2) ms which is
much shorter than the tunneling period of approximately

FIG. 1 (color). Observation of the tunneling dynamics of two
weakly linked Bose-Einstein condensates in a symmetric
double-well potential as indicated in the schematics. The time
evolution of the population of the left and right potential well is
directly visible in the absorption images (19:4 !m! 10:2 !m).
The distance between the two wave packets is increased to
6:7 !m for imaging (see text). (a) Josephson oscillations are
observed when the initial population difference is chosen to be
below the critical value zC. (b) In the case of an initial population
difference greater than the critical value the population in the
potential minima is nearly stationary. This phenomenon is
known as macroscopic quantum self-trapping.

PRL 95, 010402 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
1 JULY 2005

0031-9007=05=95(1)=010402(4)$23.00 010402-1  2005 The American Physical Society

Condensat	de	 	atomes	de	rubidium∼ 1000

Plasma	oscillations Self-trapping

Dans	le	régime	d’autopiégeage,	la	fréquence	des	oscillations	
était	trop	élevée	pour	être	résolue	expérimentalement
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Plan	du	cours

1.	L’effet	Josephson	alternatif

2.	Les	résonances	de	Shapiro

3.	Un	standard	électrique

4.	Résonances	de	Shapiro	pour	des	jonctions	atomiques
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Un	élément	de	l’article	de	Josephson

'Volume 1, nur~be, r 7 PHYSICS L E T T E R S  1 July 1932 

P O S S I B L E  N E W  E F F E C ' F 3  IN S U P E R C O N D U C T I V E  T U N N E L L I N G  * 

B. D. JOSEPHSON 
Cave~dish Laboratory, Cambridge. England 

Received 8 June 19~2 

We fiere present an approach to the calculation 
of tunnelling currents between two meta ls  that is 
sufficiently general to deal with the case when both 
metals are  superconducting. In that case new ef- 
fects are predtoted~ due to the possibi l i ty  that e~ec- 
tron pa i rs  may tunnel through the ba r r i e r  leaving 
the q~mst-particle dlstrtDution unchanged, 

Our proceaure,  following ttmt of Cohen et aL 1), 
i s  to tre~t the te rm in the Hamlltonian which t r ans -  
f e r s  electrons across  the ba r r i e r  as  a perturbation. 
W~ sssume that in Lhe absence of the t ransfer  t e rm 
there exist  quasi -par t ic le  operators  of definite 
energies~ whose corresponding nunther operators  
are  constant. 

A difficulty, due to the fact that we have a sys- 
tem containing two disjoint  superconducting r e -  
gions, a r i s e s  if we t ry  to describe quas i -par t ic les  
by the usual t~goliubov operators  2). This is  be- 
cause s ta tes  defined as eigeafanetions of the Bogo- 
tinbev quasi -par t ic le  musher  operators  contain 
phase-coherent superposit ions of states with the 
same total number of electrons but different num- 
bers  in the two regions. However, if the regions 
are  independent these s ta tes  must  be capable of 
s-uperpoeit~on with a rb i t ra ry  phases. On switehthg- 
on the t ransfer  ~erm the par t icular  phases chosen 
will  affect the predicted tunnelling current.  This 
beh~viour i s  of fundamental importance to the a r -  
gum ,nt that follows. The neglect, in the quasi-  
p~rdele  approximation, of the collective excitations 
of zero energy 3) results in au unphysical restric- 
tion in th~ free choice of phases, but may be avoid- 
ed by working with the projected states with definite 
munbers of electrons ~n both sides of th_ barrier. 
Corresponding to these projections we use opera-  
tors  which a l te r  ~ e  nmnbers of electrons on the 
two sides by definite v~m~ers **. /n par~icalar,  
corresponding to the BogoItabov operators e~ we 

• . + ~. 
use quasi-partv)le ereafmn operators  %k, ahk 
which respectively add or remove an electron from 
~he same side as  i"-, quasi-r~r~icle and leave the 

* Work suppor~d by Trinity College, Cmnbrldge, ,and the 
Department of Scientific and h~dustrial Research. 

** We shal~ use subscripts 1 and r to distinguish n i t re -  
tots on the two sides, and k to denote an operator re- 
ferring fx) either s~de. 

number on the other sid¢~ unchanged, and pair crea- 
tion operators S~ f which add a palr of electrons on 
one side leaving the quasl-particle dls~rlbuflon un- 
clmnged. The Hermitean conjugate destruction 
operators  have s imi l a r  definitions. The S epera-  
to r s ,  re fe r r ing  to maeroseopieally occupied states,  
may be treated as  th'ne dependent c-numbers t *  
and we normal ise  them to have unit amplitude, tye- 
lations expressing electron operators  in t e rms  o~ 
q ~ s i - p a r t i c l e  opera',ors, equal-Vhne anticommuta- 
t i e s  relat ions and nu.rnber operator  relat ions may 
be derived from those of the Boguliubov theory by 
requir ing beth sides of the equations to have the 
same effect on N l and Nr,  the numbers of electrons 
on the two s ides  of the bar r ie r .  For  example, 

a~;, + + =U kaek  O + v  k a h k l ,  a e k a e k = n  k ,  (1) 
+ = S~ n k . % k ahl~ 

Noting that the Bogo~ubev Hamiltontan is H - rtN 
(~ = chemical potential), we take our unperturbed 
Hamiltonlml to be 

HO = ~k nk Ek ÷ Xt N~ + kr  Nr  , 

where Ek is the quasl-particle energy in the Bogo ~ 
linbev the~ "ry, and deri~'e the commutation rela- 
tlons 

[no,~] ~ ( %  - x~) ~ ,  (~) 
4- 

[ao ,S~]  ~ 2 x~ se. 
In the presence of ~unnelllng the Hamlltonla~, Is 
H e + HT, where H T exiJressed in electron opera- 
~ors is 

f These are equivalent ~ the operators which cbm~ge 1/~ 
to IN + 2) In ~e theory of Gor'kov 4): 

ff Cf. N.N. Bogoltubov ~t el. ~'). The phase of an3 oper~- 
tor Is related to t ~  orientation of th e plume eor~nir~ 
the pseudospin ~rators ~.. Physical ob~ervable~ 
~.aanot depe~A on the phase of s single S operatol~, but 
they can depend on the r~atlve phases of the S opera-- 
tors associated with two sup~roonductin~ regions, as 
In the phenomena dealt with here• 

25 i 

Vtot(t) = V + V1 sin(2πνt)

2eV = n hν

n integer
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Modulation	du	courant	ou	de	la	tension	d’une	jonction	supraconductrice

Fréquence	typique	de	la	modulation	:	10	à	100	GHz			(comparable	ou	supérieur	à	la	fréquence	plasma)

En	pratique,	on	irradie	la	jonction	avec	un	rayonnement	microonde		 		modulation	en	intensité→

Analyse	dans	le	cadre	du	modèle	RCSJ

On	commence	par	le	modèle	plus	simple	d’une	modulation	en	tension,	fournie	un	générateur	“idéal”

V(t) = V0 + V1 sin(ωt)

Nécessite	un	traitement	numérique



V(t) = V0 + V1 sin(ωt)

Quelle	est	l’intensité	moyenne	 	circulant	dans	la	jonction	?Ī

V0

Ī?

Générateur	de	tension	idéal	:	

Ic sin'

R

C
a b

I I

V(t)

e−iλ cos(ωt) =
+∞

∑
n=−∞

(−i)n Jn(λ) e−inωt
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Diode	modulée	en	courant	(modèle	RCSJ)

Il	faut	résoudre	l’équation	d’évolution						 						avec					I(t) = Ic sin φ +
ℏ

2eR
·φ +

ℏC
2e

··φ I(t) = I0 + I1 sin(ωt)

Combien	de	paramètres	?

Même	choix	d’unités	sans	dimension	que	précédemment	: i0 =
I0

Ic
i1 =

I1

Ic

• 	unité	de	temps	:	t0 =
ℏ

2eRIc
τ =

t
t0

ω̃ = ωt0

• paramètre	de	Stewart-McCumber	:			βc =
2eIcR2C

ℏ

i0 + i1 sin(ω̃τ) = sin φ +
dφ
dτ

+ βc
d2φ
dτ2 4	paramètres	sans	dimension	:	i0, i1, ω̃, βc

Caractéristique	courant-tension	:						 					en	fonction	de			V(t) =
ℏ
2e

·φ I(t) = I0
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Caractéristique	courant-tension

Caractéristique	courant-tension	:						 					en	fonction	de			V(t) =
ℏ
2e

·φ
I(t)
Ic

= i0

i0 + i1 sin(ω̃τ) = sin φ +
dφ
dτ

+ βc
d2φ
dτ2

Un	premier	exemple	:			 										 														i1 ≡
I1

Ic
= 1 ω̃ ≡ ωt0 = 0.5 βc = 1
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V̄
RIc

�2 �1 0 1 2
�2

�1
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1
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V̄ /RIc
V̄

RIc

I0/Ic

à	comparer	au	cas	
sans	modulation:	

2eV̄ = nℏω

Evolution	de	la	phase	 	?								φ V(t) =
ω
2π ∫

2π/ω

0
V(t) dt =

ω
2π

ℏ
2e ∫

2π/ω

0

·φ(t) dt

La	phase	 	est	verrouillée	sur	la	modulation	et	augmente	de	 	par	périodeφ 2nπ

=
ℏω
2e

Δφ
2π

⇒
Δφ
2π

= n

I0/Ic
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Caractéristiques	courant-tension	(suite)

On	choisit	 			(effets	résistifs	faibles)			et			βc = 10 i1 ≡
I1

Ic
= 3 �2 �1 0 1 2

�2

�1

0

1

2

I0/Ic

V̄ /RIc

�2 �1 0 1 2
�2

�1

0

1

2

I0/Ic

V̄ /RIc

�2 �1 0 1 2
�2

�1

0

1

2

I0/Ic

ω̃ = 0.2 ω̃ = 0.5

Possibilité	d’observer	un	comportement	chaotique,	plusieurs	branches	d’hystérésis
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Plan	du	cours

1.	L’effet	Josephson	alternatif

2.	Les	résonances	de	Shapiro

3.	Un	standard	électrique

4.	Résonances	de	Shapiro	pour	des	jonctions	atomiques

Le	Volt	Josephson
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Une	révolution	pour	les	mesures	électriques

cadmium	+	mercure

à	partir	de	1911,	la	pile	Weston

1.018638	V			@		20°C

wikipedia
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Experimenta1 Test of the Josephson Frequency-Voltage Relation*f
D. N. LANGENBERG, W. H. PARKER, AND B. N. TAYLOR1

Departraerst of Physics and Laboratory for Research ol the Strgctare of 3fatter,
Ursieersity of Pertrtsyloarsia, Philadelphia, Pertlsylvartsa

(Received 31 May 1966)

The Josephson frequency-voltage relation in superconduction's v=2eV/b has been tested by measuring
frequency-voltage ratios in Josephson junctions using three different Josephson-effect phenomena: (1)
microwave emission from evaporated-Glm tunnel junctions, (2) microwave-induced quantum voltages in
evaporated-Glm tunnel junctions, and (3) microwave-induced current steps in the I-V characteristics of
evaporated-Glm tunnel junctions and of "weak-link" point-contact junctions. The use of the "harmonic
sects" associated with each phenomenon to increase the accuracy of measurement, and the factors limiting
the accuracy in each case, are discussed. The measured frequency-voltage ratios for the three methods were
the same to within their respective experimental eirors. The highest accuracy was obtained using microwave-
induced current steps. The measured frequency-voltage ratio in this case was equal to the currently accepted
value of 2e/ts to within an experimental accuracy of 0.006% (60 ppm). The frequency-voltage ratio was
also found to be independent of the type of junction used, temperature, magnetic field, harmonic number,
voltage polarity, microwave. power, and frequency to within the 10-ppm precision of the measurements.

~ 'HERE now exists a considerable body of experi-
mental and theoretical information about phe-

nomena which are direct consequences of long-range
order and macroscopic quantization in super Ruids. For
superconductors, these phenomena include the quanti-
zation of magnetic flux and the dc and ac Josephson
effects. (Analogous effects are also observed in super-
fluid helium. ) The existence of these phenomena can be
shown theoretically to follow quite simply and generally
from assumptions of long-range order and macroscopic
quantization, independent of any microscopic model of
the superfluid. ' ' In the case of the ac Josephson effect,
the theory predicts the existence of an ac supercurrent
between two weakly coupled superconductors main-
tained at a potential difference V, with a frequency v

given by the Josephson frequency-voltage relation
r=e*V/h, where h is Planck's constant and e* is the
charge of the "particle" which carries the supercurrent. '
A connection with the microscopic theory is normally
made by taking e* to be 2e, the charge of the Cooper
pair. This choice has some experimental support: the
quantum of magnetic Aux has been shown to be equal
to the theoretically predicted value hc/2e to within 3%%u~'

and studies of the radiation emitted by the ac super-
currents in tunnel junctions have shown that the fre-
quency-voltage ratio is 2e/h to an accuracy of about

*A contribution from the Laboratory for Research on the
Structure of Matter, University of Pennsylvania, covering research
sponsored by the Advanced Research Projects Agency and the
National Science Foundation.
f For a preliminary account of this work, see B.N. Taylor, D. N.

Langenberg, and W. H. Parker, Bull. Am. Phys. Soc. 11, 191
(1966).
f Present address: RCA Laboratories, Princeton, New Jersey.' P. W. Anderson, Rev. Mod. Phys. 38, 298 (1966).' J. Bardeen, in Quantum Theory of Atoms, 3folecules, and the

Solid State, edited by P. Lowdin (Academic Press Inc., New York,
1966, to be published).'S. D. Josephson, Phys. Letters 1, 251 (1962); Advan. Phys.
14, 419 (1965).

4 A. L. Kwiram and S. S. Deaver, Jr., Phys. Rev. Letters 13,
189 (1964).

1%.' However, experiments of the latter type have a
potential accuracy considerably greater than 1%%u&. Be-
cause of the fundamental part played by the Josephson
frequency-voltage relation in the present general picture
of superconductivity, we felt it was important to make
full use of this potential to test the relation as rigorously
as possible. In this paper, we report the results of such
a test. Ke find that within our present experimental
accuracy of 0.006% (60 ppm), the Josephson frequency-
voltage ratio is indeed equal to 2e/h, and thatw, ithin
the 10 ppm precision of the measurements, the ratio is
independent of all experimental parameters checked.
Three similar but operationally different experi-

mental methods can be used to measure the Josephson
frequency-voltage ratio; they are discussed in some
detail below. In each case it is necessary to make an
absolute measurement of a dc potential diRerence be-
tween two weakly coupled superconductors and a micro-
wave frequency. In the present experiments the micro-
wave frequency was in X band (8.0—12.4 0Hz) and was
easily measured to an accuracy of better than 10 ppm
using a Hewlett-Packard frequency counter and micro-
wave-transfer oscillator. The over-all accuracy of the
results was limited solely by the accuracy of the voltage
measurements. The factors determining this accuracy
were the calibration of the potentiometer and standard
cell used, the stability of the voltage to be measured,
and the presence of spurious voltages in the measuring
circuit (e.g., thermoelectric voltages). Such spurious
voltages are usually a serious source of difliculty in
accurate measurements of small dc voltages, but pose
no serious problem in our experiments because of a
unique property of Josephson junctions, the dc Joseph-
son eRect. This eRect provides a zero reference voltage
at the junction when the junction is operating in the

5 D. N. Langenberg, D. J. Scalapino, B.N. Taylor, and R. E.
Eck, Phys. Rev. Letters 15, 294 (1965); 15, 842(E) (1965);
D. N. Langenberg, D. J. Scalapino, and B.N. Taylor, Proc. IREE
54, 560
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EXPERIMENTAL COMPARISON OF THE JOSEPHSON VOLTAGE-FREQUENCY RELATION
IN DIFFERENT SUPERCONDUCTORS*

John Clarke
Inorganic Materials Research Division, Lawrence Radiation Laboratory and Department of Physics,

University of California, Berkeley, California 94720
(Received 8 July 1968; revised manuscript received 14 October 1968)

Using the ac Josephson effect we have demonstrated experimentally that 28/h is identi-
cal in lead, tin, and indium to within 1 part in 10 .

V =nb v/2e, (2)

n (the order of the step) being an integer. In the
more general case of a metallic bridge or point
contact, subharmonic steps may also be observed.
By irradiating junctions at a known frequency

and measuring the voltages at which the resul-
tant steps occur, Parker, Taylor, and Langen-
berg ~' have deduced an absolute value of e/h
with a precision of 6 parts in 10 . This result,
provided it contains no unsuspected systematic
error, resolves a major difficulty in modern
quantum electrodynamics, namely the discrep-
ancy between the theoretical and experimental
values of the hyperfine splitting of atomic hydro-
gen. In addition, the method provides a simple
and accurate means of comparing and maintain-
ing standards of electromotive force. ' Conse-
quently it is of importance to establish Eq. (2) as
an exact universal relation which is independent
of the superconductors used and the conditions
under which the experiment is performed. Park-
er, Taylor, and I angenberg showed that this was
so to within 2 parts in 10'. The present experi-
ments, although of low absolute accuracy, dern-
onstrate that the voltage-frequency relation is
identical in different materials to 1 part in 10'.
The principle of the experiment is to apply the

Josephson' showed that when two weakly cou-
pled superconductors are biased at a voltage V,
an alternating supercurrent of frequency

v =2eV/&

flows between them, e being the electronic
charge and A Planck's constant. The effect of
electromagnetic radiation of frequency v upon a
Josephson junction or weak link is to induce
time-independent constant-voltage current steps~
on the current-voltage characteristic. In the
case of a pure Josephson junction in which the
current through the barrier is related to the dif-
ference in the phase of the order parameter (q)
across it by the relation' j =j, sing, the voltage
at which the steps appear is given by

Lead

0
0

I

IO
Current (mA}

FIG. 1. (a) Lead-copper-lead junction configuration.
(b) The current-voltage characteristic of a lead-cop-
per-lead junction at 4.2'K irradiated at a frequency of
250 kHz.

same radiation to two junctions of dissimilar
materials and bias each on the induced step of
the same order n: By directly comparing the
voltages across the two junctions, one may make
a very precise differential measurement.
In contrast to the insulating barriers or point

contacts used in previous experiments, the pres-
ent junctions consisted of a normal-metal bar-
rier sandwiched between two superconductors. '
The junctions were made by evaporating succes-
sively onto a glass substrate a strip of supercon-
ductor (lead, tin, or indium), a disk of normal
metal (usually copper), and finally a second
strip of superconductor at right angles to the
first [see Fig. 1(a)j. The superconductors were
about 0.2 mm wide and 5000 A thick; the copper
was typically 10000 A thick. The current-volt-
age characteristics of these sandwiches were
studied in the four-terminal arrangement shown.
It was observed that the junctions sustained a
supercurrent up to a certain critical value, above
which a voltage appeared, rising smoothly to a
linear dependence on current. Because of the
very low electrical resistance of the copper bar-
rier, typically 10 ' 0, the voltages developed
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Abstract 
This paper describes in detail the procedures, methods and 

measurements used to  establish a new definition of the U.S. 
legal volt via the ac Josephson effect. This new definition has 
been made possible by the use of thin film tunnel junctions 
(capable of producing 10 mV outputs) and high accuracy 
voltage comparators. The Josephson junction is used as a 
precise frequency-to-voltage converter with a conversion 
factor equal to 2e/h. A series of measurements of 2e/h has been 
carried out a t  NBS referenced to the as-maintained unit of 
emf based on a large group of standard cells. Measurements 
made a t  regular intervals over a one year period (1971 to 1972) 
indicate that the mean emf of this group of standard cells has 
decreased about 4 parts in IO'. Primarily to remove the effects 
of this drifc, on July 1, 1972 a new as-maintained unit was 
defined by choosing a value of 2e/h consistent with the existing 
unit of emf. The adopted value of 2e/h is 483593.420 GHZ/VNBS. 
The precision (one standard deviation) with which the new 
unit of emf can be maintained with the present techniques 
and apparatus is about 2 parts in IO8. The accuracy of the 
present system is estimated to  be 4 parts in IO8. Comparisons 
of 2e/h systems a t  different national laboratories have been 
limited by uncertainties associated with the physical transfer 
of standard cells. I n  order to determine the relative agreement 
of the various 2e/h systems with precision better than 1 or 
2 parts in IO', it  appears desirable to compare 2e/h systems 
directly by transporting one of them. 

1. Introduction 
The ac Josephson effect has made possible the 

realization of a new voltage maintenance standard a t  
the Xational Bureau of Standards. Critical to this 
realization is the role played by a Josephson junction 
which may be regarded here as a frequency-to-voltage 
converter, where the frequency-to-voltage ratio is 
precisely equal to the combination of physical con- 
stants 2elh (e  is the electron charge and h is Planck's 
constant). A variety of experimental tests (for mate- 
rial dependence, temperature dependence etc.) [I-51 
and theoretical investigations [6-91 of the Josephson 
relation have been made which indicate that for 
ordinary Josephson devices (particularly tunnel junc- 
tions) with conventional current-voltage lead con- 
figurations the ratio is exact to a t  least a few parts 
in 108. However, further experimental investigation 
of this question appears desirable. 

Since the first high precision measurements of 
2e/h by Parker, Taylor and Langenberg [ I O ] ,  the 
potential significance of a precision voltage standard 
based on 2e/h has been recognized throughout the 
world [ I ,  2, 11-14]. It was first demonstrated by 
Finnegan, Denenstein, and Langenberg (FDL) that 
standard cells could be maintained with a precision 
of io-' via a Josephson 2elh apparatus over extended 
periods of time (5  months) [ I ] .  Establishing a unit of 

* Contribution of the National Bureau of Standards. Not 
subject to copyright. 

emf based on a fundamental physical phenomenon 
such as the ac Josephson effect removes many of the 
inherent difficulties in using a large group of standard 
cells to maintain a unit of emf. One of the most im- 
portant of these difficulties is the gradual long term 
drift characteristic of the emf's of standard cells. 

In  this paper we present a detailed account of the 
experiments involved in establishing a working Jo- 
sephson-effect voltage maintenance standard a t  NBS. 
Much of the apparatus and procedures are essentially 
identical with those described by FDL [i] .  Section I1 
contains a description of the Josephson devices and 
their performance. In  Section 111, we briefly describe 
the microwave and Josephson-device bias equipment. 
Section IV contains descriptions of the two dc voltage 
comparators including estimates of their respective 
accuracies. The experimental procedures used to 
compare a standard cell with the Josephson voltage 
are described in Section V. This section also contains 
2elh data for a local group of standard cells. In  Sec- 
tion VI, the history of the NBS voltage maintenance 
and dissemination program based on standard cells is 
briefly reviewed. Section VI1 contains the NBS 2elh 
results including a discussion of the overall experi- 
mental uncertainties. A comparison of recent (1971 
to 1972) values of 2elh is presented in Section VIII. 
Finally in Section IX,  the procedures used for the 
NBS voltage maintenance standard based on 2e/h are 
outlined and its current precision noted. 

2. Josephson Device Fabrication and Performance 
All of the 2e/h measurements made at  NBS have 

utilized resonant thin-film tunnel junctions. These 
junctions are more difficult to manufacture than 
point-contact junctions, and couple to the microwave 
power only over a limited frequency range ; however, 
they can be used to achieve higher step voltages. The 
ability to use higher dc voltages is a significant ad- 
vantage since it minimizes the effect of thermal emf's 
generated in the cryostat and the junction voltage 
measuring leads, and requires less sensitivity in the 
voltage null detector. Furthermore, thin-film junc- 
tions are permanent structures which require no 
mechanical adjustment before each experiment nor 
periodic cleaning and reconditioning. 

The junctions we have used are of cross-type 
geometry with four junctions deposited on a single 
2.54 cm square glass substrate, as shown in Fig. 1. 
The dimensions of the junctions are approximately 
1 mm by 0.3 mm with the films approximately 150 nm 
(1500 8) thick. This geometric structure has a reso- 
nance frequency at  about 9 GHz. The junctions used 
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been made possible by the use of thin film tunnel junctions 
(capable of producing 10 mV outputs) and high accuracy 
voltage comparators. The Josephson junction is used as a 
precise frequency-to-voltage converter with a conversion 
factor equal to 2e/h. A series of measurements of 2e/h has been 
carried out a t  NBS referenced to the as-maintained unit of 
emf based on a large group of standard cells. Measurements 
made a t  regular intervals over a one year period (1971 to 1972) 
indicate that the mean emf of this group of standard cells has 
decreased about 4 parts in IO'. Primarily to remove the effects 
of this drifc, on July 1, 1972 a new as-maintained unit was 
defined by choosing a value of 2e/h consistent with the existing 
unit of emf. The adopted value of 2e/h is 483593.420 GHZ/VNBS. 
The precision (one standard deviation) with which the new 
unit of emf can be maintained with the present techniques 
and apparatus is about 2 parts in IO8. The accuracy of the 
present system is estimated to  be 4 parts in IO8. Comparisons 
of 2e/h systems a t  different national laboratories have been 
limited by uncertainties associated with the physical transfer 
of standard cells. I n  order to determine the relative agreement 
of the various 2e/h systems with precision better than 1 or 
2 parts in IO', it  appears desirable to compare 2e/h systems 
directly by transporting one of them. 

1. Introduction 
The ac Josephson effect has made possible the 

realization of a new voltage maintenance standard a t  
the Xational Bureau of Standards. Critical to this 
realization is the role played by a Josephson junction 
which may be regarded here as a frequency-to-voltage 
converter, where the frequency-to-voltage ratio is 
precisely equal to the combination of physical con- 
stants 2elh (e  is the electron charge and h is Planck's 
constant). A variety of experimental tests (for mate- 
rial dependence, temperature dependence etc.) [I-51 
and theoretical investigations [6-91 of the Josephson 
relation have been made which indicate that for 
ordinary Josephson devices (particularly tunnel junc- 
tions) with conventional current-voltage lead con- 
figurations the ratio is exact to a t  least a few parts 
in 108. However, further experimental investigation 
of this question appears desirable. 

Since the first high precision measurements of 
2e/h by Parker, Taylor and Langenberg [ I O ] ,  the 
potential significance of a precision voltage standard 
based on 2e/h has been recognized throughout the 
world [ I ,  2, 11-14]. It was first demonstrated by 
Finnegan, Denenstein, and Langenberg (FDL) that 
standard cells could be maintained with a precision 
of io-' via a Josephson 2elh apparatus over extended 
periods of time (5  months) [ I ] .  Establishing a unit of 
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emf based on a fundamental physical phenomenon 
such as the ac Josephson effect removes many of the 
inherent difficulties in using a large group of standard 
cells to maintain a unit of emf. One of the most im- 
portant of these difficulties is the gradual long term 
drift characteristic of the emf's of standard cells. 

In  this paper we present a detailed account of the 
experiments involved in establishing a working Jo- 
sephson-effect voltage maintenance standard a t  NBS. 
Much of the apparatus and procedures are essentially 
identical with those described by FDL [i] .  Section I1 
contains a description of the Josephson devices and 
their performance. In  Section 111, we briefly describe 
the microwave and Josephson-device bias equipment. 
Section IV contains descriptions of the two dc voltage 
comparators including estimates of their respective 
accuracies. The experimental procedures used to 
compare a standard cell with the Josephson voltage 
are described in Section V. This section also contains 
2elh data for a local group of standard cells. In  Sec- 
tion VI, the history of the NBS voltage maintenance 
and dissemination program based on standard cells is 
briefly reviewed. Section VI1 contains the NBS 2elh 
results including a discussion of the overall experi- 
mental uncertainties. A comparison of recent (1971 
to 1972) values of 2elh is presented in Section VIII. 
Finally in Section IX,  the procedures used for the 
NBS voltage maintenance standard based on 2e/h are 
outlined and its current precision noted. 

2. Josephson Device Fabrication and Performance 
All of the 2e/h measurements made at  NBS have 

utilized resonant thin-film tunnel junctions. These 
junctions are more difficult to manufacture than 
point-contact junctions, and couple to the microwave 
power only over a limited frequency range ; however, 
they can be used to achieve higher step voltages. The 
ability to use higher dc voltages is a significant ad- 
vantage since it minimizes the effect of thermal emf's 
generated in the cryostat and the junction voltage 
measuring leads, and requires less sensitivity in the 
voltage null detector. Furthermore, thin-film junc- 
tions are permanent structures which require no 
mechanical adjustment before each experiment nor 
periodic cleaning and reconditioning. 

The junctions we have used are of cross-type 
geometry with four junctions deposited on a single 
2.54 cm square glass substrate, as shown in Fig. 1. 
The dimensions of the junctions are approximately 
1 mm by 0.3 mm with the films approximately 150 nm 
(1500 8) thick. This geometric structure has a reso- 
nance frequency at  about 9 GHz. The junctions used 
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High-Precision Test of the Universality of the Josephson Voltage-Frequency Relation
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The Josephson voltage-frequency relation has been compared between two quite differ-
ent (and nonideal) types of Josephson junctions —an indium microbridge and a planar nor
mal-metal barrier junction of niobium with a copper normal region. It is found that the
constant of proportionality between voltage and frequency is the same in both the junc-
tions to at least 2 parts in 10'6.

PACS numbers: 74.50.+r, 06.20.Hq

The equations governing the behavior of two
superconductors coupled by a weak link, or
Josephson junction, were first obtained by
Josephson' for the case of an oxide barrier junc-
tion. One of these equations,

V' =(h/2e)v,
relates the electrochemical potential difference
of the pairs across the junction to the frequency v
of current oscillations through it. This equation
has been shown to be independent~o a high
degree- --of both the type and materials of the
weak links and superconductors comprising the
junction. ' ' While several authors" have pro-
posed possible corrections to the Josephson volt-
age-frequency relation, it has been argued on
very fundamental grounds that Eq. (1) must be ex-
act,"i.e., if we rewrite Eq (1) as.V K(h/2e)v,
K =1. Thus any evidence that K is not identical
for all types of Josephson junctions could cause
a fundamental change in our understanding of
their behavior.
In addition to our understanding of the Joseph-

son effect itself, the universal nature of Eq. (1)
has important consequences for such problems
as the determination of the fine-structure con-
stant and related tests of QED"" and for the
maintenance of the voltage standard. "'" A num-
ber of experiments have tested the universality
of E, with the most recent reports establishing
that K is the same to about one part in 10' among
the various junctions tested. ' ' The purpose of
this Letter is to report a substantial increase in
the precision with which the universality of E
has been established through a sensitive compari-
son of the voltages across two junctions phase
locked to a common microwave source.
The method used for this comparison is simi-

lar to that introduced by Clarke' to establish the
universality of Eq. (1) at the level of one part in
10'. The schematics of the measurement system
are shown in Fig. 1. Here the two junctions are

connected by superconducting films to form a
loop of inductance L, . The current in this loop is
monitored by inductive coupling through a dc flux
transformer to a commerical rf SQUID. When
the junctions are biased on the mth-order micro-
wave-induced step, any difference 4V in the dc

(a)

MICROWAVE TI n' POWER
SOURCE V V SPLITTER

(9
JUNCTION
LOOP
L

TO RF
SQUID

L'-,

I I' J
rn x~

Nb

I I

X m

(c)

pressed contacts

superconduc ting f i lm

FIG. 1. Circuit and layout of measurement system.
The crosses denote the junctions. (a) Schematic of
circuit showing the superconducting loop of inductanceI containing the junctions. 'The persistent current in
this loop is monitored with the rf SQUID through the
dc flux transformer &. (b) Layout of superconducting
loop L—edge view. (Note that the vertical scale is ex-
aggerated. ) Junctions are located on separate sapphire
substrates with separate microwave contacts (indicated
by ~). Superconducting contacts between the main
parts of the loop and the junction substrates and niobium
transformer block (Nb) are made with use of pressed
lead foil as shown. (c) Surface view of loop showing
the layout of the superconducting films comprising it.
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FIG. 3. Micro~ave power at 9300 Mc /sec (A) and 24850
Mc/sec {8)produces many zero-slope regions spaced at
hv/2e or hv je. For A, hv/e =38.5 pV, and for 8, 103
pV. For A, vertical scale is 58.8 pV/cm, horizontal
scale is 67 nA/cm; for I3, vertical scale is 50 pV/cm,
horizontal scale is 50 pA/cm.

pears to be a negative resistance at the origin.
Negative-resistance-like regions occur between
virtually every pair of zero-slope regions. At
power levels of about ten milliwatts, these nega-
tive-resistance-like regions gradually vanish
(the sa.mple can be biased to any voltage), and
the "zero-slope" regions exhibit a finite slope.
Both these high-power effects are probably due
to the superimposed conventional detection proc-
esses associated with the background single-
particle tunneling curve.
3. Similar effects occur at 24000 Mc/sec.

Figure 3 shows the numerous steps at 9300 Mc/
sec (A) and at 24850 Mc/sec (8) which are pres-
ent at intermediate microwave power levels.
Josephson' has already discussed briefly the

effect rf should have on the pair-tunneling super-
current. He predicted the occurrence of zero-
slope regions separated by hv/2e in the I Vch-ar-
acteristic in the presence of the rf field. This
prediction was based on the frequency modulation
by the rf of the ac supercurrents previously re-
ferred to. Our experiments have confirmed this
prediction and represent indirect proof of the
reality of Josephson's ac supercurrent. In ad-
dition, they have brought to light several startling
accompaniments of the Josephson effect, namely,
the instability of the origin; the dc negative re-
sistance at the origin; the noise associated with
the onset of instability; and the periodic change
at a given voltage level, e.g. , at zero voltage,
between stable and unstable as the microwave
power changes.
We gratefully acknowledge the assistance of

Mr. Andre R. Janus and helpful discussions with
Mr. Sandor Holly.
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ANOMALOUS SHIFTS IN THE FLUORESCENCE OF MnF, AND KMnF,
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In this Letter measurements are reported of
large temperature-dependent changes in the fluo-
rescence of MnF, and KMnF, . These changes
take the form of relatively abrupt alterations in
the wavelength and intensity of the fluorescence.
The effects appear to be related to exchange in-
teractions. To our knowledge, they have not been
observed or reported previously. ' We have ob-
served similar effects in KMnCl„' but these ef-
fects were absent in the luminescence of K(Mno o,-
Zno. »)F~~ and MnCl, .'
The fluoride crystals used in these experiments

were grown by the horizontal Bridgman technique
and the temperature gradient method in an HF at-
mosphere. The observations were performed us-
ing a Perkin-Elmer Model 12-C spectrometer.
The crystals were mounted on a copper post in a
metal Dewar provided with windows for optical
access. Separate thermocouples monitored the
temperature of both the post and the sample at-
tached to the post.
The procedure for taking measurements began

with the cooling of the sample by placing liquid
helium in the coolant reservoir of the Dewar. Af-

V̄

I0

ℏω
2e

= 51.5 μV
ω
2π

= 24.850GHz

I(t) = I0 + I1 sin(ωt)

Shapiro (1963)

On	souhaite	un	standard	dans	le	domaine	du	volt	ou	de	la	dizaine	de	volts	

Il	va	falloir	mettre	des	dizaines	de	milliers	de	jonctions	Josephson	en	série
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La	mise	en	série	de	jonctions

shaded volume in Fig. 4, increases with f and is ultimately
set by a trade-off between stability and the economics of
providing a very-high-frequency microwave source. While
stable arrays have been demonstrated at frequencies as low
as 24 GHz,68,69 most practical standards operate in the range
70–96 GHz. Table I lists a typical set of junction parameters
for a commonly used design.

B. Array design

The I–V curve shown in Fig. 1!b" shows steps covering
the range from about !1 to "1 mV and is for a junction
driven by a nearly optimum level of microwave current. At
lower microwave current the steps cover a smaller range of
voltage, and at higher microwave current the steps become
smaller and begin to move off the zero-current axis. In a
large array, every junction must generate a large zero-
crossing step, and thus the microwave power must be ad-
justed to a value low enough to accommodate the one junc-
tion receiving the largest microwave drive. Thus, in order to

obtain the largest voltage from the smallest number of junc-
tions, an array standard requires a circuit design that can
deliver nearly uniform microwave power to many thousands
of junctions, all of which are connected in series. The solu-
tion to this problem is a simple extension of Fig. 3 to a series
of junctions in a line over a ground plane, as shown in Fig.
5!a". This results in a microwave stripline that can propagate
microwave power with relatively low loss.44 The capacitive
impedance of the junctions is so small !approximately 1 m#"
relative to the stripline impedance !approximately 3 #" that
each junction has a very minor effect on the propagation of
microwave power in the stripline. Typically, each junction
will absorb about 0.02%–0.04% of the power propagating
through it. It is thus possible to connect several thousand
junctions in series and still achieve a power uniformity of
about #1.5 dB. With careful design, striplines with as many
as 4800 junctions have been used.57

Because 10 V Josephson standards require about 20 000
junctions, it is necessary to adopt a series/parallel circuit
similar to that shown in Fig. 5!b".46 Here, a network of low-
and high-pass filters allow the microwave power to be split
into four parallel paths while maintaining a dc path in which
all junctions are connected in series.

A typical integrated-circuit layout for an array of 20 208
junctions is shown in Fig. 6. The microwave-drive power is
collected from a waveguide by a finline antenna, split 16
ways, and injected into 16 junction striplines of 1263 junc-
tions each. The junction striplines are separated from a su-
perconductive ground plane by about 2 $m of SiO2 dielec-
tric. Symmetry in the splitting network ensures that the same
power is delivered to each subarray. Several precautions are
required to avoid reflections that would lead to standing
waves and the consequent nonuniform power distribution
within the subarrays: !1" Each stripline is terminated by a
matched load that consists of several wavelengths of resis-
tive stripline. The use of a resistive stripline rather than a
discrete resistor guarantees a near-perfect match over a wide
range of fabrication parameters.44 !2" The dimensions of ca-
pacitors in the low- and high-pass filters are chosen to avoid
resonances near the drive frequency. !3" The microwave
bend radius has a minimum value of three times the stripline
width.48 Sharper bends result in unacceptable reflections. In
order to meet the bend requirement while still packing the
array strips close together, ‘‘curly’’ bends that turn 215° and

FIG. 5. !a" Series of Josephson junctions arranged to form a stripline and !b"
the circuit of a typical Josephson voltage standard.

FIG. 6. Layout of a 20 208 junction, 10 V Josephson
array voltage standard chip.
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Plateaux	de	tension	à	courant	moyen	nul

Utilisation	de	diodes	à	grand	facteur	βc
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Réseaux	de	jonctions	Josephson

shaded volume in Fig. 4, increases with f and is ultimately
set by a trade-off between stability and the economics of
providing a very-high-frequency microwave source. While
stable arrays have been demonstrated at frequencies as low
as 24 GHz,68,69 most practical standards operate in the range
70–96 GHz. Table I lists a typical set of junction parameters
for a commonly used design.

B. Array design

The I–V curve shown in Fig. 1!b" shows steps covering
the range from about !1 to "1 mV and is for a junction
driven by a nearly optimum level of microwave current. At
lower microwave current the steps cover a smaller range of
voltage, and at higher microwave current the steps become
smaller and begin to move off the zero-current axis. In a
large array, every junction must generate a large zero-
crossing step, and thus the microwave power must be ad-
justed to a value low enough to accommodate the one junc-
tion receiving the largest microwave drive. Thus, in order to

obtain the largest voltage from the smallest number of junc-
tions, an array standard requires a circuit design that can
deliver nearly uniform microwave power to many thousands
of junctions, all of which are connected in series. The solu-
tion to this problem is a simple extension of Fig. 3 to a series
of junctions in a line over a ground plane, as shown in Fig.
5!a". This results in a microwave stripline that can propagate
microwave power with relatively low loss.44 The capacitive
impedance of the junctions is so small !approximately 1 m#"
relative to the stripline impedance !approximately 3 #" that
each junction has a very minor effect on the propagation of
microwave power in the stripline. Typically, each junction
will absorb about 0.02%–0.04% of the power propagating
through it. It is thus possible to connect several thousand
junctions in series and still achieve a power uniformity of
about #1.5 dB. With careful design, striplines with as many
as 4800 junctions have been used.57

Because 10 V Josephson standards require about 20 000
junctions, it is necessary to adopt a series/parallel circuit
similar to that shown in Fig. 5!b".46 Here, a network of low-
and high-pass filters allow the microwave power to be split
into four parallel paths while maintaining a dc path in which
all junctions are connected in series.

A typical integrated-circuit layout for an array of 20 208
junctions is shown in Fig. 6. The microwave-drive power is
collected from a waveguide by a finline antenna, split 16
ways, and injected into 16 junction striplines of 1263 junc-
tions each. The junction striplines are separated from a su-
perconductive ground plane by about 2 $m of SiO2 dielec-
tric. Symmetry in the splitting network ensures that the same
power is delivered to each subarray. Several precautions are
required to avoid reflections that would lead to standing
waves and the consequent nonuniform power distribution
within the subarrays: !1" Each stripline is terminated by a
matched load that consists of several wavelengths of resis-
tive stripline. The use of a resistive stripline rather than a
discrete resistor guarantees a near-perfect match over a wide
range of fabrication parameters.44 !2" The dimensions of ca-
pacitors in the low- and high-pass filters are chosen to avoid
resonances near the drive frequency. !3" The microwave
bend radius has a minimum value of three times the stripline
width.48 Sharper bends result in unacceptable reflections. In
order to meet the bend requirement while still packing the
array strips close together, ‘‘curly’’ bends that turn 215° and

FIG. 5. !a" Series of Josephson junctions arranged to form a stripline and !b"
the circuit of a typical Josephson voltage standard.

FIG. 6. Layout of a 20 208 junction, 10 V Josephson
array voltage standard chip.

3614 Rev. Sci. Instrum., Vol. 71, No. 10, October 2000 Clark A. Hamilton
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20	000	jonctions 
10	volts			NBS	1989

	105	valeurs	quantifiées 
entre	0	V	et	10	V 
(pas	de	0.12	mV)	


On	verrouille	le	réseau 
sur	la	tension	désirée

ω/2π = 75 GHz

stable	pendant	plusieurs	heures	 
une	fois	le	verrouillage	atteint

Hamilton (2000)
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Le	système	d’unités	actuel	

À	partir	du	20	mai	2019	:

Jusqu’en	2018,	l’effet	Josephson	et	l’effet	Hall	quantique	fournissaient	une	valeur	de	 	et	de	e/h e2/h

e = 1.602 176 634 × 10−19 C
h = 6.626 070 15 × 10−34 Js

+	 ,	c Δνcesium, kB, Na

Intensité	électrique	 :	nombre	de	charges	/	secondeI

Potentiel	électrique	 	:	dérivé	de	 			( :	puissance)V P = VI P



30

Plan	du	cours

1.	L’effet	Josephson	alternatif

2.	Les	résonances	de	Shapiro

3.	Un	standard	électrique

4.	Résonances	de	Shapiro	pour	des	jonctions	atomiques
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Résonances	de	Shapiro	dans	3He	superfluide

Retour	sur	l’expérience	de	Berkeley	avec	une	pression	modulée	

Simmonds et al., PRL (2001)
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FIG. 1. A schematic diagram of the experimental apparatus.

allows the application of electrostatic pressures to it. The
upper membrane is magnetically coupled to a supercon-
ducting dc-SQUID displacement transducer that registers
its position [17]. The Si chip containing the microaperture
array is glued to the center of the lower membrane. The
cell can be cooled well below the superfluid transition
temperature using a nuclear demagnetization cryostat. All
experiments reported here were at zero ambient pressure
and at a temperature where we have determined that the
current phase relation is sine-like [13].

We control the value of Pdc using a feedback system
with which we vary the electrostatic forces applied to the
lower membrane so that the deflection of the upper mem-
brane (our pressure gauge), and thus Pdc, is held fixed [18].
We create the pressure Pac by applying an oscillating volt-
age to the upper electrode. These oscillations are at suf-
ficiently high frequency that the feedback system ignores
them. By knowing the amplitude of the applied voltage
we can calculate the magnitude of ac pressure oscillations
PV applied across the fluid in the cell. Because the system
in Fig. 1 is a hydrodynamic resonant circuit [19], PV is
not identical to Pac, the amplitude of pressure oscillations
across the weak link. In fact, Pac ! anPV , where an rep-
resents the transfer function of the hydrodynamic system
in Fig. 1. The value of the transfer function an depends on
the temperature T and on frequency. As long as v is far
from any natural resonances [19] in the system the transfer
function will be close to unity (an ! 1).

To test Eqs. (3) and (5) we measure both the zero-
pressure current I0 and the current-pressure (I-P) rela-
tion, as a function of ac excitation. To measure I0 we
use the fact that, in this type of cell, f exhibits periodic
motion identical to a rigid pendulum [20,21]. For small
amplitude pendulum oscillations, the angular frequency
vp becomes a direct measure of the critical current be-
cause v2

p ~ Ic [21]. Thus by recording the frequency of

the small amplitude oscillations we determine the effec-
tive zero-pressure critical current I0. We determine the
frequency vp by taking the Fourier transform of the low
amplitude segment of the pendulum-mode motion of the
membrane [21]. A typical Fourier transform is shown in
the inset panel of Fig. 2(a). In this figure we plot the
ratio I0"Ic # $v2

p%Pac&'"$v2
p %Pac ! 0&' as a function of

$%2m3Pac"r&"%h̄v&'. The solid line in this panel is the
prediction for the zero-pressure mass current I0"Ic. We
can clearly see in Fig. 2(a) that I0"Ic does indeed follow
the prediction given by Eq. (5) for n ! 0.

The I-P characteristic at the dc pressures corresponding
to Josephson frequencies satisfying Eq. (3) (with n . 0)

FIG. 2. (a) The n ! 0 case: A plot of the ratio I0"Ic #
$v2

p%Pac&'"$v2
p%Pac ! 0&' as a function of $%2m3Pac"r&"%h̄v&'.

For n ! 0, the value of the transfer function Pac"PV # a0 !
1.25 is determined by requiring the zeros of our data to fit the
zeros of the Bessel function J0. The solid line in this panel
is the prediction for the zero-pressure mass current I0"Ic . We
determine the frequency vp by taking the Fourier transform of
the low amplitude segment of the pendulum-mode motion of the
membrane [21]. A typical Fourier transform of the pendulum
mode is shown in the inset panel. (b) The n ! 1 case: A plot
of the current feature I1"Ic as a function of $%2m3Pac"r&"%h̄v&'.
The inset shows that the current feature occurs at vJ ! v and
indicates our definition of I1. Fitting of the data to the J1 Bessel
function zeros gives the value a1 ! 1.16. (c) The n ! 2 case:
Similar to (b) except now vj ! 2v. Here a2 ! 1.04. The
double circles indicate the points derived from the raw data in
each inset.

035301-2 035301-2

réseau	de	4225	trous	(diamètre	115	nm)

P = P0 + P1 sin(ωt)

équivalent	à	une	modulation	en	tension	

Résonance	attendue	si		
2mP0

ρ
= n ℏω

	 	:	masse	d’une	paire	de	Cooper	3He-3He2m
	 	masse	volumiqueρ :
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Résonances	de	Shapiro	dans	3He	superfluide	(suite) Simmonds et al., PRL (2001)
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FIG. 1. A schematic diagram of the experimental apparatus.

allows the application of electrostatic pressures to it. The
upper membrane is magnetically coupled to a supercon-
ducting dc-SQUID displacement transducer that registers
its position [17]. The Si chip containing the microaperture
array is glued to the center of the lower membrane. The
cell can be cooled well below the superfluid transition
temperature using a nuclear demagnetization cryostat. All
experiments reported here were at zero ambient pressure
and at a temperature where we have determined that the
current phase relation is sine-like [13].

We control the value of Pdc using a feedback system
with which we vary the electrostatic forces applied to the
lower membrane so that the deflection of the upper mem-
brane (our pressure gauge), and thus Pdc, is held fixed [18].
We create the pressure Pac by applying an oscillating volt-
age to the upper electrode. These oscillations are at suf-
ficiently high frequency that the feedback system ignores
them. By knowing the amplitude of the applied voltage
we can calculate the magnitude of ac pressure oscillations
PV applied across the fluid in the cell. Because the system
in Fig. 1 is a hydrodynamic resonant circuit [19], PV is
not identical to Pac, the amplitude of pressure oscillations
across the weak link. In fact, Pac ! anPV , where an rep-
resents the transfer function of the hydrodynamic system
in Fig. 1. The value of the transfer function an depends on
the temperature T and on frequency. As long as v is far
from any natural resonances [19] in the system the transfer
function will be close to unity (an ! 1).

To test Eqs. (3) and (5) we measure both the zero-
pressure current I0 and the current-pressure (I-P) rela-
tion, as a function of ac excitation. To measure I0 we
use the fact that, in this type of cell, f exhibits periodic
motion identical to a rigid pendulum [20,21]. For small
amplitude pendulum oscillations, the angular frequency
vp becomes a direct measure of the critical current be-
cause v2

p ~ Ic [21]. Thus by recording the frequency of

the small amplitude oscillations we determine the effec-
tive zero-pressure critical current I0. We determine the
frequency vp by taking the Fourier transform of the low
amplitude segment of the pendulum-mode motion of the
membrane [21]. A typical Fourier transform is shown in
the inset panel of Fig. 2(a). In this figure we plot the
ratio I0"Ic # $v2

p%Pac&'"$v2
p %Pac ! 0&' as a function of

$%2m3Pac"r&"%h̄v&'. The solid line in this panel is the
prediction for the zero-pressure mass current I0"Ic. We
can clearly see in Fig. 2(a) that I0"Ic does indeed follow
the prediction given by Eq. (5) for n ! 0.

The I-P characteristic at the dc pressures corresponding
to Josephson frequencies satisfying Eq. (3) (with n . 0)

FIG. 2. (a) The n ! 0 case: A plot of the ratio I0"Ic #
$v2

p%Pac&'"$v2
p%Pac ! 0&' as a function of $%2m3Pac"r&"%h̄v&'.

For n ! 0, the value of the transfer function Pac"PV # a0 !
1.25 is determined by requiring the zeros of our data to fit the
zeros of the Bessel function J0. The solid line in this panel
is the prediction for the zero-pressure mass current I0"Ic . We
determine the frequency vp by taking the Fourier transform of
the low amplitude segment of the pendulum-mode motion of the
membrane [21]. A typical Fourier transform of the pendulum
mode is shown in the inset panel. (b) The n ! 1 case: A plot
of the current feature I1"Ic as a function of $%2m3Pac"r&"%h̄v&'.
The inset shows that the current feature occurs at vJ ! v and
indicates our definition of I1. Fitting of the data to the J1 Bessel
function zeros gives the value a1 ! 1.16. (c) The n ! 2 case:
Similar to (b) except now vj ! 2v. Here a2 ! 1.04. The
double circles indicate the points derived from the raw data in
each inset.
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FIG. 1. A schematic diagram of the experimental apparatus.

allows the application of electrostatic pressures to it. The
upper membrane is magnetically coupled to a supercon-
ducting dc-SQUID displacement transducer that registers
its position [17]. The Si chip containing the microaperture
array is glued to the center of the lower membrane. The
cell can be cooled well below the superfluid transition
temperature using a nuclear demagnetization cryostat. All
experiments reported here were at zero ambient pressure
and at a temperature where we have determined that the
current phase relation is sine-like [13].

We control the value of Pdc using a feedback system
with which we vary the electrostatic forces applied to the
lower membrane so that the deflection of the upper mem-
brane (our pressure gauge), and thus Pdc, is held fixed [18].
We create the pressure Pac by applying an oscillating volt-
age to the upper electrode. These oscillations are at suf-
ficiently high frequency that the feedback system ignores
them. By knowing the amplitude of the applied voltage
we can calculate the magnitude of ac pressure oscillations
PV applied across the fluid in the cell. Because the system
in Fig. 1 is a hydrodynamic resonant circuit [19], PV is
not identical to Pac, the amplitude of pressure oscillations
across the weak link. In fact, Pac ! anPV , where an rep-
resents the transfer function of the hydrodynamic system
in Fig. 1. The value of the transfer function an depends on
the temperature T and on frequency. As long as v is far
from any natural resonances [19] in the system the transfer
function will be close to unity (an ! 1).

To test Eqs. (3) and (5) we measure both the zero-
pressure current I0 and the current-pressure (I-P) rela-
tion, as a function of ac excitation. To measure I0 we
use the fact that, in this type of cell, f exhibits periodic
motion identical to a rigid pendulum [20,21]. For small
amplitude pendulum oscillations, the angular frequency
vp becomes a direct measure of the critical current be-
cause v2

p ~ Ic [21]. Thus by recording the frequency of

the small amplitude oscillations we determine the effec-
tive zero-pressure critical current I0. We determine the
frequency vp by taking the Fourier transform of the low
amplitude segment of the pendulum-mode motion of the
membrane [21]. A typical Fourier transform is shown in
the inset panel of Fig. 2(a). In this figure we plot the
ratio I0"Ic # $v2

p%Pac&'"$v2
p %Pac ! 0&' as a function of

$%2m3Pac"r&"%h̄v&'. The solid line in this panel is the
prediction for the zero-pressure mass current I0"Ic. We
can clearly see in Fig. 2(a) that I0"Ic does indeed follow
the prediction given by Eq. (5) for n ! 0.

The I-P characteristic at the dc pressures corresponding
to Josephson frequencies satisfying Eq. (3) (with n . 0)

FIG. 2. (a) The n ! 0 case: A plot of the ratio I0"Ic #
$v2

p%Pac&'"$v2
p%Pac ! 0&' as a function of $%2m3Pac"r&"%h̄v&'.

For n ! 0, the value of the transfer function Pac"PV # a0 !
1.25 is determined by requiring the zeros of our data to fit the
zeros of the Bessel function J0. The solid line in this panel
is the prediction for the zero-pressure mass current I0"Ic . We
determine the frequency vp by taking the Fourier transform of
the low amplitude segment of the pendulum-mode motion of the
membrane [21]. A typical Fourier transform of the pendulum
mode is shown in the inset panel. (b) The n ! 1 case: A plot
of the current feature I1"Ic as a function of $%2m3Pac"r&"%h̄v&'.
The inset shows that the current feature occurs at vJ ! v and
indicates our definition of I1. Fitting of the data to the J1 Bessel
function zeros gives the value a1 ! 1.16. (c) The n ! 2 case:
Similar to (b) except now vj ! 2v. Here a2 ! 1.04. The
double circles indicate the points derived from the raw data in
each inset.
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Barrière	mobile	dans	un	gaz	quantique
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and e the elementary charge (5, 35). For our neutral atom implementa-
tion, this results in the quantization condition

To confirm this fundamental relation, we vary fm and determine the 
height Δμ of the first step (Fig. 2A). In Fig. 2B, we show the results for 
the simulation and for the experiment by averaging over several realiza-
tions with different modulation amplitudes. The simulation reproduces 
the relation trend accurately, but the experiment measures a 10% larger 
slope. The reason for this small deviation lies in the uncertainties of the 
experimental parameters (atom number and trapping potential), which 
enter the calculation of μ [see also (32)]. Taking this into account, we 
conclude that we indeed confirm the behavior Δμ = hfm (Fig. 2B). Our 
results show that the driving protocol is capable of producing a prede-
termined chemical potential difference, which may enable the transfer 
of the voltage standard to the realm of ultracold quantum gases (23, 36). 
In addition, our results are useful in situations where the relation be-
tween the atomic density and the chemical potential, μ(n), is not known. 
Measuring the density difference at both sides of the junction directly 
reveals dμ(n)/dn, which is referred to as the inverse thermodynamic 
density of states. Performing stepwise measurements by decreasing the 
density allows for the determination of the equation of state μ(n).

Next, we analyze the width of the Shapiro steps by varying the modu-
lation amplitude Im/Ic at a fixed modulation frequency of fm = 90 Hz 
(32). In Fig. 2, C and D, the widths of the zeroth and first steps display 
a Bessel- function behavior as a function of Im/Ic, which is in agreement 
with the results of numerical simulations (32). To support this observa-
tion, we use the analytical prediction of an ac voltage–driven Josephson 
junction, which yields the step width In = Ic

|
|
|
Jn
(
Vm∕Vn

)|
|
|
, where Jn is 

the Bessel function of the n- th order and Vm the modulation voltage 
(5, 37). For an ac current–driven junction, this can be mathematically 
transformed into

Δμ = nhfm  (2)

In = Ic
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Fig. 1. Shapiro steps in an ultracold atomic Josephson junction. (A) The system consists of a cylindrically shaped superfluid, which is split by a movable optical barrier 
creating a weak link. The barrier as well as the two confining endcaps are realized with tightly focused laser beams. In the measurement protocol, the barrier is moved linearly (dc 
particle current) through the superfluid with an additional harmonic modulation (ac particle current), which is sketched in the figure. (B) At the end of the protocol, a real- space 
absorption image of the atomic cloud is taken, using matter wave imaging (32, 33). From the atom number imbalance between the two superfluids, their chemical potential 
difference is derived. The pictures are taken with a modulation current Im = 0.8Ic. The position of the barrier is marked as a dashed orange line. The atomic density is given in arbitrary 
units (a.u.). (C) Measured Shapiro steps for fm = 90 Hz and different modulation amplitudes Im. The horizontal lines indicate the ideal Shapiro step height, given by Eq. 2. Every data 
point is the average of about 25 measurement runs, and the vertical bars indicate the errors of the mean. (D) Comparison between experiment and classical- field simulation  
at T = 35 nK (32). (E) Simulations of the system at different Im (32).
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Fig. 2. Characteristics of the Shapiro steps. (A) Dependence of the step height on 
the modulation frequency fm, where the step height is determined using sigmoid  
fits (continuous lines). (B) Measurements of the step height (dots) are compared with 
the numerical simulations (triangles) and the prediction Δμ/h = fm (continuous  
line). (C and D) Measurements (dots) and simulation (triangles) of zeroth (C) and first 
(D) step widths (I0 and I1) for varying Im/Ic. The solid blue lines are a fit to the 
experimental data, following Eq. 3, where both curves are fitted simultaneously with 
the same fit parameter αfit, yielding αfit = 2.15 ± 0.08. The dashed orange lines 
indicate the theoretical prediction, following Eq. 3 (see text).
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and e the elementary charge (5, 35). For our neutral atom implementa-
tion, this results in the quantization condition

To confirm this fundamental relation, we vary fm and determine the 
height Δμ of the first step (Fig. 2A). In Fig. 2B, we show the results for 
the simulation and for the experiment by averaging over several realiza-
tions with different modulation amplitudes. The simulation reproduces 
the relation trend accurately, but the experiment measures a 10% larger 
slope. The reason for this small deviation lies in the uncertainties of the 
experimental parameters (atom number and trapping potential), which 
enter the calculation of μ [see also (32)]. Taking this into account, we 
conclude that we indeed confirm the behavior Δμ = hfm (Fig. 2B). Our 
results show that the driving protocol is capable of producing a prede-
termined chemical potential difference, which may enable the transfer 
of the voltage standard to the realm of ultracold quantum gases (23, 36). 
In addition, our results are useful in situations where the relation be-
tween the atomic density and the chemical potential, μ(n), is not known. 
Measuring the density difference at both sides of the junction directly 
reveals dμ(n)/dn, which is referred to as the inverse thermodynamic 
density of states. Performing stepwise measurements by decreasing the 
density allows for the determination of the equation of state μ(n).

Next, we analyze the width of the Shapiro steps by varying the modu-
lation amplitude Im/Ic at a fixed modulation frequency of fm = 90 Hz 
(32). In Fig. 2, C and D, the widths of the zeroth and first steps display 
a Bessel- function behavior as a function of Im/Ic, which is in agreement 
with the results of numerical simulations (32). To support this observa-
tion, we use the analytical prediction of an ac voltage–driven Josephson 
junction, which yields the step width In = Ic

|
|
|
Jn
(
Vm∕Vn

)|
|
|
, where Jn is 

the Bessel function of the n- th order and Vm the modulation voltage 
(5, 37). For an ac current–driven junction, this can be mathematically 
transformed into

Δμ = nhfm  (2)

In = Ic
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Fig. 1. Shapiro steps in an ultracold atomic Josephson junction. (A) The system consists of a cylindrically shaped superfluid, which is split by a movable optical barrier 
creating a weak link. The barrier as well as the two confining endcaps are realized with tightly focused laser beams. In the measurement protocol, the barrier is moved linearly (dc 
particle current) through the superfluid with an additional harmonic modulation (ac particle current), which is sketched in the figure. (B) At the end of the protocol, a real- space 
absorption image of the atomic cloud is taken, using matter wave imaging (32, 33). From the atom number imbalance between the two superfluids, their chemical potential 
difference is derived. The pictures are taken with a modulation current Im = 0.8Ic. The position of the barrier is marked as a dashed orange line. The atomic density is given in arbitrary 
units (a.u.). (C) Measured Shapiro steps for fm = 90 Hz and different modulation amplitudes Im. The horizontal lines indicate the ideal Shapiro step height, given by Eq. 2. Every data 
point is the average of about 25 measurement runs, and the vertical bars indicate the errors of the mean. (D) Comparison between experiment and classical- field simulation  
at T = 35 nK (32). (E) Simulations of the system at different Im (32).
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Fig. 2. Characteristics of the Shapiro steps. (A) Dependence of the step height on 
the modulation frequency fm, where the step height is determined using sigmoid  
fits (continuous lines). (B) Measurements of the step height (dots) are compared with 
the numerical simulations (triangles) and the prediction Δμ/h = fm (continuous  
line). (C and D) Measurements (dots) and simulation (triangles) of zeroth (C) and first 
(D) step widths (I0 and I1) for varying Im/Ic. The solid blue lines are a fit to the 
experimental data, following Eq. 3, where both curves are fitted simultaneously with 
the same fit parameter αfit, yielding αfit = 2.15 ± 0.08. The dashed orange lines 
indicate the theoretical prediction, following Eq. 3 (see text).
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and e the elementary charge (5, 35). For our neutral atom implementa-
tion, this results in the quantization condition

To confirm this fundamental relation, we vary fm and determine the 
height Δμ of the first step (Fig. 2A). In Fig. 2B, we show the results for 
the simulation and for the experiment by averaging over several realiza-
tions with different modulation amplitudes. The simulation reproduces 
the relation trend accurately, but the experiment measures a 10% larger 
slope. The reason for this small deviation lies in the uncertainties of the 
experimental parameters (atom number and trapping potential), which 
enter the calculation of μ [see also (32)]. Taking this into account, we 
conclude that we indeed confirm the behavior Δμ = hfm (Fig. 2B). Our 
results show that the driving protocol is capable of producing a prede-
termined chemical potential difference, which may enable the transfer 
of the voltage standard to the realm of ultracold quantum gases (23, 36). 
In addition, our results are useful in situations where the relation be-
tween the atomic density and the chemical potential, μ(n), is not known. 
Measuring the density difference at both sides of the junction directly 
reveals dμ(n)/dn, which is referred to as the inverse thermodynamic 
density of states. Performing stepwise measurements by decreasing the 
density allows for the determination of the equation of state μ(n).

Next, we analyze the width of the Shapiro steps by varying the modu-
lation amplitude Im/Ic at a fixed modulation frequency of fm = 90 Hz 
(32). In Fig. 2, C and D, the widths of the zeroth and first steps display 
a Bessel- function behavior as a function of Im/Ic, which is in agreement 
with the results of numerical simulations (32). To support this observa-
tion, we use the analytical prediction of an ac voltage–driven Josephson 
junction, which yields the step width In = Ic

|
|
|
Jn
(
Vm∕Vn

)|
|
|
, where Jn is 

the Bessel function of the n- th order and Vm the modulation voltage 
(5, 37). For an ac current–driven junction, this can be mathematically 
transformed into

Δμ = nhfm  (2)

In = Ic
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Fig. 1. Shapiro steps in an ultracold atomic Josephson junction. (A) The system consists of a cylindrically shaped superfluid, which is split by a movable optical barrier 
creating a weak link. The barrier as well as the two confining endcaps are realized with tightly focused laser beams. In the measurement protocol, the barrier is moved linearly (dc 
particle current) through the superfluid with an additional harmonic modulation (ac particle current), which is sketched in the figure. (B) At the end of the protocol, a real- space 
absorption image of the atomic cloud is taken, using matter wave imaging (32, 33). From the atom number imbalance between the two superfluids, their chemical potential 
difference is derived. The pictures are taken with a modulation current Im = 0.8Ic. The position of the barrier is marked as a dashed orange line. The atomic density is given in arbitrary 
units (a.u.). (C) Measured Shapiro steps for fm = 90 Hz and different modulation amplitudes Im. The horizontal lines indicate the ideal Shapiro step height, given by Eq. 2. Every data 
point is the average of about 25 measurement runs, and the vertical bars indicate the errors of the mean. (D) Comparison between experiment and classical- field simulation  
at T = 35 nK (32). (E) Simulations of the system at different Im (32).
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Fig. 2. Characteristics of the Shapiro steps. (A) Dependence of the step height on 
the modulation frequency fm, where the step height is determined using sigmoid  
fits (continuous lines). (B) Measurements of the step height (dots) are compared with 
the numerical simulations (triangles) and the prediction Δμ/h = fm (continuous  
line). (C and D) Measurements (dots) and simulation (triangles) of zeroth (C) and first 
(D) step widths (I0 and I1) for varying Im/Ic. The solid blue lines are a fit to the 
experimental data, following Eq. 3, where both curves are fitted simultaneously with 
the same fit parameter αfit, yielding αfit = 2.15 ± 0.08. The dashed orange lines 
indicate the theoretical prediction, following Eq. 3 (see text).

D
ow

nloaded from
 https://w

w
w

.science.org at bibC
N

R
S IN

P on D
ecem

ber 12, 2025

RESEARCH ARTICLES

Science 11 DECEMBER 2025 1131

and e the elementary charge (5, 35). For our neutral atom implementa-
tion, this results in the quantization condition

To confirm this fundamental relation, we vary fm and determine the 
height Δμ of the first step (Fig. 2A). In Fig. 2B, we show the results for 
the simulation and for the experiment by averaging over several realiza-
tions with different modulation amplitudes. The simulation reproduces 
the relation trend accurately, but the experiment measures a 10% larger 
slope. The reason for this small deviation lies in the uncertainties of the 
experimental parameters (atom number and trapping potential), which 
enter the calculation of μ [see also (32)]. Taking this into account, we 
conclude that we indeed confirm the behavior Δμ = hfm (Fig. 2B). Our 
results show that the driving protocol is capable of producing a prede-
termined chemical potential difference, which may enable the transfer 
of the voltage standard to the realm of ultracold quantum gases (23, 36). 
In addition, our results are useful in situations where the relation be-
tween the atomic density and the chemical potential, μ(n), is not known. 
Measuring the density difference at both sides of the junction directly 
reveals dμ(n)/dn, which is referred to as the inverse thermodynamic 
density of states. Performing stepwise measurements by decreasing the 
density allows for the determination of the equation of state μ(n).

Next, we analyze the width of the Shapiro steps by varying the modu-
lation amplitude Im/Ic at a fixed modulation frequency of fm = 90 Hz 
(32). In Fig. 2, C and D, the widths of the zeroth and first steps display 
a Bessel- function behavior as a function of Im/Ic, which is in agreement 
with the results of numerical simulations (32). To support this observa-
tion, we use the analytical prediction of an ac voltage–driven Josephson 
junction, which yields the step width In = Ic

|
|
|
Jn
(
Vm∕Vn

)|
|
|
, where Jn is 

the Bessel function of the n- th order and Vm the modulation voltage 
(5, 37). For an ac current–driven junction, this can be mathematically 
transformed into

Δμ = nhfm  (2)

In = Ic
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Fig. 1. Shapiro steps in an ultracold atomic Josephson junction. (A) The system consists of a cylindrically shaped superfluid, which is split by a movable optical barrier 
creating a weak link. The barrier as well as the two confining endcaps are realized with tightly focused laser beams. In the measurement protocol, the barrier is moved linearly (dc 
particle current) through the superfluid with an additional harmonic modulation (ac particle current), which is sketched in the figure. (B) At the end of the protocol, a real- space 
absorption image of the atomic cloud is taken, using matter wave imaging (32, 33). From the atom number imbalance between the two superfluids, their chemical potential 
difference is derived. The pictures are taken with a modulation current Im = 0.8Ic. The position of the barrier is marked as a dashed orange line. The atomic density is given in arbitrary 
units (a.u.). (C) Measured Shapiro steps for fm = 90 Hz and different modulation amplitudes Im. The horizontal lines indicate the ideal Shapiro step height, given by Eq. 2. Every data 
point is the average of about 25 measurement runs, and the vertical bars indicate the errors of the mean. (D) Comparison between experiment and classical- field simulation  
at T = 35 nK (32). (E) Simulations of the system at different Im (32).
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Fig. 2. Characteristics of the Shapiro steps. (A) Dependence of the step height on 
the modulation frequency fm, where the step height is determined using sigmoid  
fits (continuous lines). (B) Measurements of the step height (dots) are compared with 
the numerical simulations (triangles) and the prediction Δμ/h = fm (continuous  
line). (C and D) Measurements (dots) and simulation (triangles) of zeroth (C) and first 
(D) step widths (I0 and I1) for varying Im/Ic. The solid blue lines are a fit to the 
experimental data, following Eq. 3, where both curves are fitted simultaneously with 
the same fit parameter αfit, yielding αfit = 2.15 ± 0.08. The dashed orange lines 
indicate the theoretical prediction, following Eq. 3 (see text).
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Processus	dissipatifs	en	jeu

La	dissipation	est	indispensable	pour	verrouiller	la	phase	 	sur	la	modulation	en	courantφ(t)

2eV(t) = ℏω
Δφ
2π

Δφ = ϕ(T) − ϕ(0)
avec

T = 2π/ω
⇒ Δφ = 2πn
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dynamics of the junction, which undergoes n phase- slippage processes 
in the nth step of each modulation cycle, as illustrated in the wash-
board potential analogy of Fig. 1C (ii) for n = 1.

As a direct measurement of the phase in the unitary regime is chal-
lenging (because of strong interactions limiting the fringe contrast), 
we probe the synchronization dynamics in the strongly interacting 
regime by detecting the number of emitted vortex pairs Nd as a function 
of the injected current (Fig. 4), revealing the occurrence of phase- 
slippage processes. In the nonmodulated case, vortices are observed 
to proliferate for IDC > Ic, signaling a contribution to the junction con-
ductance stemming from collective excitations, in agreement with 
previous observations in three- dimensional atomic JJs (42, 49). For the 
AC drive, the number of detected vortex pairs instead shows a step like 
trend that closely resembles the Shapiro steps observed in the I − Δμ curve 
measured under the same driving conditions. In particular, in the 2nd 
Shapiro step, Nd doubles with respect to the 1st step, highlighting that, 
as a result of the underlying synchronized phase dynamics, the number 
of phase slips is proportional to the step number. The dissipative and 
resistive dynamics giving rise to the Shapiro steps in our atomic JJ are 
dominated by the collective excitations of the system, playing a role simi-
lar to that of quasiparticles produced by Cooper pair breaking in SJJ. 
Indeed, in all explored configurations, the junction always works in the 
regime of Δμ ≪ Δ, with Δ being the superfluid gap, where broken pairs 
are energetically suppressed and the only accessible excitations are col-
lective ones—namely, phonons, solitons and vortices (42).

Discussion and outlook
We have observed Shapiro steps in a current- driven atomic JJ composed 
of two weakly coupled strongly interacting Fermi gases. Shapiro steps 
appear as quantized plateaus in the relative chemical potential—the 

A

B

C

D

F

E

Fig. 3. Phase dynamics and dynamical locking in a driven atomic JJ in the BEC regime. (A) Current- voltage characteristic for a BEC junction under DC (light green 
symbols), and DC+AC drive at ω = 2π × 175 Hz and IAC ∕ IC = 1.4

(
1
)
 (dark green symbols). Solid lines represent the numerical simulation results (see main text), with IAC = 0 

(orange) and IAC ∕ Ic = 1.4 (dark purple). Dashed lines represent the fit (light green) with the analytical and numerical solutions (dark green) of the overdamped RCSJ model 
(40). The shaded area accounts for the Ic fitting error. Inset: Shapiro step height characterization for a BEC junction. Symbols report the experimental step height obtained 
from the average over at least two repetitions plotted following the same color code as for Fig. 1C; dotted lines mark Δμ = nℏω; and the solid lines represent the step height 
obtained from numerical simulations. (B) Current- phase relation under same experimental conditions as in (A), vertically shifted by 0.3π for the DC+AC case. Solid and 
dashed lines represent the results of the numerical simulation and RCSJ model (40), respectively, as in (A). (C) Time evolution of the interference pattern between the 
reservoirs for IAC ∕ Ic = 1.4

(
1
)
 and IDC ∕ Ic = 0.14 (i), IDC ∕ Ic = 0.83 (ii), marked by the black and red symbols in (A) and (B). Each row reports the integrated fringe profile, 

averaged over five repetitions. Red arrows signal the occurrence of phase slips; the yellow dotted line marks the barrier position. (D) Measured phase- time evolution from a 
sinusoidal fit of the fringe patterns. Solid and dashed lines represent the results of the numerical simulation and RCSJ model, respectively. (E) Drive current under the same 
experimental conditions as in (C) and (D). (F) Single- shot density profiles in time- of- flight at t∕T = 1.03 (i), 1.38 (ii), 1.73 (iii), 2.08 (iv), and 2.43 (v), showcasing the vortex 
emission process. Vortices are marked in yellow dashed circles. The yellow dotted line marks the barrier position.

Fig. 4. Vortex- antivortex pairs as phase- slip proxies in a unitary JJ. Number of 
emitted vortex- antivortex pairs as a function of the bias current IDC ∕ Ic for IAC ∕ Ic = 0 
(light blue), and IAC ∕ Ic = 2.8

(
2
)
 (dark blue). We measure the number of vortices after 

three periods of driving with a frequency ω = 2π × 175 Hz. The background color 
highlights the regions of the 0th, 1st, and 2nd Shapiro steps, with a color gradient 
reflecting the measured Δμ under the same driving conditions. Error bars represent 
the standard deviation of the mean over three to five realizations.
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ωt/2π = 1.03

1.38

1.70

2.08

2.43

Del	Pace	et	al,	Science	(2025):	 
gaz	2D	de	fermions	6Li	dans	le	régime	unitaire	

Pour	 	émission	d’une	paire	de	
vortex	par	période	de	la	modulation

n = 1,
n = 1
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Conclusion

Anderson	(1970)	après	consultation	de	l’avocat	en	charge	des	brevets	aux	Bell	Labs	:

Josephson's	paper	was	so	complete	that	no	one	else	was	ever	going	to	be	
very	successful	in	patenting	any	substantial	aspect	of	the	Josephson	effect

Cet	effet	a	permis	un	changement	radical	dans	la	définition	des	unités	électriques	
NBS

Transposition	à	des	jonctions	atomiques	:	comment	tirer	parti	
de	la	“quantification”	 	du	potentiel	chimique	?Δμ = n ℏω
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and e the elementary charge (5, 35). For our neutral atom implementa-
tion, this results in the quantization condition

To confirm this fundamental relation, we vary fm and determine the 
height Δμ of the first step (Fig. 2A). In Fig. 2B, we show the results for 
the simulation and for the experiment by averaging over several realiza-
tions with different modulation amplitudes. The simulation reproduces 
the relation trend accurately, but the experiment measures a 10% larger 
slope. The reason for this small deviation lies in the uncertainties of the 
experimental parameters (atom number and trapping potential), which 
enter the calculation of μ [see also (32)]. Taking this into account, we 
conclude that we indeed confirm the behavior Δμ = hfm (Fig. 2B). Our 
results show that the driving protocol is capable of producing a prede-
termined chemical potential difference, which may enable the transfer 
of the voltage standard to the realm of ultracold quantum gases (23, 36). 
In addition, our results are useful in situations where the relation be-
tween the atomic density and the chemical potential, μ(n), is not known. 
Measuring the density difference at both sides of the junction directly 
reveals dμ(n)/dn, which is referred to as the inverse thermodynamic 
density of states. Performing stepwise measurements by decreasing the 
density allows for the determination of the equation of state μ(n).

Next, we analyze the width of the Shapiro steps by varying the modu-
lation amplitude Im/Ic at a fixed modulation frequency of fm = 90 Hz 
(32). In Fig. 2, C and D, the widths of the zeroth and first steps display 
a Bessel- function behavior as a function of Im/Ic, which is in agreement 
with the results of numerical simulations (32). To support this observa-
tion, we use the analytical prediction of an ac voltage–driven Josephson 
junction, which yields the step width In = Ic

|
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, where Jn is 

the Bessel function of the n- th order and Vm the modulation voltage 
(5, 37). For an ac current–driven junction, this can be mathematically 
transformed into
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Fig. 1. Shapiro steps in an ultracold atomic Josephson junction. (A) The system consists of a cylindrically shaped superfluid, which is split by a movable optical barrier 
creating a weak link. The barrier as well as the two confining endcaps are realized with tightly focused laser beams. In the measurement protocol, the barrier is moved linearly (dc 
particle current) through the superfluid with an additional harmonic modulation (ac particle current), which is sketched in the figure. (B) At the end of the protocol, a real- space 
absorption image of the atomic cloud is taken, using matter wave imaging (32, 33). From the atom number imbalance between the two superfluids, their chemical potential 
difference is derived. The pictures are taken with a modulation current Im = 0.8Ic. The position of the barrier is marked as a dashed orange line. The atomic density is given in arbitrary 
units (a.u.). (C) Measured Shapiro steps for fm = 90 Hz and different modulation amplitudes Im. The horizontal lines indicate the ideal Shapiro step height, given by Eq. 2. Every data 
point is the average of about 25 measurement runs, and the vertical bars indicate the errors of the mean. (D) Comparison between experiment and classical- field simulation  
at T = 35 nK (32). (E) Simulations of the system at different Im (32).
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Fig. 2. Characteristics of the Shapiro steps. (A) Dependence of the step height on 
the modulation frequency fm, where the step height is determined using sigmoid  
fits (continuous lines). (B) Measurements of the step height (dots) are compared with 
the numerical simulations (triangles) and the prediction Δμ/h = fm (continuous  
line). (C and D) Measurements (dots) and simulation (triangles) of zeroth (C) and first 
(D) step widths (I0 and I1) for varying Im/Ic. The solid blue lines are a fit to the 
experimental data, following Eq. 3, where both curves are fitted simultaneously with 
the same fit parameter αfit, yielding αfit = 2.15 ± 0.08. The dashed orange lines 
indicate the theoretical prediction, following Eq. 3 (see text).
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