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Deterministic realization of a universal quantum gate in a single scattering process
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We show that a flying particle, such as an electron or a phatatiering along a one-dimensional waveguide
from a pair of static spin/2 centers, such as quantum dots or superconducting quinitsmplement a CZ gate
(universal for quantum computation) between them. Thisicdeterministically in a single scattering event,
hence with no need for any post-selection or iteration, aitdont demanding the flying particle to bear any
internal spin. We show that an easily matched hard-wall dagncondition along with the elastic nature of the
process are key to such performances.

PACS numbers: 03.67.Lx, 03.67.Hk, 42.50.-p

Interfacing static qubits [1] mediated by flying particlss i considerations fortiori hold when many scattering centers
a prominent paradigm in the quest fdfieient ways to im-  are present and a gate involving their DsSOF is sought, which
plement quantum information processing (QIR)L[2, 3]. As awill be our focus in this work. In general, scattering-based
major motivation, this is the only way fointly address quan- scenarios thus appear as adverse arenas to perform quantum
tum registers locatethr from each other, thus featuring no algorithms which arguably explains why mere entanglement
direct mutual interaction (this is usually sought to favor | generation was almost exclusively investigated to date [4]
cal addressing). Within this general framework, over th& pa ) _ ) )
few years a research line has thrived around the idea that the Despite the above, scattering-based implementations-are a

crosstalk between the static qubits can be mediated by pariiractive because of the low demand for control entailedat-sc
clesscatteringfrom them. tering process. One normally just needs to set the wave vec-

glors of the itinerant buses and wait for the collision to agcu

jor drawback. For a given quantum task to eogently ac- thus bypas_sing_ any tun_ing in the interaction-time,_(whh;h i
complished, the link between the static objects should IOCCuusually a significant noise source). Further benefits such as

by means of the local interaction of each static object with egTe r((ajsnlenrc]:e to rellevant dd_etnm?ntal facFoIrs includitagis
quantumflying bus. Namely, this should feature inherently 21SOrder, phase noise and impertect particle-wave-Veetbr

guanum motonalay nemalseudo) spn cegrees of MO LI v, St e e B L
freedom (DsOF). To do so, however, the coupling between th& I 9 dd y

flying and static particles will in general entangle themstoa ~ €Ntanglementgeneratian [4].

!orlng aboyt decoher:encﬁeﬁtmg the DSOFfOf thefstatlc ?_b' Here, we discover a simple strategy for the realization of
Jects. Owing to suchféect, the attainment of satisfactory fig- g,an1um gates between static qubits through a particle scat
ures of merit thus demand for further actions to compleme%ring from them. The injection of the latter, which we do
_th_e at_’o"e Interaction. Suc_h actions typically comprisettsd o qemand to bear any internal (pseudo) spin, followed by
injection of the flying particles and post-measurements 0Vejis tiple scattering from the SCs fiige to deterministi-

their DsOF [224]. While such conditioning of the bus dynam—cauy achieve the gate in one shot. To this ggither post-

ics generally en_hances the performance_;, i_t usually COMes ggjection of any kind nor repeated sending of the flying me-
the cost of m_akl_ng the process probabilistic and, moreoveyjaiors are required. Thus, besides unveiling an unexpected
may demanding in practice (for instance, theﬁost-selecﬂo suitability of scattering-based methofls [4] to achieveargi
mobile-electron spins in semiconducting media [5]). operations, our work sets a milestone within the distribute
Moreover, as far ascatteringscenarios are concerned, g|p context/[2[13]. For two static qubitsmiversalCZ gate

there appear intrinsic hindrances in the accomplishment ghaturally arises, which shows théfectiveness of our scheme.
certain tasks such as the implementation of a two-qubit-quan

tum gate (TQG), typically the most challenging as well as es- Central idea.The idea behind our work is quite simple and
sential process in most QIP architectures especially when acan be illustrated as follows. Consider a monochromatie-spi
lowing for universal quantum computation (QC). To see this/ess particlef of wave vectolk propagating along a 1D wire
assume that we need to realize a TQG between a flying qubibat impinges on an array of SCs [see Fig. 1(a)]. Once multi-
and a scattering center (SC) endowed with spin in a oneple scattering has occurred and assuming, importantlyttiba
dimensional (1D) waveguid&![6]. Even if one conditions theprocess is elastid, can only be found either reflected or trans-
dynamics to either the reflection or transmission chanhel, t mitted with corresponding wave vecteksandk, respectively,
resulting process lacks unitarity, i.e. a paramount pigisig  as shown in Fig. 2(b). Letv)} be a basis of the SCs’ Hilbert
for a TQG, unless quite specific regimes of parameters angpace angl:) one of its elements, wheregs) are momentum
importantly, interaction models are address$ed [6]. Analsy eigenstates of. Let|¥j,) =|k)|u) be the overall system’s state

Yet, all of such strategies unavoidably face an inherent m
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P w". % > FIG. 2. (Color online) Setups implementing our scheme. (a) A
sa-a - electron along a quantum wire with DQDs. (b) A photon along
ssnRpR a waveguide withA-type atom-like systems. The right end of the

wire/waveguide behaves as a perfect mirror.
FIG. 1. (Color online) Scheme working principle. (&)impinges
on a set of SCs in the state (b) After the interactionf is either
reflected or transmitted. Concomittantly, the SCs undergora  elastic one-channel scattering processes allowing fotimul
unitary quantum map. (c) With a perfect mirror beyond thet@en  qubit gates that areniversalfor QC [1]. We will show that
f can be only back reflected and the unit&is applied to the SCs.  thjs is indeed the case. To this aim, we first focus on a simple
paradigmatic setting, dubbestup A comprising two spin-
1/2 centers, i.e. two qubits|[1], each coupled to a massive par-
prior to scattering. Ag is scattered f the final state reads ticle embodyingf. We identify a regime such that a CZ gate,
universal for QCI[1], naturally arises. We next addressip
I‘Pf>=|—k>zrm|1/> + |k>ZtVﬂ|V> , (1) B, which comprises multi-level atom-like systems and pho-
v v tons and is within experimental reach in a manifold of scenar
ios [7-£10]. We show that it can work as affieztive emulator
of setup A in that it is endowed with all the essential feadure
enabling the CZ gate.
Setup AThis setting, sketched in Fig. 2(a), comprises two

wherer,, (t,,) is a reflection (transmission) probability am-
plitude corresponding to the initial and final centers’ etat
lu) and|v), respectively. Defining a reflection (transmission)
operatorR (T) in the Hilbert space of the SCs such that identical spin-12 scattering centers, 1 and 2, lying along a
VR =Ry =1y (T =T =t,) Eq. () can be arranged  ¢o i infinite wire along the-axis atx = x; and x = X, re-
as|¥')=HORHK T|). Tracing overf, the final density op-  gpectively, each coupled to a scattering partictef massm.
erator of the centers is thus obtainecRys(uIR"+ Tiu)uT".  The wire ends ak = xs. Let {|0), |1)} be an orthonormal
This immediately yields that when the centers are initially  pasis for theith center { = 1,2). In practice, one can con-
an arbitrary state described by the density matifia general  sider a semiconducting quantum wire or a carbon nanotube

mixed) their final state is given by [11] where an electron populating the lowest subband can un-
, : ; dergo scattering from two double quantum dots (DQDS) [12]
p =RpR" +TpT". (2)  towhichitis electrostatically coupled. As shown in FigaR(

N " 2 2 each single-electron DQD is i0) (|1)) if the upper (lower)
Due to the normalization conditio, (|r.|+It,.|") = 1 for 45t js occupied, hence implementing affeetive qubit [12]
any u the above operators fu”'!RR_TJfTTT =1, wherel is  (we assume negligible tunneling between the upper and lower
the identity operator of the SCs’ Hilbert space. We woulé lik §ots during the passage by, Also, the electrostatic coupling

the scattering process to implement a multi-qubit gatectvhi g negligible for statél). The Hamiltonian is thus modeled as
is unitary, between the SCs. In general, this is not the caseye set; =1 throughout)

as is evident from Eg[12) showing that the SCs undergo in-

stead a quantum malp [1] comprising reflection and transmis- -~ p?

sion channels. H = o + To(Xx=x1) 1001(0] + To(x~%2) [0)2(01 . (3)
Such hindrance can be got around in a very natural fashion . _ _

by simply inserting beyond the centerparfect mirror[see ~ Wherep = —id/dx is the momentum operator df, while I

Fig. 1(c)]. As this introduces a hard-wall boundary coriti IS the helght of each contact potentla! scattenng centateq

(BC) preventingf from trespassing the right end, we in fact X = X (i = 1.2). Note that the scattering potential [d (3) is

eliminate the transmission channel so that it is thus fellp- ~ dispersivebecause it cannot induce either 1 or 2 to flip be-

pressedHencet,, =0 and [2) reduces to tween|0) and|1). Upon scattering, each initial SCs’ state
|ra2)12 (@ = 0,1) simply but crucially picks up its own
o =RpR", phase shift. Itis trivially checked in the light dfl(3) thatrfa

given state labeled by = {1, a,} H takes the ffective form

where nowRR' = R'R= 1, i.e.in the presence of the mirror Ho = £ + 3,1 ,T6,,05(x-%). The problem thus reduces to
R becomes a unitary gat&hereby, such gate is deterministi- a particle scattering from spin-less potentials. We labiéh w
cally implemented whenevérscatters from the centers. Note rq the f’s reflection probability amplitude corresponding to
that this holds regardless of the specific scattering pietent Hqy, where the subscript here specifies both the initial and
Rather, this fiects only thaypeof achieved gate. final centers’ state, which coincide owing to the dispersive

Having illustrated how a hard-wall BC guarantees the prodinteraction. For the same reason, in the computationasbasi
cess unitarity, it is now natural to wonder whether therstexi 8 ={|00)12, |01)12,|10)12,111)12} R necessarily has the diago-



nal formR =diag(fo, fo1, r10, F11)-
Adopting a standard procedure, in order to derygewe

assume that is left-incoming and seek the stationary state,y;itn v, =

Yo (X) fulfiling HePa(X) = k2/(2mW¥e(x) of the form
Yo (X) = Yo (X)+Pa-_(X) with (to simplify the notation we
drop the dependance anwhenever unnecessary)
V()=
Y_(x)=

{0]—X) +a1 [0(X) —0(X— X2)] + ax0(X— Xo)} €
{r 0(=x)+ by [0(X) —O(X—X2)] +b20(X—X2)} €

4)
IkX (5)

wherek> 0 is the wave vector modulug(x) is the Heaviside
step function and we have set=0. In the light of Egs.[(4)

and [3),%.(x) [¥_(X)] represents the right-propagating (left- transition|g;); <

propagating) part of’(x). Note that¥(x) is specified by
the five codicients{r, a;, by, az, b,}, which do depend om.
These cofficients can be found by requiring tHe{x) and its
derivative with respect ta ¥’(x) match the five BCs

BQ) = B(§) (1=12),  ¥(x)=0,
AWl = 2MT8,0¥(x) (i=12).

(6)
(7)

Egs. [6) ensures the matching of the wave function at the cerit should be clear now that by takin@) =

3

group velocity, the free-field Hamiltonian in the waveguide
can be written as [13, 14fis = —i Yo, [ dxwg &(0)0x&(X)
—-v_ = v and c+(x) [¢" (x)] the bosonic opera-
tor creating a right (left) propagating photon»at The free
atomic Hamiltonian readbla = wo Y}i-1, 1€)i(€l, wherewy is
the energy gap betwede) and the ground doublet. As for
the interaction between the field and itieatom, this is mod-
eled as[[14]Hy = J [ dxd(x—x) [&(X)S] +H.c] (under the
usual rotating-wave approximation), where the bosonig-ope
ator &(x) = €,(X) + €_(x) annihilates a photon at regardless
of its propagation direction] is the rate associated with each
&) (¥j=0,1) andS] = 3; |e)i(gjl. The full
Hamiltonian thus readd = H+H,+H¢;+H». In virtue of the
system’s symmetries, it is now convenient to use as basis of
each ground doublet the symmetric and antisymmetric com-
binations of the two ground stateg); = (Igo)i +191)i)/ V2. As

l¢~)i is a dark state [14], i.6S/|¢7)i = 0, the atomic raising
operator takes theffective formS' = |e)i(¢*|. Thus, unlike
{l90),191)}, the Raman process does not couple and|¢™).

lo™) and|1) = ¢7)

ters’ locations (first two) and the hard-wall BC owing to the for each atom, as long as these are initially in the ground dou
end of the wire ak = x3 (latter equation). Eqs[{7) are stan- blet, setup B in fact possesses all the key features of Agdde

dard constraints on the discontinuity ®f(x) at the centers’
positionsAY’ |, =¥’ (x")-¥’(x") due to thes-potentials in[(B)
[they are derived by integrating the Schrodinger equatiir)
corresponding tély over an infinitesimal range across x;
andx=x,]. Solving the linear systeni}(6}4(7) we end up with

ra =—exp2i arg[exp(-ikxa1) — 2yd4,0[COSKX1

—(i+2y84,0 Sinkxe1]sinkxz2] —2yda,08iNkXa1]}, (8)

where we have set; = x —x; andy = mI'/k. Evidently, as
expected, the above yieltlg/| =1 regardless of all the param-
eters andr, namelyf is reflected back with certainty. Let us
now focus on the regime defined by

kxop =nm, kxg2=(+1/2)r y>1, 9)

if the ith atom is in|1); =|¢~); the corresponding potentlbllf.
vanishes. Ifitis initially in0);, it may undergo a second-order
transition|0); — |e); — |0); so as to eventually pick up a phase
shift oncef is scattered fi. To make rigorous such consider-
ations, we next prove that the reflection fia@ents are again,
with due replacements, given kiyl (8) as for setup A.

H conserves the total number of excitations. Thus, follow-
ing a standard approach [13] 14], we search for one-exaitati
stationary states of the form

I‘I’a>=ZfdXl//a'd(X)ég(x)lVanalazhz
d=+
+&1/vag|eaz)12+&2lvad|a1€)12, (11)

where . (X) have a form analogous to Eqgl (4) and (5)

wheren andn’ are arbitrary integers. Replacirig (9) i (8) and thus being specified by parametérsas, a, by, by}, {&i} are

using thatkxs; = kxs2+kx1, we end up with

oo =ro1=ri0=-ra=-1, (10)
which yields the gate matrix @& = diag(1 1,1, -1) (up to
an irrelevant global phase factor), i.e. the well-known @feg
[1]. This proves that a single scatterlngﬁJrocess can impigm
a universal TQG. Intuitively, unlike Rel.|[6] here the gatg-u

excited-state amplitudes aiehc) is the field vacuum state.
Thus, for givena |Yq) is specified by the 7 complex am-
plitudes{r, a1, az, b1, by, £1, £2} and obeys the SH|¥q) =
vk|%q). By projecting this 0ntc1:1(x)|va©|a1a2> we obtain
(we henceforth omit subscripd)

Fiog, (0 +J ) dmosio(x—x) =vky.(X) .

i=12

(12)

tarity is secured by the geometry, which leaves the physical

parameters free to be tuned in a way that a CZ is matche
Setup BIn this setting, sketched in Fig. 2(k),is a photon

propagating along a 1D waveguide, whose geometry is ana
ogous to the one of setup A, and scattering from two three-

level atom-like systems. Each “atom’= 1,2 has aA-type
energy-level configuration consisting of a twofold-degee
ground doublet spanned by statgg), |g1)} and an excited

d. Further projection of the SE onpeac)|ea) andjvac)|ai€) im-

mediately yields that for eadl= 1, 2 &; = 36,00 (%) / (VK—wo).
Replacing these i (12) we are left wigh(x), . (x)} only

—|u¢/+(x)+J2/(uk “’O)Z Sa, 0 (Xe)d(X—Xg) = vk (X) . (13)

(=12

By subtracting now the equation for. from they,’s one we

statele) [see Fig. 2(b)]. Hence, a two-photon Raman transi-end up with—iy’(x) = K[y, (X) —¢_(X)], which trivially entails
tion betweengoy) and|g;) can occur through absorption and that—iAy’|y, =k(Ay . |x,—Ay_|x,) holds as well for eachi=1, 2.
re-emission of a scattering photon. Assuming a linear photoEachAy. |, on the r.h.s. of the above can be evaluated by

dispersion laww = vk with w the photon energy and the

integrating[(IB) over an infinitesimal interval acrossx, (£=



1, 2), which straightforwardly yieldaw. |y, = F(i/v)J?/(vk—
w0)dq,00(Xe). We thus end up with

, k J?
Al =2— ———0ba0¥(X) (€=1,2).  (14)
v vk—wo
This is identical to Eq[{7) of setup A once we set
2
r= J (15)
vk—wo

and note that, due to the parabolic dispersion law, in setup

the group velocity readk/m and hence in Eq[I7h can be
replaced with the ratio betweédrand such velocity.

Given thaty(x), besides[(14), must fulfill conditions analo-

4

in the lab through local-field tuning of the atomic frequerssi

for instance. Also, although of aftiérent nature the first two
requirements in[{9) are RCs either: The CZ gate thus in fact
stems from a combination of RCs.

As anticipated, setup B can be experimentally implemented
in several diferent ways, including photonic-crystal waveg-
uides with defect cavities[[7], semiconducting (diamond)
nanowires with embedded QDs (nitrogen vacancles) [8], op-
tical or hollow-core fibers interacting with atons [9] and-mi
crowave transmission lines coupled to superconductinggjub

AE]. Interestingly, within the latter scenario it was re-

cently shown [[15] that a hard-wall BC analogous to ours
[cf. Fig. 2(b)] can benefit microwave photodetection.

ConclusionsWe have shown a strategy to deterministically

gous to Eqs[{6) due to the common geometry of setups A an@@ITy out multi-qubit gates between static qubits through s
B, we conclude that amplitudésy} for setting B areédenti-  gle flying buses scattering from them. This fieetive without

cal to (8) with the éfective mass and potential height given demanding post-selection of any kind or iteration. The pos-
by k/v and [I5), respectively. In passing, note tmat2 =1  sibility to naturally implement a universal CZ gate has been
showing that iff is absorbed it will be re-emitted with cer- proven in two diferent setups including 1D photonic waveg-
tainty (each atom behaves as dfeetive qubit embodied by uides coupled to atom-like qubits. We believe this work can
its ground doublet). It is now evident that setup B can be usegét a significant milestone for future advancements in tea ar
as an emulator of A, thereby allowing for occurrence of theof distributed QIP as well as in the emerging field of quantum

CZ gate [cf. Eq.[(ZI0)] under conditiorg (9). Interestinghe

requirement =I'/k> 1 now in fact becomes thesonance

optics in 1D waveguides.
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