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Coherent control of collective atom phase for ultralong, inversion-free photon echoes
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To overcome the fundamental limitations of the m optical pulse-induced population inversion and optical
decay-caused short storage time in conventional photon echoes, a coherent control of collective atoms is studied
for inversion-free, optical decay-halted photon echoes, where the constraint of photon storage time is now
replaced by a spin population decay process. Using phase-controlled double rephasing, an inversion-free photon
echo scheme is obtained, where no spontaneous or stimulated emission-driven quantum noise exists. Thus, the

present method can be applied for ultralong quantum memories in quantum repeaters for long-distance quantum

communications.
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Over the past decade, quantum information processing has
been widely investigated for potential applications in quantum
computing and quantum communications. To overcome a
limited transmission distance through an optical fiber, quantum
communications beyond 100 km have been an ultimate goal.
Using quantum repeaters [ 1], the limited transmission distance
can be greatly extended, as with optical amplifiers in present
fiber-optic networks. In this case, ultralong quantum memory
is essential, where the minimum storage time for global
quantum communications is about 1 s [2].

Photon echoes have been intensively studied for all-optical
information processing owing to their wide bandwidth, fast
access time, and multimode capabilities in both time and space
domains [3,4]. Photon echoes are based on the reversibility
of inhomogeneously broadened atom (or spin) phases, where
the reversible atom phase is obtained by an optical 7 pulse-
caused population swapping between two states, resulting
in population inversion. For quantum memory applications,
however, conventional photon echoes following two-pulse [3]
or three-pulse schemes [4] have been excluded due mainly to
quantum noise from the rephasing-caused population inver-
sion. Obtaining a phase decay time that is much longer than a
millisecond is another goal for quantum memories. Although
solid media have no atomic diffusion and pose a longer phase
decay time compared with atomic vapors [5], the observed
photon storage time in several modified schemes is still too
short to apply it for long-distance quantum communications
[6-12].

Recently a double-rephasing method for conventional two-
pulse photon echoes [13] has been analyzed for a quantum
memory scheme by using the concept of silent echo [14].
However, the storage time is still limited by optical phase
decay time. Here, an ultralong, inversion-free photon echo
scheme is proposed using double rephasing [13], combined
with optical locking in three-pulse photon echoes (3PE)
[15], where the optical locking is originally proposed in
resonant Raman echoes [16]. In this case, both phase-locked
atoms as inherent properties of 3PE [4] and controlling atom
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phases for the optical-spin coherence transfer play a key
role [10-13,15,16].

In Fig. 1, an inhomogeneously broadened A-type three-
level optical system is considered, where D (data), W (write),
R (read), and RR (re-rephasing) pulses are resonant for the
transition of |1) (ground) to |3) (excited). The optical locking
pulses C1 and C2 are resonant to the transition of |2)-|3) for
coherent population transfer, where |2) is an auxiliary ground
state [10,12]. Because the spin decay rates for the |1)-]2)
transition are robust compared with their optical counterparts
(11)-13) and |2)-|3)), C1 functions as a storage time extension
due to optical decay halt [12,15]. Unlike two-pulse photon
echoes [3], the photon storage time extension by C1 in Fig. 1 is
independent of optical phase decay as well as spin phase decay
due to intrinsic atom phase locking in the 3PE (discussed in
Fig. 2) [15].

The inset of Fig. 1(a) shows a corresponding pulse
sequence, where D, W, and R satisfy a conventional 3PE
scheme. The pulse area of R (®x = 37 /2), however, increases
threefold over the conventional one (P = 7 /2) to satisfy the
phase recovery condition for optical locking by C1 and C2
(discussed in Figs. 3 and 4). Thus, the three-pulse photon echo
E1 in Figs. 1(a) and 1(b) becomes absorptive (or negative)
in coherence, where stimulated emission (as a major noise
factor to quantum memories [17]) by E1 must be quenched.
However, the coherent absorption by E 1 may alter the quantum
fidelity of E2. This E1 induced-absorption problem can be
solved easily by using a spatial phase-mismatching condition.

Let us consider an angled scheme for Fig. 1(a),
where a counterpropagating beam set of D and RR
has a small angle with another counterpropagating
beam set of W and Rl: kp = —Kgrgr, ky =
—Kkg, where Kk; is a propagation wave vector of each pulse
i. Then, the phase-matching directions for E1 and E2 are,
respectively,

kgi = kg +ky —Kkp = —Kkp, (1)

kry = 2kgr — kg1 = 2kgr +kp — (kg +kw) = —Kkp.
(2

Unlike the spatial phase mismatch for E1 along the
medium length L (L > A) due to |kg; —kp| =2kpL >
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FIG. 1. (Color online) Inversion-free storage time extended photon echo. (a) and (b) Optical coherence and population as a function of
time, respectively. The pulse area of D, W, R, and RR is 0.1z, 0.5, 1.5, and 7, respectively. Each pulse area of C1 and C2 is 7. Inset:
Pulse sequence. (a) Tp = 5.0; (¢) Tw = 20.0; (e) Tcy = 20.1; (g) T = 60.0; (1) T = 60.1; (k) Trr = 90.0 pus. Green (light gray): p,,; red
(gray): ps3. (¢)—(f) Coherence evolution for all atoms as a function of detuning and time. The optical inhomogeneous width [full width at half
maximum (FWHM)] is 340 kHz. Each pulse duration is 100 ns except for D and R. The D pulse area is 0.1. All decay parameters are set to

ZEe10.

m in Eq. (1) resulting in a silent echo [14], echo E2
stays in phase due to kg» — kg = 0 in Eq. (2). Here,
the silent echo E1 does not affect the individual atom’s
phase evolution, and thus echo E2 as a two-pulse echo of
E1 results from these individual atoms’ rephasing process
by RR.

Figures 1(c)-1(f) show coherence evolutions of all excited
atoms. In Figs. 1(c) and 1(e), the echo E2 atr = 105 us is with-
out population inversion, while the (absorptive or negative)
echo E1 att =75 us is with population inversion. The storage
time extension is due to the population transfer by C1 to the
spin state |2) [10—13], where atom phase locking resulting from
the W pulse is still effective for spin transitions (discussed
in Fig. 2), even under spin inhomogeneous broadening, as
experimentally demonstrated [15].

For the calculations, nine time-dependent density matrix
equations are numerically solved for an 800-kHz inhomoge-
neously broadened Gaussian-distributed atom ensemble. For
visualization purposes, all decay rates are set at zero. Because
the pulse duration of the data pulse D is as short as the
inverse of the inhomogeneous broadening, the delay time of
the write pulse W from D can also be kept short enough
as compared with the optical phase decay time for nearly
maximum coherence.

In Figs. 2 and 3, we discuss how the phase-locked atoms
play an important role via optical-spin coherence transfer
for storage time extension. We also discuss collective atom
phase control in the optical locking processes by using extra
rephasing. In Fig. 2, all figures are color matched. The
blue (dark gray) and red (gray) curves in Fig. 2(a) indicate
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FIG. 2. (Color online) Coherence vs detuning for Fig. 1. (a) t = 5.1 us for D excitation in the 0.1z pulse area (see blue and red curves;
For t =20.0 us just before W, see cyan and dotted modulation curves). (b) t = 20.1 us for W excitation in the 7 /2 pulse area. (c) t = 20.2 us
for C1 (;r pulse area). (d) = 60.1 us for C2 (;r pulse area). (e) R rephasing with the 37 /2 pulse area. (f) Silent echo E1 att =75 us. (g) RR
rephasing with a v pulse area. (h) Inversion-free echo E2 at t = 105 us. Blue (dark gray): Imp3; red (gray): ps3; green (light gray): p,;; cyan

(medium gray): Reps.

D-pulse-excited coherence (Imp;3) and population (p33) in
a spectral domain at ¢+ = 5.1 us, respectively. Defining &
as a detuning of an atom group ¢ from the line center in
the inhomogeneously broadened ensemble, each §-detuned
atom ¢ evolves at a different speed [pj;(¢ + fo) exp(id‘t);
1o indicates the ending time of an excitation pulse; see also
Figs. 1(c) and 1(d)], resulting in a phase modulation as shown
in the dotted curve, Imp;3 for r = 20.0 us just before the W
pulse is turned on. The cyan (medium gray) curve is for the
corresponding real part, Rep;s, which is 7 /2 phase shifted.
The optical information about the data pulse D is stored in
this time-dependent optical phase modulation, i.e., atom phase
grating: This is the storage mechanism of two-pulse photon
echoes. As rephasing-based photon echoes are satisfied for
quantum memories [6-9], the 3PE should also be satisfied, if
the optical population decay-caused coherence loss is ignored
[7.8].

The 3PE scheme is obtained from the two-pulse photon
echo scheme composed of D and R’ at a 7 pulse area [3],
by simply dividing the R’ into two halves, W and R [4].
In Fig. 2(b), a half & pulse (W) excites only half of each
population in each state, resulting in a population grating for
both p;; (not shown) and ps33 (red/gray curve). This population
grating p33 is coherently transferred by W from the phase
grating, Imp;3 (see also the bottom row of Fig. 3). At this
stage, the system coherence becomes locked from the phase
decay process, resulting in atom phase locking. This phase
locking is an ultimate property of the 3PE [4].

Subsequently, the 7 pulse C1 that follows then coherently
transfers the population grating ps3 into the spin state |2) to
halt optical population decay-caused decoherence: See the
exact same pattern between py, (green/light gray) and ps33
in Figs. 2(b) and 2(c). Via this complete population transfer,
optical coherence is also transferred into spin coherence (see
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FIG. 3. (Color online) Detailed coherence change by each pulse interaction as a function of time and detuning. All the parameters are the

same as those in Fig. 1, except the pulse area of D.

the dotted curve for Imp;;). As the optical coherence (p0;3)
is phase locked by W, the spin coherence (p;) is also phase
locked [15]: Compare this with the spin-dephasing-dependent
decoherence in two-pulse echoes [11,12]. In Fig. 2(d), by
the C2 pulse, the transferred atoms are returned to state |3),
recovering both optical population and coherence. However,
a  phase shift results [see the inverted blue/dark gray curve
compared with that of Fig. 2(b)].

As shown in Fig. 2(e), by R at t = 60.2 us, the modulation
in p33 (red/gray) in Fig. 2(b) is transferred back into the
phase grating (Impj3; blue/dark gray), and rephasing of
coherence begins. Here, the 3w /2 read pulse R is used
to compensate the optical locking pulse-induced 7 phase
shift [10,11]. The rephased coherence as an echo E1 in
Fig. 2(f), however, is absorptive (see the blue/dark gray) with
population inversion (red/gray), resulting in a silent echo in an
angled counterpropagating scheme as discussed in Fig. 1. This
absorptive echo property was anticipated in Fig. 2(e), where
no phase change occurs in absorption, Imp;3.

By the re-rephasing pulse RR at t = 90.0 us, E2 results
from E1 [see Figs. 2(g) and 2(h)]. Because RR functions
as two-pulse photon echoes [3], the system undergoes no
population inversion. Thus, echo E2 in Fig. 2(h) is free from
both spontaneous and stimulated emission processes. The
wiggles in Figs. 2(f) and 2(h) are due to §-dependent imperfect
rephasing in the simulations.

Figure 3 shows details of collective atom phase control. For
maximum coherence excitation, a ;v /2 pulse area of D is used.
The corresponding pulse sequence is the same as in Fig. 1
(see the far right-hand column). As shown in the bottom row,
the write pulse W functions as the coherence transfer from the
phase grating (;3) to the population grating [ 033 as well as py;
(not shown)] as discussed in Fig. 2. This population grating
has nothing to do with the optical phase decay as discussed in
Fig. 2(b). The optical locking pulse C1 results in coherence
transfer from the optical state (p33) to the spin state (p2;) via
the population transfer as discussed in Fig. 2(c): See the two
right-hand columns. Because the transferred atoms are phase
locked, spin coherence can continue as long as p,, decays out.

In the middle row of Fig. 3, the spin population in state
|2) is returned to state |3) by C2. During this process by
C1 and C2, a total w phase shift occurs (see the color
swapping in both Imp;3 and Rep;3 compared with the bottom
row). At the end of the 37 /2 R pulse, however, the optical
coherence Imp;3 has the same phase as that by D, which is
absorptive or negative (see the first column) under population
inversion.

The RR pulse-resulted echo E2 is the exact coherence
retrieval of E1 in the context of a conventional two-pulse
photon echo, where E1 is silent in a counterpropagating angled
scheme. This fact also leads to an important conclusion that
the retrieval order of the inversion-free echo E2 is the same as
that of data D [see Fig. 4(e)].

In Fig. 4, the atom phase control discussed in Figs. 1-3
is speculated on by using a Bloch vector model. Figure 4(a)
shows the coherence evolution of a detuned atom group at § =
10 kHz, where coherence evolution [Figs. 4(b) and 4(c)] is
retrieved by RR.

Figure 4(b) represents a Bloch model for Fig. 4(a). The D-
excited atomic coherence at point b is retrieved by R, resulting
in photon echo E'1 at the bottom of the figure very near point
b. The coherence of echo E'1, however, is negative and silent
under the population inversion [see Fig. 1(a)]. By the additional
rephasing pulse RR, echo E2 results from echo E1 (see the x
mark on the top curve), without population inversion, as
discussed in Figs. 1(a) and 2(h).

Figures 4(c) and 4(d) represent the atom phase control by R
to support the phase recovery condition. As shown in Fig. 4(d),
for a complete retrieval of E1, the  pulse area of R (blue/dark
gray shaded region between points x and y) must be added to
give a r phase shift in total. As discussed in Fig. 3, where C1
and C2 result in a 7 phase shift to p;3, the value of Imp;3 and
Repj; at point x must be opposite to that at point c: pj3(f +
to)exp(idt) at c — —py3 (¢t + t1) exp(idt) at x. This condition
represents negative absorption under the population inversion
[see Fig. 4(e)].

In Fig. 4(e) the present inversion-free photon echo scheme
is described for multiple data pulses. As shown, the order of
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FIG. 4. (Color online) (a) Coherence evolution for § = 10 kHz. (b) Bloch vector description for (a). (c) and (d) Expanded features for the
R interaction [see the red dotted circle in (b)]. (e) Three consecutive data pulse for (a). (f) For the first 7 /2 pulse area of R in (b).

final echo E2 is the same as that of the data pulses, which
is a direct result of double rephasing. This normally ordered
echo sequence gives a practical benefit to multimode photon
information processing.

Figure 4(f) supports the phase recovery condition with
/2 R. As aresult, there is no photon echo due to no rephasing,
as discussed in Fig. 4(d). Echo E2 is also cancelled because
of no E1. This phase recovery condition is very important
in dealing with the optical locking pulses for storage time
extension [10,12,15,16].

In conclusion, coherent atom phase control in a collective
atom ensemble was studied for ultralong, inversion-free

photon echoes. Storage time extension is due to the inherent
property of phase locking in 3PE via optical-spin coherence
transfer. Using optical phase locking, the transferred spin
coherence becomes independent from spin dephasing, where
the present scheme can be applied for ultralong quantum
memories applicable to quantum repeaters in long-distance
quantum communications.
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