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Electron collision in a two-path

graphene interferometer

H. Chakrabortilf, L. Pugliese't, A. Assouline't, K. Watanabe?,
T. Taniguchi?, N. Kumada®, D. C. Glattli®, M. Jo'§,
H.-S. Sim**, P. Roulleau'*

The collision of two electrons at a beam splitter provides a
method for studying their coherence and indistinguishability. Its
realization requires the on-demand generation and
synchronization of single electrons. In this work, we
demonstrate the coherent collision of single electrons,
generated by voltage pulses, in a graphene Mach-Zehnder
interferometer. By measuring shot noise resulting from the
collisions, we unveil fundamental characteristics of colliding
electrons, highlighting the complementarity between the
indistinguishable and distinguishable parts of their wave
functions. The former is manifested through fermionic
Hong-Ou-Mandel destructive interference, whereas the latter is
discerned through double-winding Aharonov-Bohm interference
in the noise. The interference visibilities of around 60% enable
comprehensive quantum state tomography. Our findings may
place coherent operations involving flying qubits within reach
in graphene.

Coherent manipulation of single particles enables us to explore their
wave nature and exploit it for quantum information processing. In par-
ticular, the scattering of single particles at beam splitters is a fundamental
building block for generating single-particle or multiparticle interfer-
ences (I-3), providing valuable insights into the quantum statistics of
identical particles, such as bosons, fermions, and anyons (4-1I), as well
as quantum entanglement among them (72). When two indistinguishable
electrons collide at a beam splitter, antibunching occurs (13, 14), mani-
festing as the fermionic analog of the Hong-Ou-Mandel (HOM) effect (4).
This effect results from the fermionic statistics, where the wave functions
of two identical fermions satisfy ¥(1, 2) = ®W(2,1) with 6; = x, when
the positions of the fermions are exchanged. This collision process can
be extended to dynamical generation of orbital entanglement and sub-
sequent detection of its quantum nonlocality (12). Furthermore, the col-
lision process is a key element of a quantum state tomography (15). In
this protocol, a target electron wave packet collides with a small coherent
field consisting of electron-hole pairs, and the target state is recon-
structed from two-electron interference involving exchange between the
target electron and the electron-hole pairs. Demonstrating the collision
of two electrons is therefore a milestone in the realization of “flying
qubits” for electron quantum optics, where a propagating single-electron
wave packet carries information encoded in its orbital degree of free-
dom. This requires electron sources (13, 16) emitting coherent single-
electron wave packets, precise control of the emission energy and
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timing, manipulation of a beam splitter, and measurement of collision
states through shot noise. Additionally, it demands ballistic channels for
wave packet propagation that are robust against noise and decoherence.
Recently, there have been advancements in electron Mach-Zehnder or
Fabry-Perot interferometers in graphene (17-2I). These cutting-edge in-
terferometers showed single-particle Aharonov-Bohm interference per-
sisting even at high electron temperatures of 2 K and voltages of 1 mV,
which suggests that graphene is a promising platform for flying qubits.

In this work, we report a two-electron collision in a two-path inter-
ferometer. We integrate on-demand manipulation of dynamical electron
excitations, an electronic Mach-Zehnder interferometer (MZI), and de-
tection of the fermionic HOM interference in a graphene quantum Hall
device. The dynamical electron excitations are generated by applying
voltage pulses simultaneously to a pair of electrical contacts, with pre-
cise control of the time delay between the pulses. These excitations
propagate along quantum Hall edge channels and collide at the MZI.
The resulting fluctuations of electrical current or shot noise, measured
as a function of the time delay and the magnetic flux enclosed by the
MZI, unveil the following fundamental aspects of two-electron collision.

The noise shows the HOM oscillation as a function of the time delay.
It exhibits a minimum value at zero time delay, when the two excita-
tions simultaneously reach the MZI. The minimum results from a
destructive two-electron interference, a consequence of the fermionic
exchange statistics and the indistinguishability between the two col-
liding excitations; the minimum value is independent of the magnetic
flux enclosed by the MZI. By contrast, when the time delay is such that
the two excitations are maximally distinguishable, the HOM noise
shows a maximum. The maximum value depends on the flux in the
MZI and shows h/2e Aharonov-Bohm oscillations, where A is the
Planck constant and e is the electron charge. This single-electron in-
terference results from the distinguishable part of the colliding excita-
tions, and the //2¢ oscillations indicate “double winding” of an electron
around the Aharonov-Bohm flux that happens with the help of an
auxiliary hole when the electron is detected in the noise —a two-
particle observable. The HOM and &/2e oscillations offer the witness
of the full (two-particle and single-particle, respectively) coherence
structure of the collision. Finally, we demonstrate the quantum state
tomography of a Leviton (a clean electron excitation carrying no extra
electron-hole pairs), further underlining the potential of our graphene
setup for quantum information processing.

HOM experiment

The sample used is a monolayer graphene quantum Hall pn junction
(Fig. 1A). A global graphite gate and a metallic top gate (top G) on the
right half of the sample allow us to independently tune the filling fac-
tors on the left and right halves. In the n (left half) and p (right half)
regions, the filling factors are set to vy = 2 and vp = —2, respectively.
As a result, in each of the p and n regions, two channels flow along
the top physical edge of the graphene sample from a source contact
toward the pn interface; another pair of channels flows along the bot-
tom edge from the pn interface toward a drain contact. Along the pn
interface, four channels copropagate. Two side gates, SG; and SGo,
positioned at the top and bottom intersections between the pn inter-
face and the physical edges, respectively, serve as (top and bottom)
beam splitters (I8). Tuning the filling factors v; and v, underneath the
gates controls the transmission and reflection of the channels between
the p and n sides. When v; = 2 and v, = 0, only the top beam splitter
operates, allowing an electron moving along the top edge of the n (p)
region to be transmitted to the p-side (n-side) channel of the pn in-
terface with probability 77; no transmission happens between the n
and p sides at the bottom intersection. Conversely, when v; = 0 and
vy = 2, only the bottom beam splitter operates with a transmission
probability T5. The electron spin is preserved in the beam splitting
(17, 18). When v; = vy = 2, both beam splitters partially transmit, lead-
ing to the formation of a MZI (18, 19).
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v; = 2 and vy = 0, whereas D = T, for vy = 0
and vy =2.0, = kzT, / hv, where T, is the tem-
perature and kg is the Boltzmann constant, /
is the number of absorbed or emitted photons,
and J; is the Bessel function.

The oscillation of the noise S} as a func-
tion of A¢ exhibits its minimum value (the
HOM dip) when the time delay 7 is zero (i.e.,
A@ = 0). This results from the destructive two-
electron interference by the indistinguishabil-
ity of the two colliding excitations. At A¢p =0,
the two excitations, one generated by Vi(¢)

0@ e
/ O L

( \ﬁ

at the left source Cp, and the other by Vz(¢) at
the right source Cg, arrive at the beam splitter
at the same time so that they are fully indis-
tinguishable in their collision (Fig. 1A, right).
They cannot occupy the same outgoing state
after the collision owing to the Pauli exclusion

AS, (x10728A2, Hz 1)

2n

s 3n
Agp (rad)

Fig. 1. HOM experiment in the single beam splitter configuration. (A) (Left) Schematic representation of the
sample in the bipolar regime (oy = 2, vp = —2) set by the global back and right top gates. The filling factors below
the upper and lower side gates (SG; and SG) are set to v; = 2 and v, = 0, respectively. Two sine pulses with a time
delay T collide on the top beam splitter. (Right) Indistinguishability of colliding excitations. In the top panel,
electron-hole pairs are emitted from the left and right sources with a time delay . In the bottom left (right) panel,
the pair from the right (left) source is split at the beam splitter into a hole moving to the left drain and an electron to
the right drain. When = =0 (i.e., Ap = 0), the two pairs are fully indistinguishable because they arrive at the beam
splitter at the same time. Then, the scattering events in the bottom left and right panels cannot happen simultane-
ously because of a destructive two-particle interference (Pauli exclusion). When the delay is the largest (Ag = =),
the two pairs are the most distinguishable because their wave function overlap at the beam splitter is the smallest.
The events in the two bottom panels occur independently, involving the distinguishable parts of the wave functions.
(B) Shot noise as a function of the delay time (A@) when electron-hole pairs collide at either the top beam splitter
(left) or bottom beam splitter (right), for frequencies of 5 (in red), 9 (in green), and 15 GHz (in black). The

experimental results (filled dots) agree with theoretical curves (solid lines) (24).

We first consider v; = 2 and v, = 0, where only the top beam split-
ter operates. We apply sinusoidal voltage pulses V;(Z) = V,.cos (2nvt)
and Vz(t) = V,.cos (2nvt+ A@)to the left (Cr) and right (Cg) contacts,
respectively, with the relative phase Ag = 2rnvt, where v represents
the excitation frequency and t denotes time delay between the two
pulses. The resulting photo-created electron-hole pairs flow from
each contact to the pn interface. They undergo collision and parti-
tioning at the top beam splitter, generating autocorrelation shot

noise S; =2 J dt(8Iy (¢t+1,)8Iy (to) ) of the electrical currents Iy mea-

sured at a drain contact Cy. Here, 8l (t) = Iy(t) — {Iy(¢,) ) is the cur-
rent fluctuation and ( ---) denotes an average over time ;. The left
panel of Fig. 1B shows the shot noise at frequencies of v =5, 9, and
15 GHz for different photon numbers a = eV, / v at 20 mK. It oscil-
lates with the relative phase Ag. As expected, similar oscillations are
observed at v; = 0 and vy = 2, where only the bottom beam splitter
operates so that the photo-created electron-hole pairs collide and then
are partitioned at the bottom beam splitter (Fig. 1B, right). The oscil-
latory behavior results from the two-particle fermionic HOM interfer-
ence. It agrees with the theoretical expression of the HOM noise at
finite temperature (22, 23)

HOM _ g0 _\'t® l 2 . (A¢
SHOM — QOB (A @), F(AQ) = Zlﬂo [l coth ( E) - 296] J: [20( sin < - >]

(&)

The factor S? = Z%D(l—D)hv represents the characteristic scale of
the photo-assisted shot noise, where the factor 2 accounts for the two
channels at each physical edge of the p and n regions, and D = T; for
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principle. As a result, their antibunching al-
ways occurs (namely, one of them moves to the
n side after the collision, whereas the other
moves to the p side), resulting in no noise. By
contrast, the noise reaches its maximum value
(the HOM peak) when A = = In this case,
the two excitations are the most distinguish-
able because their wave functions have the
smallest overlap in the collision. The distin-
guishable parts of the wave functions are free
from Pauli exclusion, and they undergo single-
particle scattering at the beam splitter, which
is probabilistic and hence generates noise. At
intermediate A, the two excitations are
partly indistinguishable, resulting in an inter-
mediate value of the noise. Therefore, the
dependence of the noise on Ag serves as a
witness of the two-particle coherence of the
collision. In Fig. 2B, we observe that the noise S{°™ does not drop to
zero. This offset of SFOM (~5.107%° A?/Hz) is attributed to heating by
the ac signal, which generates thermal noise [further details are avail-
able in the supplementary materials (24)]. We note that when only
Vi(t) is applied [i.e., V() is turned off], the noise follows the photo-
assisted shot noise formula, which is identical to Eq. 1 except for the
replacement of the last factor J; 12 [2(1 sin(% )] with le (o) (25).

m
Agp (rad)

HOM effect in the MZI

We next consider the MZI formed at v; = 2 and vy = 2, where both the
top and bottom beam splitters operate (17, 18). The channels along the
top and bottom physical edges in the p and n regions serve as the input
and output channels of the MZI, respectively, whereas the n-side and
p-side channels running along the pn interface constitute the two MZI
arms. At the top beam splitter, the n-side (p-side) input channels are
scattered into the p-side (n-side ) MZI arm with the transmission prob-
ability 77 and into the n-side (p-side) MZI arm with the reflection
probability R; =1 — T;. Inside the MZI, there is no scattering between
the arms. At the bottom beam splitter, the interface channels are scat-
tered into the output channels with the transmission 7, and reflection
Ry =1 — T, probabilities similarly to the top beam splitter. The two
beam splitters and the two arms enclose a magnetic flux that induces
the Aharonov-Bohm phase @4p. Figure 2A shows the h/e Aharonov-
Bohm oscillation of the transmission through the MZI for 71 ~ T» ~
0.5, obtained by standard low-frequency lock-in measurement.

Next, we study the HOM effects in the MZI by applying the sinusoi-
dal voltage pulses to the sources C;, and Cg while measuring the shot
noise at the drain Cy. To observe the HOM effect, conditioned by the
indistinguishability of the input states, the powers applied to the
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sources must be precisely equal. To ensure this condition,
we tuned the powers individually and measured the
Aharonov-Bohm oscillation of the excess shot noise (defined
as the shot noise difference with and without the sinusoidal
voltage pulses) by applying the sine pulse voltage to either
Cy, (Fig. 2B) or Cg (Fig. 2C) (25). By comparing the measured
oscillation with theory (24, 26), we confirmed that the volt-
ages applied to the two sources have the same amplitude.
Next, the sine voltage pulses are applied to both sources
with the relative phase A@, and the resulting Aharonov-
Bohm oscillations of the shot noise are measured. At Agp =
0, the noise exhibits its minimum value (HOM dip), as in
Fig. 1B. In this case, no Aharonov-Bohm oscillation is ob-
served (Fig. 2D). By contrast, at A = «, the noise has the
maximum value (HOM peak) and exhibits /#/2e Aharonov-
Bohm oscillations.

These observations agree with our theory for the MZI (24)

2
SHOMNZL = SOMAF (), SOV = 22 Ty (1= Ty v

where Ty =R, T, + T\R, + 24/R, T1R,T,c0s @,p is the
transmission probability through the MZI. This equation
is valid when the MZI arms have equal length (18, 19) and
the two sources have the same value of a = eV, /hv, as in
our case. It has the same form as Eq. 1 but with replace-
ment of the photo-assisted shot noise scale S? by S?’MZI.
Equation 2 shows that the noise vanishes at Ap = 0, F(A¢p =
0) = 0 and that no Aharonov-Bohm oscillation happens at
A@ = 0. By contrast, at A # 0, the colliding particles are
partly distinguishable, resulting in the &/2e Aharonov-
Bohm oscillation of the noise, which is described by
Tyzi (1= Tpizr) = (1—cos2¢,5) /8 at Ty = T = 0.5. We ob-
served that the 2/2e Aharonov-Bohm oscillation is more
visible when the colliding particles are more distinguishable
with Ag closer to mn, whereas the destructive two-particle
interference of the fermionic HOM effect becomes stronger
when the particles are more indistinguishable with A¢
closer to 0. This represents the complementarity between
the two-particle HOM interference and the single-particle
h/2e Aharonov-Bohm interference. This complementarity
is maximally evident in our MZI with equal arm lengths,
where the indistinguishability of the colliding particles at
the top beam splitter remains unchanged at the bottom beam
splitter. This fermionic complementarity can be compared
with other fundamental complementarities (27-29), such as
those between single-particle and two-particle interferences.
We describe a simple picture for the findings. We
consider a case of Agp = 0, where two electrons—one
injected from Cp, and the other from Cg—simultaneously
arrive at the MZI, or a case of A¢p = n, where only the
electron from Cy, arrives at the MZI (the other from Cg is
ignored because it does not arrive at the MZI). In these

. . + .
cases where C, emits an electron [l.e., <ch L> = l], the noise

. 2 .
SHOMMZI < ¢l CNCJIVCN> _ <c;‘v CN> at Cy is expressed as

SHOMMEL o <t*czrcRr*c;tcL> = TMZI(I—TMZI)<cch><cRc;> (3)

i
Here, Cr/r/N

is the operator creating an electron in a state of Cr/r/x
and obeys ¢y = tc; + rcg, with the scattering amplitudes ¢ and 7 in
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Fig. 2. Noise in the Mach-Zehnder configuration. (A) Transmission (Tyz) of the MZI (dots) as a
function of the magnetic field. The solid curve shows the theoretical result (24). (B and C) Excess shot
noise S}l (red dots) as a function of the magnetic field for the 7-GHz sine pulse excitation applied
on either the left source (B) or the right source (C). The dashed curves show the theoretical fits (24).
(D) The excess shot noise SHOM! as a function of the magnetic field for the sine pulse applied on
both sources with Ag = 0 (blue dots; HOM dip) and A¢ = = (red dots; HOM peak). The offset noise for
A = 0is caused by the thermal noise (24). The dashed curves are the theoretical fits (24). (E) (Left)
Aharonov-Bohm interference visibilities V of the measured transmission Tyz (red triangles) and the
noise SHOMMZ!(blue dots) as a function of temperature T. The decrease of the visibility with
temperature is more pronounced for the interference of STOMMZ,y__ is the maximum value of the
visibility. (Right) The decay of the interference visibility of the noise S}'*"Z!is redrawn with the scaled
temperature Ts = 2T, whereas that of the transmission Ty is drawn with Ts = T. The two decay curves
become nearly identical, which suggests that the interference length scale is two times as large for
the noise. (F) Schematic illustration of the double winding, which results from an interference
between process (i) (bottom) and process (ii) (top). The injected electron (depicted by the red full
peak) and the auxiliary hole (the green empty peak) follow the red and green trajectories, respectively.

[i.e., <cRc;> = 0]. This is caused by the antibunching of the two
injected electrons that are fully indistinguishable in the MZI when
A = 0. By contrast, the noise exhibits the 2/2e Aharonov-Bohm oscil-
lation of SHOMME o Ty (1— Ty ) = (1-c0s 29,3 ) /8 at A = m, where

the MZI satisfying |t|*> = Ty and 7> =1~ Ty, Equation 3 shows

that the noise vanishes at Ap = 0, where <cch> =1and <c;cR> =1
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<chL> =1land <c;cR> =0 [i.e., (cRc;> = l]. The term cos 2@,z results
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Fig. 3. Tomography of the 2e Leviton. (A) Schematic representation of the tomography protocol: Lorentzian pulses are applied at frequency v on the left ohmic contact to
generate Levitons in the Fermi sea (shown in blue). For the tomography protocol, the Lorentzian pulse is engineered with three harmonics (26). The Levitons are described by a
coherent superposition of plane waves (blue dots) of energy hmv (withm=0,1,2, ) induced by the Lorentzian pulses. A small ac local oscillator is applied at frequency kv on the
right contact to generate an ac voltage V|4 (t) = n g ( '% )cos [27tkv(t—‘r)] superimposed to a dc voltage Vg. The resulting fermion field is a superposition of plane waves of energy
—eVg, —eVg + hkv describing electron-hole pairs (red and empty dots). The Levitons and the fermion field collide at a beam splitter (vertical gray bar). (Left) k =1and Vg =0.In
this configuration, cross terms pop_1 — pop; are computed. (Middle) k = 1 and —eV = hv for computing of pipo — pip2. (Right) k = 2 and Vg = 0 for computing of pop_2 — pop2 (24).
(B) ASI=0with Vg = 0 (left), ASK=! with —eV = hv (middle), and ASF=2 with Vg = 0 (right) as a function of g = eV, / hv. The measurement allows for the computation of the energy
density matrix. (C) Reconstructed Wigner distribution function (WDF) from the tomography measurement. The two-dimensional color plots are shown to better display the region
of negative values of the Wigner distribution function. (D) Theoretical Wigner distribution function in the energy/time basis (24).

from the interference between processes (i) and (ii) (Fig. 2F). In (i),
the electron injected from Cy, moves along the left arm of the MZI,
and an auxiliary (or virtual) hole, describing the condition of

c;cR = 0 that the electron state injected from Cg is unoccupied,
moves along the right arm of the MZI. This process is equivalent with
an “anticlockwise” winding of an electron around the Aharonov-
Bohm flux enclosed by the MZI and gains the phase factor of ¢, In
(ii), the electron moves along the right arm, whereas the auxiliary
hole moves along the left arm. This gains the phase factor of e @ss
by a clockwise winding of an electron around the flux. The interference
between (i) and (ii) involves the net phase factor of e2®ss by a double

Science 1 MAY 2025

winding of an electron around the flux. The double winding effec-
tively happens in the noise with the help of an auxiliary hole because
the noise is a two-particle observable. It differs from the multiple
winding in a Fabry-Perot interferometer or a quantum ring (20, 21).

‘We next analyze the single-particle coherence of the collision. The //2e
Aharonov-Bohm oscillation at Agp = = in Fig. 2D can be fitted with Eq. 2
using o = eV, / hv. In the left panel of Fig. 2E, the visibility of the 2/2e
Aharonov-Bohm oscillation—defined as V = S, — Spin With the maxi-
mum (Spax) and minimum (Sp,) values of the noise —is shown as a
function of temperature 7, from 20 mK to 300 mK and compared with
the visibility of the i#/e Aharonov-Bohm oscillation of Ty extracted from

495

G20z ‘9T Jequieidas uo Aejdes ea) e H10'30ua 105" M//:sd1Y WoJ ) papeo jlumoq



RESEARCH ARTICLES

the data in Fig. 2A. The temperature dependences of the two visibilities
are well aligned if the temperature for the noise visibility is scaled up by
a factor of 2 (Fig. 2E, right). The factor 2 reflects the fact that the noise
is associated with the double winding around the magnetic flux as de-
scribed above, involving twice the MZI arm length (SHOMMZI o g=2L/L,,
with L the arm length and L, the single-particle coherence length); the
interference involving the double winding experiences twice as much
decoherence as the single winding. Such scaling is explained by a deco-
herence model based on intrachannel Coulomb interactions (79). In this
model, the single-particle visibility follows a universal curve with scaled
temperature LT/Ly by the MZI arm length L (L, is a reference length).
In graphene, the Coulomb interaction between the colliding electrons
and several decoherence sources such as interchannel interactions are
suppressed owing to the close proximity of metallic gates, which screen
the interactions and freeze decoherence below ~350 mK for the arm
length of 1.5 pm (Z9). The suppression is crucial for manipulating the
collision states and observing the complementarity.

Quantum state tomography of a Leviton

The excellent coherence observed in our setup underscores its po-
tential for quantum information processing. A natural application
of the collision is the full reconstruction of a quantum state or
quantum state tomography (15, 30). We perform the tomography of
a Leviton (13) with charge 2e at v; = 2 and vy = 0 (where only the
top beam splitter is operated). The overall process unfolds as fol-
lows: A series of the Levitons are injected from Cp, by applying
Lorentzian voltage pulses V(¢) with frequency v. Simultaneously, a
low-intensity fermionic field, which is a coherent superposition of
electron-hole pairs, is injected from Cg by applying a small ac volt-
age Vi o(t) = o % cos[2nkv(t—1:)] superimposed to a dc voltage Vz
with amplitude 1;, <« 1, frequency kv (an integer multiple of the
Leviton frequency v), and time delay t referred to the Leviton emission
time. The Levitons and the fermionic field collide at the beam splitter,
generating antibunching effects. By measuring the resulting shot noise,

the Wigner distribution function W (¢, €) = J ddp(e+8/2,e—8/2)e~ /M

of the Leviton is reconstructed.

‘We next provide the details of the tomography (15). The energy den-
sity matrix p(e,¢’) of the Leviton is expressed as p(e, &’ #¢) = Zké
(e' —e—khv)§*(e+khv) § (e) for the periodic injection of the Levitons,
where  is the Dirac delta function @(e) is the Fourier transform of the
Leviton wave function ¢( ¢ — = ) at position x and time ¢, and vy is the
velocity. The wave function product Pk = ¢ (e+khv)q)(e) for the en-
ergy domain lhv < e < (I+1)hv is written as p;;,; = — PPk
for the Leviton of charge ne (in our case, n = 2) (24). Here D i8S
the amplitude of the Leviton wave function component generated by
absorption (m > 0) or emission (m < 0) of m photons thanks to
the Lorentzian voltage V(¢). It equals the Fourier coefficient of the

t
phase factor by the voltage, exp [—i % L V(t’ )dt’ ] = Zmpmeflznmw' To

obtain p,,pn+x, We measured the noise difference AS§C between the
cases with the ac voltage V1o(t) turned on and off. The extraction of

DPmPm+r from the noise uses the theoretical expression (24) of
S/:#O

= Ny oCcos(2nkuT) Z |m = Q| (PPt = PP » With g = €V / hv

for k # 0. This describes collision between the plane waves of energy
mhv (withm=0,1,2, ---) forming the Levitons and the plane waves of
energy —eVg, —eVg + hkv forming the fermion field (Fig. 3A), which is
the underlying mechanism of the tomography. By changing g for & =
0,1,2, we extract relevant p,,p,x (Fig. 3B), compute p;;,; using them,
and reconstruct the Wigner distribution function (Fig. 3C). The
result agrees with the theoretical prediction (Fig. 3D). Through the
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implementation of this method, we gain a deeper understanding com-
pared with the conventional HOM measurement that only yields the
wave function overlap between the colliding electrons.

Discussion and outlook

Our work opens a door to coherent operations of flying qubits for
entanglement (12) and two-particle quantum state tomography (31).
Moreover, these reference experiments can be extended to anyonic
excitations, enabling on-demand manipulation (22), measurement of
anyonic statistical phases (32), and braiding operations.
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