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Abstract:  We observe the two- and three-pulse photon echo emission
from a scattering powder, obtained by grinding a Pr3*:Y,SiOs rare earth
doped single crystal. We show that the collective emission is coherently
constructed over several grains. A well defined atomic coherence can there-
fore be created between randomly placed particles. Observation of photon
echo on powders as opposed to bulk materials opens the way to faster
material development. More generally, time-domain resonant four-wave
mixing offers an attractive approach to investigate coherent propagation in
scattering media.
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1. Introduction

Photon echo [1, 2] refersto atime-delayed non-linear coherent optical response to resonant ex-
citation by a specific sequence of light pulses. At first sight, the coherent buildup of such asignal
should require high quality optical materials. However, optical waves can propagate coherently
in random media. This has attracted considerable attention for decades and is revealed by fea-
tures such as the backscattering peak [3,4] or the random laser [5, and references therein] in the
multiple scattering regime. Coherent propagation in random media can also be combined with
non-linear optical processes [6, 7]. The observation of localization effects, whether reduced,
enhanced or simply tested by non-linear processes, definitely opens new perspectives [8-12].
In the specific framework of four-wave mixing (FWM), the class of non-linear processes to
which photon echo belongs [13], it has been recognized quite early that coherent anti-Stokes
Raman scattering (CARS) can be observed in polycrystalline and opaque media [14]. Thereis
considerable practical interest in accomodating coherent optics to disordered materials. Since
many interesting chemical solids are difficult to crystallize, substituting a rough powder to a
high quality monocrystal would expedite the testing of new compounds[15]. It may also prove
useful to probe raw materials with sophisticated techniques. Quite recently, CARS has been
proposed for fast detection of bacterial endosporesin the context of bacterial warfare [16].

In the continuation of CARS investigations, we report on the first observation, to the best
of our knowledge, of photon echo emission from a polycrystalline opaque powder. This offers
an attractive access to the optical dipole coherence lifetime T, in cheap and easily produced
new compounds in the prospect of classical and quantum processing [17—20]. Moreover, we
consider the contribution of photon echo features, namely the time ordering and the frequency
degeneracy, to the study of coherent collective emission in disordered materials. Rather than
investigating the scattering properties of the incoming fields, we analyze the matching of the
echo mode with the scattered fields. In asimilar way, spatial correlations have been extensively
exploited to understand light propagation in random media[21,22].

2. Experiment

The photon echo is generated on the 3Hy-1D5 transition of Pr3*:Y»SiOs, cooled down to liquid
helium temperature. A first pulse resonantly excites Pre* ions at time t;. Since the transition
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Fig. 1. Experimental set-up. P: powder, S: light stop, PD: photodetector.

is inhomogeneously broadened by the crystal field, the excited dipoles oscillate at different
frequencies and dephase from each other. A second pulse is shined to the sample at time t;;.
This reverses the dipole phase-shift, regenerates the macroscopic polarization and gives rise
to arestored radiative response at time 2t;; —t;. As a function of the time interval t;; —t;, the
delayed signal decays with time constant T,, corresponding to the optical dipole coherence
lifetime. Accessto T, represents the main interest of photon echo.

In the present experiment, the usual single crystal is substituted with a powder obtained
by grinding and sieving a 0.05 at.% Pr:Y,SiOs single crystal. The average grain size is
55(4+15)um. The experimental set-up isshown in Fig. 1. The powder fillsa2 mm diameter, 0.5
mm depth hole in a copper holder and is maintained by two glass plates. The holder is placed
into a bath cryostat and kept at 3.1 K. Excitation of site 1 at 605.97 nm (vacuum) is provided
by a 1 MHz linewidth Coherent 899-21 dye laser. Pulse shaping and frequency shifting are
provided by an acousto-optic modulator mounted in double pass configuration. With the help
of a125 mm focal length lens, the 2 mm diameter beam is focused on the powder to a spot size
of ~ 50 um (gaussian beam diameter at 1/€? the axial intensity). The powder surface is set at
45° from the beam propagation direction in order to direct part of the scattered light through a
side window of the cryostat. The scattered light is then collected and focused onto an avalanche
photodiode with a 10 MHz bandwidth. An opaque screen is used to stop the laser light directly
reflected by the front glass plate. The light is strongly scattered by the powder and the ballistic
transmission of the incident laser is about 10~#. The corresponding scattering mean free path
is 55 um which is consistent with the average grain size. The scattered light shows a speckle
pattern in the far field, as expected in the coherent propagation regime.

3. Optical dipole coherence lifetime measurement

The scattered light is recorded when two identical 1 us long square pulses, separated by 1
us, are shined to the powder (Fig. 2). During the pulses, the scattered intensity grows, which
reflects the saturation of the optical transition (bleaching). To avoid hole burning effects due
to population trapping in Pr3+ ground state hyperfine levels, we scan the laser frequency over
1GHz in about 2 s. At the expected temporal position of the photon echo, between t = 4 and
t = 6 us, we observe a signd that disappears when the first pulse is suppressed or when the
laser is detuned from the absorption band. When the pulse separation is increased, the signal is
delayed accordingly, appearing at the expected 2t; —t; time. These features ascertain the photon
echo nature of the signal. About 2 us after the first one, a secondary echo can be observed, the
first echo acting as an excitation pulse.

In order to determine T, we record the echo decay as a function of the time separation
between the driving pulses. At 3.1 K, the exponential decay leads to a coherence lifetime of
53 us. This value is smaller than in the bulk crystal, where we measured T, = 80 us. The
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Fig. 2. Scattered light intensity recorded for a two-pulse photon echo sequence in a
Pr3+:Y,SiOs powder. Dashed line: Excitation pulses. Solid line: two-pulse echo (inten-
sity x 110). The incident laser power is 32 mW.

strains induced by grinding at the particle level might explain this discrepancy. Indeed, the
inhomogeneous linewidth increases from 5.5 in the bulk, to 9 GHz in the powder. The strains
could create low frequency tunneling modes which in turn are known to induce dephasing, even
at low temperatures [23]. Surface related defects or pollutions are unlikely to be significant,
given therelatively large size of the grains.

4, Coherent build-up

At this stage we do not know in which spatial mode the echo is radiated. The different grains
may contribute incoherently to the detected signal. Then, buildup is spatially coherent at the
scale of each individual particle only. The different grains give rise to independent signals
that are incoherently scattered to the sample output. Instead, coherence may be preserved all
along the propagation path through the powder. In this aternative picture, the echo builds up
coherently along a distance significantly larger than the grain size. By heterodyning the echo
with areference field we are able to decide which picture isvalid.

Heterodyning is performed in the general three-pulse echo (3PE) configuration. The two-
pulse echo (2PE) isa special casein which the second and third pulses coincide. The sampleis
successively shone by three excitation pulses, labeled |, 11, 111 according to their time ordering.
They are directed to the sample along wavevectorsk;, kj; and ky; respectively, withk = k;; =
ki1 = k and reach the target at timest;, t;; and t;;;, respectively. The echo corresponds to the
diffraction of the third pulse on the spectro-spatial grating that has been engraved in the material
by the first two pulses. The signal emission occurs at t;;; +t;; —t; when al the excited dipoles
are phased together.

We set two beams k1 and k, from the laser, at angle 6 = 80 mrad. With an acousto-optic
switch on each beam we are able to shape any desired pul se sequence. All pulses are rectangular
and 1 puslong. They are separated by thetimeintervalst; —t; = lusandt; —t;; = 10us.

When pulses | and IIl impinge the powder along k1, while pulse 11 is directed along ko,
we observe an echo at time at t;; +t;; —t;. In non-scattering medium, the echo should be
emitted with the well defined wavevector ke = kyj; + K — K, which eguals ko when pulses |
and |11 copropagate. In the present situation the signal is just scattered over a broad angle. We
heterodyne the echo with a weak probe pulse that we shine to the powder along k», during the
signa duration. Thisis reminiscent of speckle correlation experiments [21, 22], except that we
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Fig. 3. Three-pulse photon echo heterodyne detection in situation (i): k; =k = k1 and
ki1 = ko. A 10 MHz-shifted probe pulse is used as a local oscillator (LO). (a) Beating is
observed when the LO is sent along k. (b) No beating is observed with aLO along k.

presently correlate fields instead of intensities.

Asillustrated in Fig. 3(a), astrong beating is observed. We also verify the absence of beating
with the other beam k; (Fig. 3(b)). This clearly meansthat the echo field and the scattered pulse
Il spatial modes coincide at the powder output. In other words, the echo coherently builds
up through the material, all along the path followed by pulse I1. It is known that heterodyne
detection is very demanding in terms of spatial mode identity [24] and one cannot help but feel
surprised by the high contrast of the interference pattern. Indeed, the scattered light is collected
over an angular aperture © of severa hundreds milliradians, which corresponds to a spatial
resolution of a few wavelengths at the sample surface. In other words, the spatial modes are
compared down to the finest detail level, where they remarkably coincide.

In the general context of non-linear optics in scattering media, it should be stressed that the
echo selective heterodyning is only made possible by the temporal separation of the successive
pulses. The non-linear signal is detected on dark background, after the extinction of the driving
fields.

5. Phase matching

In bulk non-scattering medium, the echo wavevector ke = k| +kj; — k| must satisfy the phase
matching condition |ke — k| L < 7, where L stands for the sample optical length. The require-
ment isfulfilled in situation (i), when k; coincideswith either k; or kj;; and the signal intensity
does not vary with angle (k;, kjj; ). Onthe contrary, in situation (ii), when k;; =k, the signal
dropsto zero as soon as (ki , k) exceeds /m/(KL).

In the angled beam configuration described above, we observe similar featuresin the scatte-
ring medium, as shown in Fig. 4. The echo is detected in situation (i), when k; = k;;; = k3 and
kip =ko (Fig. 4(8)), or when k; =k, = k1 and kj; = ka (Fig. 4(b)), or in the degenerate case
ki = ki =kin =k (Fig. 4(c)). It disappearsin situation (ii) when k| =k and kjj = kjij = kg
(Fig. 4(d)).

We further investigate the echo intensity variations with the 6 = (k1,k,) beam angle. The
results are displayed in Fig. 5. In situation (ii), the signal drops to O when the beam angle is
increased, as expected. Unexpectedly, the echo intensity also depends on 6 in situation (i),
reaching a steady level of about half maximum at large angle. In both cases the echo decreases
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Fig. 4. Scattered light intensity recorded for athree-pulse photon echo (3PE) sequence for
different excitation pulses time-ordering. The dashed line represents the excitation pulses.
Solid lines: () situation (i): kj =k = kg and kjj =ko; (b) kj = ki) = kg and kyjp = ko;
(c) ki = ki1 = ki1 = k1. The phase matching condition is satisfied for (a), (b) and (c).
Two-pulse echos (2PE) are present in cases (b) and (c) (see text for details). (d) Situation
(ii): 3PE isnot observed.

over an angular range of ~ 5 mrad. The one-half reduction in situation (i) isrobust against many
changes in the experimental conditions. For instance thisratio is preserved when driving pulse
intensity isvaried over one decade, from weak field to saturation regime. The sameratio isalso
observed when the echo is observed by transmission through the powder instead of scattering
from the surface. We verified that the echo intensity at 6 = 0 does not depend whether the
incoming pulses are shaped from a single or from two different beams. Thisrules out apossible
spatial mode mismatch of the driving fields.

Within the framework of the bulk material picture, the 5 mrad half-width should be identified
with the cut-off angle \/x/(KL), leading to a propagation distance L larger than 10 mm. This
length can be converted into an optical depth oL > 11, giventhe 11 cm~* average value of the o
absorption coefficient in the bulk crystal used to obtain the powder. Such a large optical depth
strongly disagrees with a more direct measurement based on the saturation of the absorbing
transition. Only partially bleached by the driving pulses in Fig. 2, the material can be made
totally transparent by a long enough pulse, able to equalize the population in the ground and
excited levels. Hence, along the pulse duration, the scattered intensity grows by the factor e?t,
which gives access to the optical depth. Thisway we obtain oL = 0.23, about 50 times smaller
than the value derived from the cut-off angle. This shows the inadequacy of the bulk material
picture. As soon as the beams enter the powder, scattering strongly modifies their spatial mode.
Any correlation between them is probably lost as soon as their relative angle of incidence
exceeds their diffraction limited aperture. The latter quantity, of order of the wavelength to the
laser-spot diameter ratio, is actually close to the characteristic angle of echo variations.

The discrepancies of experimental data with the bulk description invite to devel op a specific

analysis.
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Fig. 5. Echo intensity variations with beam angle 6 = (k1,k»). In situation (i), where k| =
ki1 = k1 and kj; = ko, the signal decreases to half the maximum value at large angle. In
situation (ii), where k; = k» and k|| = ky;; = k1, the signal drops to zero at large angle.
The characteristic angle of variation exhibits the same size in both profiles.

6. Tentative description of the echo build-up

In the weak field limit, the contribution at position r to the echo signal is proportional to:
E(r)En(rEm(r)

where E;(r) denotes the spatial distribution of driving field #]. Let us first consider the degen-
erate situation where the three driving fields impinge the powder in the same spatia mode
Ei(r) = Ei(r) = B (r), traveling along the same wavevector. Then either E;(r)E; (r) or
E; (r)Ej(r) can be identified with I (r), the driving intensity at position r. Because of scat-
tering, 1(r) exhibits a speckle structure, with a correlation length of about one wavelength.
However, as demonstrated in Section 4, the signal builds up coherently, propagating in the
same mode as one of the driving fields. Therefore each local contribution must keep the spatial
dependence of a single field. This can only proceed from averaging | (r) over the light spot.
Thus the local contribution to the coherent part of the echo reads as:

67 (1) En (N (oo, = 5 < EF(DEN (1) > B (1) + 5 < BT (Ew (1) > Eu(r) (1)

:%<|>[E||(r)+E|||(r)] @)

where average is denoted by <>. This way one neglects the incoherent contribution, propor-
tional to o1 (r) =1(r)— < | >, which represents the r-dependent fluctuations of 1(r).

Next, let us consider the angled-beam situation (i), assuming k; = kj;; = kg and kj; = ka.
Hence E;(r)Ej; (r) no longer coincides with E;*(r)E; (r). Instead, when 6 = (k1,k2) exceeds
the diffraction limited aperture of the incoming beams, < E(r)E;(r) > vanishes. Therefore
the local coherent contribution in Eq. (1) reducesto (1/2) < Ef(r)En(r) > Ej(r) = (1/2) <
| > E;(r), which corresponds to half the & = 0 value. This represents only 1/4 the 6 =0
intensity, two times smaller than the experimental observation.

Finally, insituation (ii), whenk;; =k = k1 and k| = kg, both Er(l’)EII (r)and E|*(r)E||| (r)
vanish on average when 6 exceeds the diffraction limited aperture, which completely cancels
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the local coherent contribution. The echo vanishes, as observed experimentally. In this picture,
the signal variation with 6 reflects spatial mode correlation features rather than phase matching
properties.

The incoming spatial mode is assumed to be gaussian. In terms of the d = 2 mm laser beam
diameter at the focusing lenswith f = 12.5 cm focal length, the full width at half maximum of
the echo variationswith 6 can beexpressed as/Ln(2)/2d/f ~ 9 mrad, in excellent agreement
with experimental data.

The analysis correctly describes some features but fails to provide the robust 1/2 signa in-
tensity reduction we observe in situation (i) when we increase the beam angle.

7. Conclusion

In conclusion, we have observed photon echoes in a scattering crystalline powder. This opens
the way to testing new rare earth doped materials in the shape of crystalline powders, consid-
erably easier and faster to synthesize than single crystals. This technique could also be applied
to systems, such as molecules, that one is usually forced to disperse in a solvant to get a non
scattering solution. By experimenting directly in powders, one could determine and/or suppress
the dephasing effect of the solvant. Finally, by determining the echo spatial mode at the sample
output, we have proved that the signal coherently builds up all along propagation through the
powder. Further theoretical investigation is needed to clarify the signal behavior in angled-beam
configuration.
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