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We describe the observation of a sharp leading-edge spike in a biphoton wave packet that is produced using
slow light and measured by two-photon correlation. Using the stationary-phase approximation we charac-
terize this spike as a Sommerfeld—Brillouin precursor resulting from the interference of low- and high-
frequency spectral components. © 2008 Optical Society of America

OCIS codes: 270.0270, 070.7345.

Optical precursors were first described by Sommer-
feld and Brillouin in 1907 and are of importance in
electromagnetic theory because they ensure that the
front edge of a wave packet will always travel at the
velocity of light in vacuum. It was previously believed
that optical precursors existed for only a few optical
cycles and contributed little to the amplitude of the
field [1]. However, recent theoretical [2] and experi-
mental [3] work has shown that in a narrow-
resonance atomic medium the precursor magnitude
can be of the same order as the primary field, and its
length may be much longer than a few cycles. Precur-
sors have been extensively studied in the gamma ray
[4], microwave [5], and optical regimes [3,6-9].

In this Letter, we extend the classical concept of
precursors to describe the behavior of biphoton wave-
packets that are measured by correlation using
single-photon-counting modules (SPCMs). The mea-
sured wave packets are generated by using electro-
magnetically induced transparency (EIT) and slow
light [10,11] so that the correlation time of the main
body of the wave packet can be varied over the range
of 50—-900 ns [12]. We remark that the observation of
the sharp leading edge spike in [12] was not ex-
pected, and its nature was first suggested to us by
Daniel J. Gauthier. A requirement for the sharp
front-edge spike to be apparent is that the optical
depth (OD) be sufficiently large so that the pulse
length is determined by the group delay.

A schematic of biphoton generation is shown in Fig.
1. In the presence of counterpropagating cw pump
(w,) and coupling (w.) lasers, phase-matched, paired
Stokes (w,) and anti-Stokes (w,;) photons are sponta-
neously generated and propagate in opposite direc-
tions. We use a 2D 8°Rb magneto-optical trap (MOT)
with a longitudinal length L=1.7 cm and an aspect
ratio of 25. The Stokes (o7) and anti-Stokes (o) pho-
tons are coupled into opposing single-mode fibers and
detected by two SPCMs after passage through two
narrowband optical filters (F1 and F2). With the
dephasing rate of the |1)—|3) transition denoted by
Y13=27 X 3 X 10%sec™!, the pump laser has a Rabi fre-
quency of ),=1.167y3, is 0~ circularly polarized, and
is blue detuned from the |1)—|4) transition by
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A,=48.67y;3. The coupling laser ({),) is o* circularly
polarized and is on resonance with the |2)—|3) tran-
sition. Further experimental details are described in
[12].

We first note that the Glauber correlation function,
or equivalently the coincidence rate versus the rela-
tive time delay 7, for an ideal parametric down con-
verter with a frequency independent group delay be-
tween the signal and the idler of L/V, is a rectangle
[Fig. 2(a)]. Each biphoton (pair of photons) is emitted
at a random position; if the point of emission is at the
front edge of the nonlinear medium, then the photons
arrive simultaneously; if it is at the back edge, then
one is delayed from the other by L/V,. For an EIT-
based downconverter operating at high optical depth,
the anti-Stokes photon travels slowly, and because
the bandwidth is constrained by the EIT profile, the
correlation profile is smoothed and has a full width
equal to the group delay. Figure 2(b) shows the ex-
perimentally observed correlation function with a
correlation width of about 400 ns, as compared to the
measured group delay of L/V,=372ns. It is the
sharp peak and the oscillatory structure at the lead-
ing edge that require further explanation.

The experimental curve, including the leading
edge, is in good agreement with the Heisenberg pic-
ture theory of earlier papers from our group [12-14].
To explicitly display the phase of the biphoton, we
start here with the equivalent Schrodinger picture
wave function. With the assumption that the off-
resonant pumping laser is sufficiently weak that the
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Fig. 1. (Color online) Biphoton generation in a double-A

system. (a) Experimental configuration. (b) ®Rb energy
level diagram (from [12]).
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Fig. 2. (Color online) (a) Two-photon correlation for an 200 - N
ideal spontaneous parametric down converter with a rela-
tive group delay L/V, and paired emission rate R. (b) Ex- L L
perimental Stokes—anti-Stokes coincidence counts per 1 ns W, 2
bin in 800 s as a function of delay at an optical depth of 62, " r
0.=4.207y3, Q,=1.167;3, and A,=48.67y;3. T P TN M P T |
-40 -20 Ao/ 0 20 40
atomic population remains primarily in the ground ) ] @ .” (MHz) o
level |1>’ and 7=t,,—t,, the two-time Stokes—anti- Fig. 3. (Color online) (a) Anti-Stokes (EIT) transmission

Stokes biphoton wave function is W(¢,,t,+7)
=y(net@*ep)ts  where the envelope quantity is
[15-17]

L A
(1) = 2— f K(w)(p(w)elg(“”ﬂdw. (1)
T

Here the quantity o denotes the anti-Stokes fre-
quency, x(w) is the nonlinear coupling coefficient, and
0w, 7)=Re[(kys+k)L/2—w7] is the real phase func-
tion. %k ,(w) and k,(w) are the complex angular wave-
numbers. With Ak(w)=(EaS+E:—EC—Ep)-E, and the
unit vector Zz taken in the direction of anti-Stokes
generation, ¢(w)=sinc(AkL/2)exp{-Im[(k,,+k,)L/2]}.
Expressions for these quantities in terms of the per-
tinent susceptibilities are given in [17]. The two-
photon Glauber correlation function can be expressed
in terms of the biphoton wave function as G®(7)
=|y(7)|?+B, where the background B results from un-
correlated photons.

As is the case for propagating classical wave pack-
ets, the method of stationary phase may be used to
explain the biphoton precursor. The essential idea is
that the dominant contribution to the integral in Eq.
(1) occurs when the derivative of 6(w,7) is equal to
zero [18]. For different frequencies this zero occurs at
different times 7. By differentiating 6(w,7) we see
that the relative delay time 7 is related to the domi-
nant frequency w; by

L L

T=——, (2)
2V (wg) 2c
where we have taken k;=(w,+w,-o)/c.

The upper and lower portions of Fig. 3 show the
measured EIT transmission and the calculated right-
hand side of Eq. (2) as functions of anti-Stokes fre-
quency detuning Aw=w- w3 from |1)—|3) transition,
respectively. Though it is not apparent in this figure,
the right-side asymptote approaches zero faster than
the left asymptote does. Therefore the earliest por-
tion of the biphoton wave packet to intersect with the

profile. (b) Group delay L/2V, as a function of anti-Stokes
detuning Aw. Optical depth=62, .=4.207y;3.

horizontal line 7 and to arrive at the detector comes
from the high-frequency portion of the spectrum and
is thought of as the Sommerfeld precursor. At slightly
later times the low-frequency Brillouin components
arrive at the detector and beat with the simulta-
neously arriving high-frequency components.

We may think of ¢(7) in Eq. (1) as having two por-
tions that arise from different regions in frequency
space, i.e.,

(1) = ho(7) + hsp(7). 3)

The function iy(7) is the main body of the biphoton
and contains most of its energy. It is obtained by nu-
merically integrating over the central region I of Fig.
3 that extends Aw from -Q./2 to O./2:

L w13+Q/2

¢0(T)=2—

TJ w13-0,2

k(o) p(w)e! " dw. (4)

The function ¢gp(7) is the Sommerfeld—Brillouin pre-
cursor and is obtained by integrating over region II of
Fig. 3. For an oscillatory integral of the form f
=[* F(w)e'”®dw, where F(w) varies slowly as com-
pared to the real phase #(w), the dominant contribu-
tion to the integral occurs when the derivative, 6'(w,)
is equal to zero. We expand ﬁ(w)za(wd)+%9’(wd)(w
-wy)? and integrate over w. With the contribution of
the end points neglected, this integral is [}
=27/ 0" (wy)F(wy)e'”“d. When there are several
points of stationary phase, it follows that the
Sommerfeld—Brillouin portion of the wave packet is
[18]

L
GEDS —K(wd)(p(wd) e, (5)

wg VT i27T0”(C!)d)

Figure 4 is a zoomed view of Fig. 2(b) from
0 to 125 ns. The theoretical curve is obtained from
Egs. (3)—(5) with a vertical scaling factor to best
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Fig. 4. (Color online) Zoomed view of Fig. 2(b) comparing

the experimental data (circles) and the theoretical curve
(solid curve). Optical depth=62.

fit the experimental data. The leading-edge
Sommerfeld—Brillouin precursor has a width of about
10 ns. Experimental and theoretical results at
smaller OD (30 and 53) and different (), are plotted
in Fig. 5. All show reasonable agreement between Eq.
(1), or equivalently Eqgs. (3)-(5) and the experiment.
The width at half power of the precursor as deter-
mined by evaluating Eq. (5) is 7 ns at an optical
depth of 62. A still coarser estimate is obtained by
taking the functional form of the beating as
cos?(Awy7) with the width at half power occuring
when Awy7=m/4 and the line shape as Lorentzian.
The group delay at a detuning Aw in the wing of a
naturally broadened Lorentzian line may be ex-
pressed in terms of the Einstein A coefficient and the
optical depth NoL as L/V,=ANoL/ (4Aw?), where N
is atomic density and o is the anti-Stokes on-
resonance absorption cross section. Combining these
expressions, the half-power width of the precursor
spike is 72/(ANoL). At an optical depth of 62 as in
Fig. 4 and a natural decay time of 26.5 ns (A=27y,3),
this formula predicts a precursor width of 4.2 ns.

100 —————7— 100 ———T——7—
8o

60 |

40

20

=
200
100
o el

P T

Coincidence counts

r=t —t, (ns)

Fig. 5. (Color online) Comparison of theory and experi-
ment for other parameters. In parts (al) and (bl) Q.
=2.35v,3. In parts (a2) and (b2) Q,=4.20y;3.
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It might be hypothesized that the observed shape
is not a Sommerfeld—Brillouin precursor but instead
results from the high optical depth and nonzero loss
experienced by the anti-Stokes field. To test this we
have used Eq. (1) and also the exact operator equa-
tions with, in both cases, the spontaneous decay rate
and both dephasing rates set to zero, thereby creat-
ing a lossless system. We find that except for a
slightly more pronounced oscillation, the precursor
has the same shape as in Figs. 4 and 5. We have
thereby verified that the Sommerfeld—Brillouin pre-
cursor is dominantly the result of the interplay of
phases during nominally lossless propagation.
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