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8 We demonstrate a way to prepare single photons with a temporal envelope that resembles the time
9 reversal of photons from the spontaneous decay process. We use the photon pairs generated from a time-

10 ordered cascade decay: the detection of the first photon of the cascade is used as a herald for the ground-
11 state transition resonant second photon. We show how the interaction of the heralding photon with an
12 asymmetric Fabry-Perot cavity reverses the temporal shape of its twin photon from a decaying to a rising
13 exponential envelope. This single photon is expected to be ideal for interacting with two-level systems.

DOI:14 PACS numbers: 42.50.Ct, 32.90.+a, 37.10.Gh, 42.50.Dv

15 The absorption of a single photon by a single atom or an
16 ensemble of atoms is an interesting problem from a
17 fundamental point of view and is also essential for many
18 quantum information protocols [1–4]. One of the require-
19 ments for an efficient absorption is that the temporal shape
20 of the incident photon is the time reversal of the photon
21 from the spontaneous decay process [5,6]. Temporally
22 shaped light pulses have been utilized in many recent
23 experiments to achieve efficient interactions between light
24 and matter [7,8]. In particular, the advantage of using a
25 rising exponential shaped single photon for absorption in
26 an atomic ensemble was demonstrated in Ref. [9], and
27 shaped multiphoton pulses for exciting a single atom
28 were demonstrated in Ref. [10]. This advantage also
29 applies to interacting single photons with other systems
30 such as quantum dots [11,12], single molecules [13], and
31 superconducting circuits [14].
32 The efficient preparation of single photons with narrow
33 bandwidth and a rising exponential envelope is not trivial.
34 One solution is the direct modulation of a heralded photon
35 generated by an atomic medium [15]. This technique
36 results in unavoidable losses due to filtering. We have
37 previously demonstrated a scheme to generate single
38 photons with a rising exponential shape by heralding on
39 photon pairs produced by cascade decay [16] without
40 filtering. The drawback of this scheme is that the photon
41 with the rising exponential envelope is not resonant with an
42 atomic ground-state transition.
43 In this Letter, we combine the asymmetric cavity design
44 used by Bader et al. [17] with the well-known temporal
45 correlation properties of photon pairs [18] to invert the
46 temporal envelope of the generated photon pairs: with the
47 proper heralding sequence we obtain a rising exponential
48 single photon resonant with a ground-state transition of
49 87Rb. This concept is not limited to atoms, but can be
50 equally applied to other physical system with a cascade
51 level structure to obtain such photons [19–21]. A related

52idea has been used in the past for nonlocal dispersion
53cancellation [22].
54The photons emerging from an atomic cascade decay
55have a well-defined time order. The first photon of the
56cascade (signal) is generated before the photon resonant
57with the ground state (idler). The resulting state can be
58described by a two-photon wave function [23] of the form

ψðts; tiÞ ¼ Ae−ðti−tsÞ=2τΘðti − tsÞ; ð1Þ

59where ts; ti are the detection times of the signal and idler
60photons and Θ is the Heaviside step function. In this
61notation, the probability of observing a pair is proportional
62to jψðts; tiÞj2. The exponential envelope and the decay time
63τ is a consequence of the atomic evolution of the cascade
64decay. If the detection of a signal photon is used as a herald,
65the idler mode has a single photon state with an exponen-
66tially decaying temporal envelope starting at ti ¼ ts.
67Similarly, if the detection of an idler photon acts as a
68herald, the signal photon has an exponentially rising
69temporal envelope.
70An asymmetric cavity with the appropriate parameters
71transforms a light field with an exponentially rising
72envelope into one with a decaying envelope [17]. The
73main point of this work is that coupling the signal mode
74into a properly tuned asymmetric cavity before heralding
75results in a “time reversed” envelope for the idler photon.
76The asymmetric cavity is formed by a partially reflective
77mirrorM1 and a highly reflective mirrorM2; see Fig. 1. The
78effect of the cavity on the signal mode is described as a
79frequency-dependent phase factor [24,25],

Cðδ0Þ ¼
ffiffiffiffiffiffi
R1

p
−

ffiffiffiffiffiffi
R2

p
eiδ

0=Δνf

1 −
ffiffiffiffiffiffiffiffiffiffiffi
R1R2

p
eiδ

0=Δνf
; ð2Þ

80where R1;2 are the reflectivities of M1 and M2, Δνf is the
81free spectral range of the cavity, and δ0 is the detuning from
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82 the cavity resonance. For R2 ¼ 1, the transformation of the
83 incoming mode is lossless, i.e., jCðδ0Þj ¼ 1.
84 The cavity transforms the two-photon wave function in
85 Eq. (1) into the two-photon wave function ~ψðts; tiÞ,

~ψðts; tiÞ ¼ F−1
s ½Cðωs − ω0

s − δÞF s½ψðts; tiÞ��; ð3Þ

86 where F s denotes a Fourier transform from ts to ωs, and δ
87 is the detuning of the cavity resonance from the signal
88 photon center frequency ω0

s=2π.
89 If the ring-down time of the cavity matches the coher-
90 ence time τ of the photon pair in Eq. (1), the resulting wave
91 function is

~ψðts; tiÞ ¼
A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4δ2τ2

p ½2δτe−ðti−tsÞ=2τΘðti − tsÞ

þ eðti−tsÞ=2τΘð−ti þ tsÞ� ð4Þ

92 with an exponentially rising and an exponentially decaying
93 component. Their relative weight can be controlled by the
94 detuning δ, and for δ ¼ 0, a time-reversed version of Eq. (1)
95 is obtained,

~ψðts; tiÞ ¼ Aeðti−tsÞ=2τΘð−ti þ tsÞ: ð5Þ

9697 Heralding on the detection of the modified signal photon
98 results in an idler photon state with a rising exponential
99 envelope, ending at ti ¼ ts. The cavity thus effects a

100 reversal of the temporal envelope of the heralded idler
101 photons from an exponential decay to a rise.

102To experimentally investigate this method, we used the
103setup shown in Fig. 1. We generate time-ordered photon
104pairs by four-wave mixing in a cold ensemble of 87Rb
105atoms in a cascade level scheme. Pump beams at 795 and
106762 nm excite atoms from the 5S1=2; F ¼ 2 ground level to
107the 5D3=2; F ¼ 3 level via a two-photon transition. The
108776 nm (signal) and 780 nm (idler) photon pairs emerge
109from a cascade decay back to the ground level and are
110coupled to single mode fibers. All four modes are collinear
111and propagate in the same direction. The coherence time τ
112of the photon pairs is determined by a time-resolved
113coincidence measurement between the detection of signal
114and idler photons to be 5.9 ns. Details about the photon pair
115source can be found in Refs. [16] and [26].
116One of the modes of the photon pairs (signal in Fig. 1) is
117coupled to the fundamental transverse mode of an asym-
118metric cavity, formed by mirrors M1, M2 with radii of
119curvature of 100 and 200 mm, respectively. We characterize
120the cavity using a frequency-stabilized laser of wavelength
121776 nm. The reflectivity of mirror M1 is determined by
122direct measurement with a p-i-n photodiode to be
123R1 ¼ 0.9410� 0.0008. Transmission through the mirror
124M2 and absorption by the mirrors leads to losses in the
125cavity. The loss per round trip is determined from the
126transmission through and the reflection from the cavity and
127is included in the reflectivity of M2, R2 ¼ 0.998� 0.001.
128The mirrors are mounted on a 55 mm long fused silica
129spacer, corresponding to a free spectral range Δνf ¼
1302.7 GHz. Therefore, an incident photon of Fourier band-
131width 1=ð2πτÞ ¼ 27 MHz interacts effectively with only
132one longitudinal mode of the cavity, ensuring that Eq. (2) is
133an adequate model. Temperature control of the spacer
134allows precise tuning and stabilization of the resonance
135frequency of the cavity. The light reflected off the cavity is
136separated from the incident mode by using a PBS and a
137quarter wave plate (λ=4).
138We infer the temporal shape of the heralded photons from

139the time distribution of the coincidence rateGð2Þ
si between the

140APDsD1 andD2 (time resolution< 1 ns). In Fig. 2we show

141Gð2Þ
si for three different cavity-photon detunings. When the

142cavity resonance is tuned far away from the signal photon
143frequency ω0

s, in this case about δ=2π ¼ 120 MHz, the
144temporal envelope remains nearly unchanged from the
145exponential decay obtained without cavity. Off-resonant
146coupling of the incident signal photon to the cavity leads
147to the residual coincidences at times ti − ts < 0. At
148δ=2π ¼ 27 MHz, the time distribution becomes a symmet-
149ric exponential, and on resonance, δ=2π ¼ 0, we obtain a
150rising exponential shape. For the three detunings the
151measurement agrees with the shape expected from
152Eq. (4): the exponential time constants remain unchanged
153and the new temporal shapes are determined by the phase
154shift across the cavity resonance via Eq. (2).
155From the time distribution of the coincidence counts, it is
156evident that the situation is symmetrical to what we

F1:1 FIG. 1 (color online). Schematic of the four-wave mixing
F1:2 experiment in collinear geometry. IF1, IF2: interference filters,
F1:3 used to combine pump beams and to separate the photons pairs.
F1:4 SMF: Single-mode optical fibers. M1, M2: cavity mirrors. The
F1:5 incoming and outgoing modes of the cavity are separated by a
F1:6 polarizing beam splitter (PBS) and a quarter wave plate (λ=4).D1,
F1:7 D2: silicon avalanche photodiodes (APD). The inset shows the
F1:8 cascade level scheme for the generation of photon pairs in 87Rb.
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157 presented in Ref. [16]: by heralding on the signal photon,
158 we now obtain an idler photon with a rising exponential
159 temporal envelope. This result, though predicted by the
160 theory, is particularly exciting: the idler photon is resonant
161 with a ground-state transition and the obtained temporal
162 envelope is similar to the time reversal of the one obtained
163 by spontaneous decay. The only deviation from the
164 predicted shape occurs for a short time interval after the
165 detection of the herald (ti − ts > 0). We attribute this
166 deviation to an imperfect matching between the signal
167 and cavity spatial modes.
168 To confirm the predictive power of our model, we
169 repeated the same experiment swapping the roles of the
170 signal and idler modes. This corresponds to swapping
171 the subscripts s and i in Eqs. (3) and (4). Figure 3 shows the

172 time-resolved coincidence rate Gð2Þ
si between the signal and

173 modified idler photons with the cavity tuned to resonance
174 with the idler central frequency. In this case, the cavity
175 transforms the exponentially rising temporal envelope into
176 a more complex shape. Our model accurately describes this
177 complex shape, as can be seen from the dashed line
178 in Fig. 3.
179 Using the same setup, we can infer the population of the
180 cavity mode as a function of time and observe its
181 dependence on the envelope of the incident photon. We

182estimate the mean photon number hnðtÞi in the cavity using
183an algorithm similar to the one presented in Ref. [17]. We

184compare the time distributions of coincidence rates Gð2Þ
fr

185and Gð2Þ
or when the cavity is tuned far-off resonance

186(δ=2π ¼ 200 MHz) and on resonance (δ=2π ¼ 0 MHz)
187with the incident photons, normalized against the total
188far-off resonance coincidences,

hnðtÞi ¼ e−ηtΔνf
R
t
−∞ ½Gð2Þ

fr ðt0Þ −Gð2Þ
or ðt0Þ�eηt0Δνfdt0

R∞
−∞ Gð2Þ

fr ðt0Þdt0
: ð6Þ

189We estimated η, which includes the cavity losses per round
190trip and transmission through M2, to be 0.002� 0.001.
191When the cavity is exposed to the idler mode, a heralded
192single photon with decaying exponential envelope interacts
193with the cavity: the mean photon number in the cavity
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F2:1 FIG. 2 (color online). Transformation of the temporal envelope
F2:2 of the heralded idler photon from exponential decay to rise when
F2:3 the cavity is in the signal mode. The y axis shows the coincidence
F2:4 rate Gð2Þ

si between the detectors D1 and D2 as a function of the
F2:5 detection time difference. The dashed lines represent j ~ψðts; tiÞj2,
F2:6 obtained from the model described by Eq. (4) for the indicated
F2:7 cavity detunings δ, with amplitude A as the only free parameter
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F3:2when the cavity is aligned and tuned to resonance with the idler
F3:3mode. The dashed line represents j ~ψðts; tiÞj2 obtained from
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194 reaches a maximum of 0.44� 0.01. On the other hand,
195 when the cavity is aligned in the signal mode we have a
196 heralded single photon with an increasing exponential
197 envelope interacting with the cavity; in this case, hnðtÞi
198 reaches a maximum of 0.76� 0.01. As expected, the
199 photon with the rising exponential waveform interacts
200 more efficiently with the cavity. Following the analogy
201 in Ref. [27], we expect this result to be extended to the
202 probability of absorption of a single photon by a single
203 atom. In the case of interaction with a single atom, it will be
204 necessary to also match the bandwidth of the transition. We
205 have already demonstrated how it is possible to control the
206 bandwidth of the photon generated by the cascade process
207 by adjusting the optical density of the atomic medium [26].
208 In summary, we have demonstrated a method to trans-
209 form a heralded single photon with a decaying exponential
210 temporal envelope to a rising exponential envelope using a
211 cavity. Using this method, we obtain single photons that
212 resemble the time-reversed versions of photons from
213 spontaneous decay process resonant to the D2 line of
214 87Rb atoms. Single photon states of this envelope and
215 bandwidth would be useful for transferring information
216 from photons back into atoms. As this time-reversal
217 technique can be used with photon pairs from other sources
218 with time-ordered emission, as found, e.g., in molecules
219 and quantum dots, it completes the toolbox necessary to
220 interconnect stationary qubits in a complex quantum
221 information processing scenario.

222 We would like to thank Prof. Gerd Leuchs for
223 useful discussions. We acknowledge the support of this
224 work by the National Research Foundation (partly under
225 Grant No. NRF-CRP12-2013-03) and the Ministry of
226 Education in Singapore.

227 Note added in proof.—We became aware that during the
228 review process a similar work independently performed by
229 Liu et al. was published [28].
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