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Abstract: I will discuss our recent proposal on deterministic generation of photonic 
repeater graph states using only a single quantum emitter, our plans for its experimental 
implementation, and its applications in quantum repeaters and networks. 

The building-block state is a specific type of cluster state with tree-type entanglement structure. Once one
has multiple copies of a photonic building-block state, one can easily generate an arbitrary 3D photonic cluster
states by applying Bell measurements between the corresponding pairs of building-block states. While the Bell
measurements between two photons are probabilistic, the Bell measurements between two logic qubits realized
by two building-block states can be made deterministic due to the specific error correction codes embedded in the
entanglement structure of the building-block state. For this reason, the building-block state, also refereed to as the
tree state, have a wide applications in photonic quantum computing, quantum repeaters, and quantum networks.

Despite its great applications, the generation of photonic building-block states is extremely difficult due to
the challenge in creating optical nonlinearity at the single-photon level. Recently, several proposals discussed
the possibilities of using quantum emitters to deterministically generate photonic cluster states. These proposals
require many ancillary matter qubits (same as the depth of the tree), along with the capability to perform two-qubit
entangling gates between the quantum emitter and all the ancillary qubits. This demanding requirement limits the
scale of the building-block state that one can generate experimentally. In addition, since the entangling operation
between the ancillary matter qubit and the quantum emitter is typically much slower than optical processes, the
large number of entangling gates significantly reduces the generation rate. In fact, it has been recently shown that
the slow entangling operation between the matter qubits is the dominant limiting factor for the performance of the
cluster state based all-optical quantum repeaters.

Here, we propose a protocol to deterministically generate photonic building-block states of arbitrary size by
using only a single quantum emitter [1]. We consider a system where the emitter is strongly coupled to a chiral
waveguide that has a mirror at one end implementing a delayed feedback. Figure 1(a) shows the schematic setup.
We assume the emitter has an energy-level structure as shown in the inset of Fig. 1(a). The two ground states
|g0⟩ ≡ |0⟩s and |g1⟩ ≡ |1⟩s form a stable qubit, while the state |g2⟩ serves as an ancillary memory state. The
quantum emitter also consists of two optically excited states |eL⟩ and |eR⟩, both of which can decay into the ground
state |g1⟩ while emitting a photon into the waveguide. The chiral coupling between the emitter and the waveguide
guarantees that the transitions |g1⟩↔ |eL⟩ and |g1⟩↔ |eR⟩ couple only to the left- and right-propagating modes of
the waveguide, respectively. Each photonic qubit is encoded in the time-bin basis, where the presence of a photon
in the earlier and later temporal modes are denoted as |0⟩p and |1⟩p, respectively.

Figure 1(b) and (c) show the two elementary gates, the E gate and the CZ gate, in our protocol, along with
the pulse sequences required to implement them. An E gate generates a new photon that inherits the state of the
quantum emitter, while resetting the state of the emitter to |1⟩s. The CZ gate is applied between the emitter and
a photon reflected from the mirror, such that the state |1⟩p photon will pick up a π phase shift if the emitter is
initially in state |g1⟩, while no phase shift otherwise.

As an example, we describe our protocol using a tree with a depth of 3 and branching parameters of b0 =
b1 = b2 = 2, as shown in Fig. 1(d). We start with the emitter prepared in state |+⟩s = (1/

√
2)(|0⟩s + |1⟩s). By

continuously applying the E gate and a (−π/2) spin rotation along the y axis of the Bloch sphere for 8 times, we
generate 8 photons that are all in the state |+⟩p = (1/

√
2)(|0⟩p + |1⟩p). These photons will constitute the bottom

layer of the tree. The 8 photons will travel sequentially in the left-propagating mode of the waveguide until they
are reflected by the mirror. For each reflected photon, we apply a CZ gate when the photon arrives at the emitter.
Since both the emitter and the photon are in the superposition state, the CZ gate entangles the emitter and the
photon. Therefore, after the first two photons pass through the emitter, the emitter will be entangled with both
photons. Before the third photon arrives at the emitter, we apply an E gate to generate a new photon (the ninth
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Fi g. 1. ( a) T h e s c h e m ati c s et u p t o g e n er at e a p h ot o ni c tr e e cl ust er st at e wit h a n ar bitr ar y si z e. T h e
i ns et s h o ws t h e e n er g y-l e v el str u ct ur e of t h e q u a nt u m e mitt er. ( b),( c) T h e l eft- h a n d p a n els ill ustr at e
t h e eff e cts of t h e E g at e ( b) a n d t h e C Z g at e ( c) a p pli e d o n t h e j oi nt e mitt er- p h ot o n q u a nt u m st at e.
T h e ri g ht- h a n d p a n els s h o w t h e c orr es p o n di n g r e q uir e d p uls e s e q u e n c es f or i m pl e m e nt ati o n. T h e
c ol or of e a c h bl o c k i n t h e p uls e s e q u e n c e is us e d t o i n di c at e t h e o pti c al tr a nsiti o n [ als o c ol or l a b el e d
i n ( a)] t o w hi c h t h e r ot ati o n p uls e is a p pli e d. ( d) Gr a p h r e pr es e nt ati o n of t h e pr o c e d ur e f or g e n er ati n g
a tr e e wit h br a n c hi n g p ar a m et ers b 0 = b 1 = b 2 = 2.

p h ot o n) i nt o t h e l eft- pr o p a g ati n g m o d e of t h e w a v e g ui d e. T his E g at e will tr a nsf er t h e st at e of t h e e mitt er i nt o t h e
ni nt h p h ot o n a n d r es et t h e e mitt er t o st at e |1 ⟩ s . T h us t h e ni nt h p h ot o n b e c o m es t h e p ar e nt n o d e of t h e p h ot o ns 1
a n d 2, a n d t h e e mitt er is d et a c h e d fr o m t his s u btr e e. A f oll o w- u p (− π / 2 ) r ot ati o n al o n g t h e y a xis o n t h e e mitt er
will pr e p ar e t h e e mitt er b a c k t o t h e |+ ⟩ s st at e a g ai n. R e p e ati n g t h e s a m e pr o c e d ur e l a y er- b y-l a y er i n a b ott o m- u p
f as hi o n, w e ar e a bl e t o g e n er at e t h e w h ol e tr e e.

O n e of t h e m ost i m p ort a nt f e at ur es of o ur pr ot o c ol is t h at it c a n b e wi d el y a p pli c a bl e t o a l ar g e r a n g e of tr e e-t y p e
p h ot o ni c cl ust er st at es, s u c h as r e p e at er gr a p h st at es a n d tr e e- e n c o d e d r e p e at er gr a p h st at es. Usi n g t h es e st at es, w e
c a n r e ali z e o n e- w a y q u a nt u m r e p e at ers. We h a v e d o n e a q u a ntit ati v e a n al ysis of t h e r e p e at er p erf or m a n c e usi n g t h e
st at es g e n er at e d b y o ur s c h e m e, a n d c o m p ar e it wit h e xisti n g s c h e m es [ 2 ]. T h e r es ults s u g g est t h at o ur g e n er ati o n
s c h e m e is m or e a d v a nt a g e o us w h e n w e c a n a c hi e v e a l ar g e e mitt er- w a v e g ui d e c o u pli n g.

W hil e w e d es cri b e d o ur pr ot o c ol usi n g a s p e ci fi c s yst e m c o nsisti n g of a m ultil e v el at o m c o u pl e d t o a c hir al
w a v e g ui d e, it is w ort h n oti n g t h at n eit h er t h e s p e ci fi c at o mi c l e v el str u ct ur e n or t h e c hir al c o u pli n g is ess e nti al
t o t h e r e ali z ati o n of o ur pr ot o c ol. I n t his t al k, I will als o t al k a b o ut o ur visi o ns i n e x p eri m e nt al r e ali z ati o n of t his
s c h e m e, i n p arti c ul ar t h e us e of a q u a nt u m- d ot- b as e d c a vit y Q E D s yst e m [ 3 ,4 ].

We a c k n o wl e d g e f u n di n g fr o m N ati o n al S ci e n c e F o u n d ati o n ( Gr a nt N o. 1 7 3 4 0 0 6, 2 0 1 6 2 4 4, a n d 2 1 3 7 9 5 3).
T his w or k utili z e d r es o ur c es fr o m t h e U ni v ersit y of C ol or a d o B o ul d er R es e ar c h C o m p uti n g Gr o u p, w hi c h is s u p-
p ort e d b y t h e N ati o n al S ci e n c e F o u n d ati o n ( a w ar ds A CI- 1 5 3 2 2 3 5 a n d A CI- 1 5 3 2 2 3 6), t h e U ni v ersit y of C ol or a d o
B o ul d er, a n d C ol or a d o St at e U ni v ersit y.
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