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Tunnelling is one of the most characteristic phenomena of quantum physics,
underlying processes such as photosynthesis and nuclear fusion, as well as devices
ranging from superconducting quantum interference device (SQUID)
magnetometers to superconducting qubits for quantum computers. The question of
how long a particle takes to tunnel through a barrier, however, has remained
contentious since the first attempts to calculate it’. It is now well understood that the
group delay’—the arrival time of the peak of the transmitted wavepacket at the far side
ofthe barrier—can be smaller than the barrier thickness divided by the speed of light,
without violating causality. This has been confirmed by many experiments®®,and a
recent work even claims that tunnelling may take no time at all’. There have also been

efforts to identify a different timescale that would better describe how long agiven
particle spendsin the barrier region®°, Here we directly measure such a time by
studying Bose-condensed ¥Rb atoms tunnelling through a 1.3-micrometre-thick
optical barrier. By localizing a pseudo-magnetic field inside the barrier, we use the
spin precession of the atoms as a clock to measure the time that they require to cross
the classically forbidden region. We study the dependence of the traversal time on the
incident energy, finding a value of 0.61(7) milliseconds at the lowest energy for which
tunnellingis observable. This experiment lays the groundwork for addressing
fundamental questions about history in quantum mechanics: for instance, what we
canlearnabout where a particle was at earlier times by observing where it is now" %,

Theearliest attempts to calculate the time a tunnelling particle spends
in the barrier region (not to be confused with the lifetime of a
quasi-bound state) addressed the propagation delay for awavepacket
peak; however, work in the 1980s, particularly by Biittiker and Lan-
dauer*®, shifted the discussion to an‘interaction time’, the time actu-
ally spent by a particle in the barrier. This was motivated by the
predictionthatin certain regimes, the wavepacket delay (sometimes
referred to as the ‘phase time’ or ‘Wigner time’?) could appear to be
superluminal, suggesting that it does not reflect the duration of the
tunnelling event. Biittiker and Landauer provided argumentsin favour
of a‘semiclassical time’ equal to md/hk, where m is the mass of the
particle, dis the barrier thickness and k= .[2m(V,, — E) /h is the eva-
nescent decay constant in the tunnelling regime (E is the incident
energy, V,is the barrier height and £ is the reduced Planck constant);
itshould be noted that unlike the group delay, this grows linearly with
dand is therefore generally not superluminal. As we shall discuss in
depth below, another way of defining the tunnelling durationis viathe
effect a particle has on a degree of freedom that acts as an auxiliary
‘clock.

Anumber of experiments have sought to measure tunnelling times.
Several experiments® ® have confirmed the superluminal nature of the
group delay, and some have attempted to probe other timescales—
including the Larmor times we focus onin this paper—using analogue
optical systems'”® and an elegant neutron experiment’, although the

latter was for avery different propagation problem. A pioneering exper-
imentstudying quantum tunnelling in aJosephsonjunction® was the
firstattemptto apply the insights of Biittiker and Landauer to instead
probethe duration of the tunnelling event itself; the experiment offered
qualitative agreement with the ‘semiclassical time’.

Recently, there has beenincreased experimentalinterestin the area
owingto the development of the ‘attoclock’. These experiments’?* 2
use strong-field ionizationin an elliptically polarized field to determine
how much time elapses between the ionizing field reaching its maxi-
mumand an electron finally escaping. Intuitively, one might therefore
expectsuchtimestoberelated toawavepacket delay (asopposedtoa
‘dwell’ orinteraction time), although there have been multiple theoreti-
calapproaches® 2 and no small amount of controversy. In the attoclock
experiments, instead ofimpinging uponabarrier, the electron escapes
froma quasi-bound state (note the distinction made early on between
escape time and traversal time)®. Therefore, itisimpossible to identify
atime at which the event ‘starts’, as opposed to merely the moment at
which the field reaches its maximum. The problemis further compli-
cated by electron-electron correlation and atomic-physics effects,
which generate additional delays unrelated to the tunnelling event®,
The most recent work, which eliminated some of these effects by carry-
ing out the experimentin hydrogen, made the claim that tunnellingis
essentially instantaneous’. There has also been an experiment probing
the time delay between two tunnel-coupled momentum components
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Fig.1|Larmor clock. A weak magnetic field B pointing in the zdirectionis
localized inside the potential barrier. A particle with spin-12 pointing initially
along thexdirectionimpinges on the barrier, and after transmission, the spin
has precessedin the x-y plane with aLarmor frequency w, and tilted towards
thezaxis, asdepictedinthe Blochsphere. The|t)and |[V) states are the
eigenstates of the systemin the presence of the magnetic field along the zaxis.
TheLarmortimesare thendefinedas ,=6,/w, and 7,=60,/w,.

of atoms oscillating in the wells of an optical lattice*®, although it was
unable to discriminate between the different theories.

To provide an operational definition of the tunnelling time, it is
natural to devise a ‘clock’ which ticks only while the particle is present
inthe barrier region. The Larmor clock™?"*?is the most famous exam-
ple of such a thought experiment. If an ensemble of polarized spin-V2
particlesimpinges on abarrier, localizing amagnetic field in the barrier
region alone will cause the spins to precess only while the particles are
under the barrier (Fig. 1). Considering incident particles polarized in
thexdirection and amagnetic field along z, one would expect the spin
to precess by an angle 8=, 7, where w, is the Larmor frequency and t
is the time spent in the barrier. By working in the limit of a weak mag-
netic field (w, > 0), this time can be measured without substantially
perturbing the tunnelling particle. Biittiker™ noted that even in this
limit, measurement back-action cannotbe neglected, anditresultsin
preferential transmission of atoms aligned with the magnetic field.
Thisleads totwo spinrotation angles:aprecessioninthe plane orthog-
onal to the applied magnetic field, 6,, as well as an alignment along
the direction of the field, 6,. He defined times associated with the
spin projections:1,,7,and 7, = .| Ti +12;thelatter is often known as the

Fig.2|Experimental setup and sequence. We create aBose-Einstein
condensateinthe |F=2, m,=2)stateinacrossed dipole trap formed by an
optical waveguide and anintersecting perpendicularbeam (ODT). Left,
experimental setup; right, atomic-level scheme. (1) After the effective
temperature of the cloudis lowered, the atoms are pushed by a pulsed
magneticfield gradient along the waveguide in the -z direction towardsa
blue-detuned beam that generates the potential barrier and the pair of
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‘Buttiker time’, It turns out that combinations of two such quantities
appearinother theoretical treatments as a single complex number®3*,
butresearcherswere hesitant to accept complex-valued times without
aclearinterpretation. Later, further studies**associated 7,and 7, with
thereal and imaginary parts of the ‘weak value™ of a dwell-time oper-
ator, thereby providing them with distinctinterpretations as the inher-
ent tunnelling time and the measurement back-action, respectively.

We have built an experiment toimplement the Larmor clock, making
use of thelong de Broglie wavelengths achievable in atomic Bose-Ein-
stein condensates and the remarkable degree of control possible in
such systems, both for tailoring optical potentials and for manipulat-
ing and measuring spins. The spatial resolution of the potentials is
limited only by the wavelength of the laser light used, and at our energy
scales—which are of the order of E=100 feV (k; x 1 nK, where k; is the
Boltzmann constant)—the tunnelling probability is sizeable, and the
millisecond-level timescales are convenient to probe experimentally.
We map the proposed Larmor clock to our experiment by creating a
pseudo spin-V2system using two of the hyperfine states in our system.
We couple these states through atwo-photon Raman transition, driven
by the barrier beamitself, thus generating a pseudo-magnetic field for
the Larmor clock implementation: the effective Larmor frequency w,
is set by the two-photon Rabi frequency Q. Using this scheme, we are
abletodetermine thebarrier traversal time in our system by measuring
the final spin state of the transmitted atoms.

We prepare a degenerate gas of approximately 8,000 ¥Rb atoms in
the5S,,|F=2, m:=2)state (Fand m.denote the hyperfine and Zeeman
quantum numbers, respectively) in a crossed dipole trap. One of the
trap beamsis turned off and the atoms are left free to move longitudi-
nallyina quasione-dimensional waveguide. We decrease the effective
temperature of the atoms using matter-wave lensing (see Methods),
resultinginarootmeansquare (r.m.s.) velocity spread of 0.45(15) mms™,
or an equivalent effective temperature of 2(1) nK (de Broglie wave-
length, 145 =4(1) pm). We then push the atoms towards a1.3-pm Gauss-
ian barrier, that is formed by a focused blue-detuned laser beam (see
Methods), by exploiting the magnetic moment of the atoms and
momentarily accelerating them using amagnetic gradient pulse to set
the velocity. We have previously observed tunnelling through this
potential in two different contexts: escape froma quasi-bound state*?
andinasingle-collision geometry” thatis similar to that studied here.
While the atoms approachthe potential barrier, rapid adiabatic passage
is used to transfer the atoms from their initial spin state to the |2, 0)
state. An effective spin-V2is encoded in the |2, 0) and |1, 0) hyperfine
clockstates denoted by| +x) = (1) +[4))/+/2 and| - x) = (1) = [¥))/+/2,
respectively (Fig.2). The barrier lightis phase-modulated at the 6.8-GHz

6.8 GHz
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Barrier and
Raman beams -2 -1 0 1 2 Mg

Ramanbeams. (2) While the atoms travel towards the barrier, we use rapid
adiabatic passage to transfer themto the |2, 0) (|+x)) state. (3) During the
interaction with the barrier, the pair of Raman beams couples the |+x) and |-x)
states separated by the 6.8-GHz hyperfine splitting. (4) To perform the
read-outsequence, the atomsthat were coupled to |-x) are transferred to the
|2,-1) state, after which we apply amagnetic field gradient B’ to performa
Stern-Gerlach measurement and separately image both of the states.
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Fig.3|Implementation of the Larmor clock. a, Scalar a.c. Stark shift (black
line) created by the tunable laser beam used for the optical potential. The two
pointsrepresent the wavelengths usedin the experiment: the orange dotis the
wavelength at which the barrier height vanishes (tune-out wavelength) and
wherethe free-space Larmor measurementis performed, and thered squareis
thewavelength used to create al35-nK potential barrier. The pair of Raman
beams, with two-photon Rabifrequencyindicated by thegreenline, is created
with thesame beam as the barrier. b, Measurement of the precession angle at
thetune-outwavelength. Theerror barsrepresent the standard error of the
mean and are mostly smaller than the symbol size. The dashed lineis a
one-parameter fit to the expression Qd/v, where diis the effective barrier width,
vistheincidentvelocity of the atoms and Qis the Rabi frequency, whichis left
asafreeparameter. We find Q =2mx440(10) Hz. Q can be controlled
independently of the barrier height and was reduced for the tunnelling data
(see Methods).

hyperfine frequency, thus creating a pair of Raman beams that couple
the |[+x) and |-x) states. Inthe interaction picture, the pseudo-magnetic
field generated by the Raman beams points along the zdirection of the
Bloch sphere. After the collision with the barrier is complete, we per-
form a final rapid adiabatic passage sweep from |-x) to |2, -1). A sub-
sequent Stern-Gerlach sequence separates the two spin states, enabling
us to determine the populations of |+x).

We begin by testing theimplementation of the Larmor clock in free
space. For this purpose, we remove the potential barrier but keep the
pseudo-magnetic field on by changing the barrier wavelength to a
nearby tune-out wavelength (see Fig. 3 and Methods). The preces-
sion angle tells us how much time the atoms spend in the region with
the localized pseudo-magnetic field. The results without the barrier
(Fig. 3b) show an expected 1/v dependence, where v is the velocity of
the atoms. With our knowledge of the barrier width, we can extract the
Rabi frequency of the two-photon transition.

After verifying the behaviour of the clock, we move to the case of
arepulsive barrier. In this case, after the interaction with the bar-
rier and the Raman beams, each atom will be either transmitted or
reflected, with its spin in a superposition of the |[+x) and |-x) states
(Fig. 4a). At high energies, the barrier has little effect on the atoms
and the semiclassical treatment is agood approximation; we therefore
deduce the Rabifrequency from the high-energy measurements (see
Methods). We perform the tunnelling measurement with a barrier
height 0f 135(8) nK, corresponding to 5.1 mm s™and a Rabi frequency
of Q=21 x225(40) Hz.
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Fig.4 | Traversal time of an atomic wavepacket through an optical
potential. a, Absorptionimages of the atomic densities after the interaction
witha135-nKbarrier and the Raman beams for incident energies of 400 nK
(top) and 140 nK (bottom). A Stern-Gerlach pulseis used to separate the two
spincomponents; anearly 45° angle exists between the magnetic field
gradientand the propagation direction. The precession angles for the
transmitted atoms are obtained by doing fulltomography on the spin-v2
system. b, Obtained spin projections for the differentincident velocities. The
toprightand bottomright figures show cuts along the x-yand x-zplanes. The
dataare colour-coded toindicate velocity (red, lower velocities; green, higher
velocities). ¢, Experimental data of the Larmor times 7, (orange dots) and 7,
(blue dots) as afunction of incident velocity. The error bars denote the
standard error of the mean and insome cases are smaller than the symbol size.
Thedashed grey line corresponds to the velocity matching the height of the
barrier (5.1mms™). Light orange and blue regions are the one-dimensional
two-component time-dependent Schrédinger simulations, and the bands
represent one standard deviation on the measured Rabi frequency. The
dashed lines are monochromatic weak-measurement theory predictions

for the Larmor times 7, (orange) and 7, (blue), and the semiclassical time
(green). The corresponding solid lines are calculated by taking into

account the velocity spread of the initial wavepacket (0.45mms™).

Inset, transmission-probability data (blue dots) and two-component
time-dependent Schrédinger simulations using a wavepacket with a velocity
spread of 0.45mms™ (orangeline).
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We investigate the two Larmor times by performing full-spin tomog-
raphy of the transmitted spin-12 particles. Rotations after the scat-
tering event enable us to measure the spin components along the x,
yand zaxes of the Bloch sphere (Fig. 4b). From the different projec-
tions, we find the traversal time 7, and the time 7, associated with the
back-action of the measurement (Fig. 4c). At the lowest incident velocity
(4.1mms™), we observe a transmission probability of 3%. Given the
energy dependence of the transmission, we calculate that the trans-
mitted atoms have a velocity distribution with a peak at 4.8 mms™,
corresponding to kd=3. About three-quarters of this distribution cor-
responds to energies below the barrier height. The measured traversal
time 7,is 0.61(7) ms.

The experimental dataareingood agreement with one-dimensional
two-component time-dependent Schrédinger simulations with no
free parameters (Fig. 4c), and Gross-Pitaevskii simulations show no
sizeable modifications from the presence of interactions. Further-
more, the theoretical prediction given by the weak value formalism
describes our results well (see Methods). By contrast, the ‘semiclassical
time’ disagrees with 7, by more than three standard deviations for the
lowest velocities.

This is, to our knowledge, the first direct measurement of the time
that massive particles spendinabarrier region, and successfully imple-
ments the Larmor clock thought experiment. For a range of incident
velocities, we can observe both the time spent in the barrier and also
the spin rotation owing to measurementback-action, clearly separating
the two effects. We see that as we head deeper into the quantumregime,
the back-action grows inimportance, and our results are consistent
with the prediction that the tunnelling time begins to decrease®. Our
results are inconsistent with claims that tunnelling takes ‘zero time™*.
Beyond resolving the controversy regarding how long a tunnelling
particle spends in the barrier region, the experimental approach we
demonstrate here opens a window on quantum measurement and
thebroad question of how much canbeinferred about the history of a
quantum particle. In particular, it willenable measurements of at what
positionwithinabarrier the transmitted and reflected particles spend
their time™'2 As it is predicted that such measurements exhibit non-
classical behaviour, their study as the system is made ‘more classical’
by the introduction of dissipation or atomic interactions promises to
offer new perspectives on the quantum-classical boundary.
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maries, source data, extended data, supplementary information,
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Methods

Experimental setup

We Bose-condense 8,000 Rb atomsinal,064-nm crossed dipole trap.
The trap is composed of two beams: an elongated beam that we refer
to as the atom waveguide (with a waist of 15 pm and a Rayleigh range
of z,= 600 pm), and an orthogonal beam intersecting the waveguide
nearly 150 pm away fromits centre. The atoms start at the intersection
of the two beams. The atom waveguide has radial and longitudinal
frequencies of v,=220 Hzand v,=2.7 Hz. The barrier beam, formed by
a421-nmlaser focused to 1.3 pm (see below), intersects the waveguide
closetoits centre. The longitudinal trap frequency sets the minimum
velocity at which the atoms meet the barrier, as the waveguide curva-
ture produces an acceleration of 5x102ms™.

Matter-wave lensing

We use delta-kick cooling®®*, also referred to as matter-wave lens-
ing, to decrease the effective temperature of the atoms from 15 nK to
2(1) nK, corresponding to an r.m.s. velocity spread of 0.45(15) mms™.
The effective temperature is given by T4 = mAv*/k; where Avis the
r.m.s. width of the atomic velocity distribution, m is the atomic mass
and kis the Boltzmann constant. After cooling, the atoms have a ther-
mal de Broglie wavelength of A;; = 4(1) um. The cooling procedure is
as follows: the atoms start in a crossed dipole trap, then are released
from one of these beams (ODT) and expand in the atom waveguide for
9 ms (to approximately four times the initial cloud size), and then a
quasi-harmonic trap with a frequency of w =21t x 50(5) Hz, created by
the ODT beam, isflashed for 1.1 msto collimate the atomic wavepacket.
The amount of expansion is limited by the radius of the beam (1/e2
radius of 100 pm); this expansion time is kept short enough that the
atoms remain within the harmonicregion of the Gaussian potential. The
condensate has afinallongitudinal r.m.s. radius of 15 um. By reducing
the initial number of atoms we have achieved temperatures as low as
0.9 nK using this technique, but to work at higher atom numbers we
perform this experiment at 2 nK.

38-42

Potential barrier and Raman beams

The light for the barrier and the Raman beams is created by a
custom-made 421-nm external cavity diode laser (ECDL) in Littrow
configuration. We set the frequency of this beamin the vicinity of one
of the rubidium tune-out wavelengths (421.07 nm) located between
the5S,,~> 6P/, (421.7 nm) and the 5S,/, > 6P/, (420.3 nm) transitions. To
generate the pair of Raman beams, the beam passes through a 6.8-GHz
electro-optic phase modulator using a modulation depth of = 0.3,
which creates a pair of sidebands in the optical spectrum. About 5%
of the optical power goes to the sidebands. The generated sidebands
have opposite phases and act destructively when used along with the
carrier to drive Raman transitions. An etalon with a full width at half-
maximum bandwidth of 12 GHz s therefore used to remove one of the
sidebands. We can control the Rabi frequency without modifying the
power of the Raman beams by adjusting the modulation depth, 5. This
ismonitored by detecting the beat signal between the carrier and the
remaining sideband on a fast photodiode.

Thebarrier lightis sent to the science chamber, whereitis focusedtoa
1/€’radius of w,=1.3 pmalong the zdirection, and along the y directionit
isscanned with anacousto-optical deflector to create aflat, 50-pum-wide
potential. Thescanrate of the potential (133 kHz) is faster than any atomic
dynamics and guarantees that the cloud experiences a time-averaged
potential. The Rayleigh range of the beamis 8 um, larger than the trans-
verse radius of the condensate (~2.5um). We can set the wavelength to
421.38 nm, where a power of approximately 0.5 mW generates arepulsive
potential aslarge as V,/k; =180 nK (given, for the m.= 0 clock states, by the
scalar a.c. Stark shift)*’. Amagnetic field pointing along the propagation
axis of thebeams (x direction) sets the quantization axis. The beams are
circularly polarized to drive 6*-0" Raman transitions.

To calibrate the Rabi frequency, we study high-velocity incident
atoms traversing the barrier. For these velocities, the semiclassical
approximationisvalid (see Fig. 4), and the calibration can be obtained
from B:Qjo_; G(2)dz/ |v?- v}G(z), where G(2) = exp(- 2z%/w?)is the
Gaussian envelope of the potential, v is the velocity of the atoms and
v, is the velocity corresponding to the barrier height. The Rabi fre-
quency canalso be calibrated at the tune-out wavelength. Accounting
for the difference in a.c. Stark shift between the barrier and tune-out
wavelengths, and frequency-dependent transmission owing to etalon-
ing effectsin our chamber windows, the two techniques differ by about
10%. However, owing to the limited tunability of the barrier ECDL, we
use the first method to calibrate the Rabi frequency.

Calculations of the Larmor times

We calculate the characteristic Larmor times using the weak measure-
ment formalism®. The projection operator onto the barrier region, O,
has eigenvalues1(for particlesin the barrier region) and O (for particles
outside). A dwell time operator D =J‘:’ dto(t) provides a measure of
the time spentin the barrier. However, its expectation value includes
contributions from both transmitted and reflected atoms. Ithas been
shown'™" that the weak value of this operator, D, = 7, —it,=(f| D | i}/
(f|i) where ‘i’ refers to the initial state and ‘f” to the final state, can be
understood as the conditional dwell time of a particle whichis prepared
inthe |i) state and postselected in the |f) state. In our experiment, the
initial state correspondstoatomsincidentonthebarrier fromtheleft,
and thefinal state corresponds to transmitted atoms on the right side
of the barrier. As originally shown® for asquare barrier, and later gen-
eralized to arbitrary potentials**, these Larmor times can also be cal-
culated as follows: 7,=-hd@/0Vand 1,=-holog|T/dV, where @ and |T|
are the phase and the magnitude of the transmission amplitude,
respectively.

Using the transfer-matrix method, we numerically solve for the con-
ditional dwell times at different incident energies. In the experiment,
the Larmor probe isimplemented by the pair of Raman beams; there-
fore, inthe calculations, we obtain the dwell times by integrating over
the Gaussian region of the barrier (the top-hat function @ is replaced
with a Gaussian weight function, representing the local strength of the
interaction withthe clock). Thisintegrationregion extends beyond the
turning points of the barrier for the range of incident energies, and we
calculate thatabout 40% of the measured time for the lowest incident
energy comes from the time spentin the classically forbidden region.

Spin preparation, rotation and readout

After we accelerate the atoms using a15 G cm™ magnetic gradient pulse
for avariable time (0-0.9 ms), we prepare the spin state of the atoms.
While the atoms travel towards the barrier, we ramp up the magnetic
field to approximately 40 G. The high magnetic field causes a difference
insuccessive energy splittings of the F=2 manifold of 210 kHz as a result
ofthe quadratic Zeeman shift. This allows us to transfer the atoms from
12, 2) (the state in which they Bose-condensed) to |2, 0), using a 1-ms
radio-frequency rapid adiabatic passage. A multi-loop antennaprovides
the radio-frequency coupling with a Rabi frequency of approximately
0,=2mx 9 kHz. The transfer efficiency is greater than 95%, and the
atoms left behind can be identified and do not affect the subsequent
dynamicsinthe experiment. The total preparation sequence lasts for
9 ms. Because the clock transition has afield dependence of 575Hz G,
we lower the magnetic field to1G before the interaction with the Raman
beams to reduce our sensitivity to magnetic noise.

For the read-out sequence, we again increase the magnetic field to
40 G. Owing to the quadratic Zeeman shift, the frequency difference
betweenthe|l,0)to|2,-1)and the|l,-1)to|2, O) transitionsis110 kHz. We
transfer the atoms through a rapid adiabatic passage from[1,0) to[2,-1)
in1.5 ms. The transfer efficiency is 90%. This sequence lasts for 8.5 ms.
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Subsequently, we lower the magnetic field to 1 G and perform a 5.5-ms
free expansion with a40 G cm™ magnetic gradient toimplementaStern-
Gerlach measurement and simultaneously image both of the final states.

We can only directly measure the hyperfine states |[+x) (12, 0)) and
|-x) (11, 0)), thus obtaining(S,>. Tocomplete the tomography, after the
interaction with the barrier we apply a microwave pulse addressing
the |+x) and the |-x) states to perform a /2 rotation along the z axis
to measure (S,). Similarly, we rotate the spin by 11/2 along the y axis,
through a phase shift of m/2 radians in the driving field, to measure
(S,). The rotations are done with a dipole antenna driving the atoms
with a Rabi frequency of Q,,, = 21t x 2.4 kHz. To identify and account
for possible systematic errors such as imperfect /2 rotations or
population transfer in the read-out sequence, we also measure the
-x,-yand -z projections. We periodically calibrate the phase between
the microwave source and the Ramanbeams because driftsin the ECDL
frequency and changes in the etalon owing to temperature fluctua-
tions can occur. The phase calibration is performed as follows: a spin
rotation along the zaxis, foratoms with anincident velocity well above
the barrier height, is induced by the Raman beams and followed by a
microwave pulse tuned to provide at/2 rotation about atorque vector
which lies in the y-z plane of the Bloch sphere; its angle on this plane
depends on the phase of the microwave source (relative to that of the
Raman beams). We repeat the procedure while scanning the phase
of the microwave source and determine the phase difference from
the sinusoidal behaviour of the measured hyperfine populations. For
this calibration, we use a120(7)-nK barrier and an incident velocity of
8.70(15) mms ™. The typical phase drift between calibrations is 90 mrad
and has beenincluded in the measurement uncertainties. Finally, the
Larmor rotation angles” are found by calculating 6,=arctan({S,)/<S,))
and 6, =arctanh(S,); although the in-plane angle arises from a phase
accumulation and canthusbe calculated trigonometrically, 8, is related
to the logarithmic derivative of a transmission probability, related to
the inverse hyperbolic tangent of (S,)—in the limit of small Larmor
frequencies, this can be equally well described by an arctangent, but
intheregime of our experiment we prefer not to make the small-angle
approximation, and we therefore keep the more accurate expression.

Numerical methods

Transfer-matrix method. We use the transfer-matrix method** to
solve the one-dimensional Schrodinger equation. The method de-
scribes the wave after propagating by a distance 6xin a potential V,
Y, .=Ae™+Be ™ intermsof theincident wave, ¥,, = Ce**+ De *, where
k=./2m(E - V,) /h, through ¥, .= M(6x, V)¥,,, where Mis the so-called
transfer matrix that relates the two waves. By discretizing the potential,
the transmission and reflection coefficients can be calculated at any
pointinspace.

The results of the transfer-matrix method are used to calculate the
conditional dwell times, specifically the projector © onto the barrier
region for the transmitted particles. Following the weak-value formal-
ism'"2, we find the projector to be

(O =1, 0P + X wi-x, 0%x,

where the angle brackets denote the expectation value, ¥;and ¥; refer
to the incident wave and its complex conjugate, and R and T are the
reflection and transmission amplitudes, respectively. Using this projec-
tor, the Larmor-time density can be calculated (see Extended Data
Fig.1), and integrating over the barrier region yields the two charac-
teristic times, 7, and ..

Schrodinger and Gross-Pitaevskii simulations. We solve the coupled

time-dependent equations via the time-splitting spectral method* *
oY | R
i a_tl = —EVZ +V(r) + Uyl * + Up 1> + 16 i, + hQyp,

oy h?
2= =5 VA V() + Uy 9 + Uy I, [, + RO,

ih ot | 2m

where U; = 4mth’a;/m, a;is the s-wave scattering length between the i
andjcomponents, Qis the Rabi frequency describing the strength of an
external couplingfield, and 7idis an energy offset. The set of equations
can be reduced from the three-dimensional to the one-dimensional
case on the basis of the assumption w, « w,, w,where w,and w, are the
trap frequencies along the axes that are orthogonal to z. This crite-
rionismetinourexperiment,asw,=2mnx2.7Hzand w, , =21 x 220 Hz.
The ground state of the trap is found by imaginary time propagation.
Initially, a constant energy offset is added to one of the components
during this evolution to favour the ground state of the trap for only
one of the spin components. The atoms are released from the initial
potential, and a phase gradient is written across the wavepacket to
set the velocity and launch it against the barrier. In the barrier region,
coupling between the two components—with the same Gaussian profile
of the barrier—is implemented to simulate the Raman coupling. The
total duration of the simulations is set such that all the atoms have
finished interacting with the barrier. By setting the scattering lengths
to zero, we go from the Gross-Pitaevskii equation, also known as the
nonlinear Schrédinger equation, to the Schrodinger equation. We find
no major differences between the interacting and the non-interacting
cases (see Extended Data Fig. 2).

Data availability

The data presentedinthe figures and that support the other findings of
thisstudy are available from the corresponding author on reasonable
request. Source data are provided with this paper.
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Extended DataFig.1| Calculated time density of the Larmor componentst,  linesshow theclassical turning points. The Larmor time 7, (or 7,) is obtained by
and r,using the transfer-matrix method for a135-nK Gaussian barrier. The integrating over space, taking into account the position-dependent coupling
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Extended DataFig.2|Simulations of the Larmor clock. The simulations
correspond to one-dimensional two-component time-dependent Schrodinger
and Gross-Pitaevskii simulations. The parametersare asin Fig. 4.
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