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Coherent light sources with powder: stimulated amplification versus
super-radiance
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Abstract

Though the common laser sources usually make use of optically non-scattering materials, the basic processes involved in the generation
of coherent light by either ASE (amplification of spontaneous emission by stimulated one) or by synchronised spontaneous emission,
namely super-radiance and superfluorescence, do not require transparent materials. In this paper, results from the literature and from our
own work on ASE and on superfluorescence processes obtained on rare-earth-doped powdered materials are presented with emphasis on
our recent new results on super-radiance in powder samples. A critical discussion of these results is presented with reference to existing
theories of gain in diffusing media. It is shown that when stimulated amplification is taking place, several grains with centimeter long path
are involved, whereas when super-radiance is observed only one grain is sufficient for the process, provided that conditions on T are2

respected.  2000 Elsevier Science S.A. All rights reserved.
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20 231. Introduction concentrations, ,10 cm , are required providing, under
continuous excitation (CW), very low density thresholds of

3 12Ideas about laser effects in scattering media are already about 10 W/cm from 10 to 60 K [12]. Finally we shall
old, since they can be traced back to the theoretical paper present here our latest results for the super-radiance of

31in 1966 by Letokhov [1] and to a first experiment in 1971 Er , observed on a single layer of powder with grain
by Varsanyi [2] on a single grain of PrCl , a fully diameter of 30 mm.3

concentrated material. However, real powder systems have
been considered in a more systematic way only recently
[3–7]. In parallel with this field, recent results obtained for
laser action in dye solutions with passive scattering powder 2. Amplification by stimulated emission (ASE) and
[8] have pushed forward new theoretical investigations on lasers with powders
gain in scattering medium in connection with photon
localisation [9] by the disordered medium and on coherent 2.1. Laser effect in powders of stoichiometric and Nd-
back scattering (CB) of light from amplifying medium doped laser materials
[10].

In the following, we shall first review amplification by The first experiments of laser on powders have been
stimulated emission (ASE) and laser effects with active obtained on so-called stoichiometric laser materials of
powders as observed under high peak power at low (77 K) Na Nd(MoO ) , LiNd(PO ), NdP O [3,4]. Such a fami-5 4 4 3 5 14

[3,4] and room temperature [6,7]. Such types of results ly of materials, with the active rare earth ion as a
21 22 23needs rather high concentrations of |10 –10 cm of constituent of the host, were well known in the late 1970s

active ions in order to obtain thresholds in the range of as laser materials with tens of microns size active length
5 9 22310 –10 W/cm . [13]. Such an effect was then extended by the Russian

We shall then discuss the superfluorescence effect, in the group to a wider range of Nd-doped materials such as
Bonifacio sense, that we have obtained on powder [11]. La O , La O S , La NbO and SrLa WO [5].2 3 2 2 5 3 7 2 7

This effect is in marked contrast with ASE, since here low All these results have been obtained at 77 K, with
5 6 2threshold from about 2310 to 3310 W/cm for grain
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shorter than the spontaneous emission life-time. The
integrated output signal is linear with pumping above the
threshold.

2.2. ASE in materials with coherent backscattering

Besides gain in powder medium, the so-called coherent
backscattering effect (CB) on passive scattering powder
has been discovered and investigated [14–16] at first
independently of active powders and now in conjunction
with active powders [10].

The CB or case of photon ‘weak localisation’ can be
understood by recognising the fact that any random path of
light inside a scattering medium, coming back to its
impinging point can be ‘time reversed’ that is can be
followed the other way round. Those two waves on coming
back interfere constructively whatever the randomness of
the path.

All other paths, not respecting the k-vector conservation
law

2 k 5 km 0
Fig. 1. Typical experimental set-up for a powder laser at liquid nitrogen
temperature, from Ref. [3]. vanish by destructive interference according to the phase

mismatch caused by angle u between k and k where km 0, 0

is the incident wave k-vector and k is the k-vector afterm21 21 23concentrations between 10 and 4310 cm . Fig. 1 the mth scattering event. The error on the phase mismatch
shows the typical experimental set-up. is given by the average distance between the first and last

More recently, room temperature laser effect have been scatterer that is also the mean free path between two
obtained under pulse excitation for Nd again in highly successive scattering events, l. The corresponding dephas-
doped or stoichiometric powder materials with concen- ing is given by

21 23tration above 10 cm in La P O –Nd , NdCl ?6H O12x 5 14 x 3 2
9 2 lwith threshold of 10 W/cm and in NdAl (BO ) ,3 3 4 ]DF 5 2p u (1)lNdSc (BO ) , Sr (PO ) F–Nd, with threshold above 1.73 3 4 5 4 3

7 210 W/cm [7]. An example of the pulsed behaviour of the where u is the scattering angle with respect to the normal
emission below and above laser threshold for NdCl ?6H O incidence, see Fig. 3.3 2

is given in Fig. 2. Then it can be shown that the coherently enhanced
For all these results the laser criterion is that above a backscattered ‘cone’ which is a Gaussian function shall

pump threshold, a strong line narrowing is observed have an angular width at half intensity given by [14]
together with a pulsed time decay with time constants

3 l
] ]2u 5 p (2)1 / 2 4 l

where l is the light wavelength.
It has been experimentally shown that when the medium

between the scattering objects is absorbing, for instance
rhodamine 6G solution with scattering polystyrene spheres,
the CB cone flattens [17]. In fact, because the cone
maximum corresponds to the longest paths, they are just
the ones which are the most reduced by absorption, though
the scattering mean free path keeps the same.

It is not a surprise that the opposite behaviour is
obtained when gain is provided inside the scattering
composite medium. Both theory [18] and experiments [10]
have recently shown that the CB cone is narrowed by gain
together with a rising of the background for larger angles
as shown in Fig. 4. This last experiment has been obtainedFig. 2. Pulsed emission from NdCL ?6H O powder at room temperature3 2

below and above laser threshold, from Ref. [28]. in a pump-probe configuration in order to measure the CB
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3. Superfluorescence and super-radiance in powders

3.1. Observation on bulk and large grain powders [11]

A somewhat analogous behaviour to ASE has been
4 4obtained, for emission at 2.7 mm ( I → I transi-11 / 2 13 / 2

tion), on powder of LiYF –Er with large grain (.100 mm)4

[11] and now extended down to 30 mm as presented here.
However, the experimental conditions which prevail for

the effect we are going now to describe are rather different
from the one which were necessary for ASE in scattering
media as just seen. The experimental set-up is just the one
usually used for recording a luminescence spectrum.

The super-fluorescence effect can be viewed as the
radiative coupling during T of one ion, S , with another2 i

one nearby as depicted in Fig. 5 by their Bloch sphere.
When all ions in the samples are in phase, they emit
coherently as a single ‘macro-dipole’, the size of which is
proportional to the number of coherently coupled ions.
This provides an intensity proportional to the square of a
dipole that is now proportional to the square of the number
of excited ions in phase.

Fig. 3. Dephasing of scattered vector k in coherent backscattering for an Here, contrary to ASE, concentration of active ions havem
20 23angle u from incident beam with vector k .0 to be kept low (,10 cm ) in order to maintain T as2

large as possible; the observed threshold for line narrowing
cone at the probe wavelength with or without pumping of and spiking behaviour for the output signal is very low

3 2the scattering powder made of 0.15 wt% Ti O in Al O (,10 W/cm ) and can be obtained by CW krypton laser2 3 2 3

(titanium sapphire powder) either dry or in a water excitation; temperature cannot exceed about 60 K and the
suspension. The ASE gain and CB cone are measured thermal behaviour for threshold is linked with a phonon
using a common frequency doubled Nd–YAG laser pump- direct process reducing the T of the emitting lowest Stark2

ing both a regular Ti–sapphire laser providing the probe level (see Fig. 6) [12]; integrated output signal is quadratic
signal, and the amplifying active scattering powder itself. with pumping above threshold.

This first experiment of controlled ASE amplification in All these facts point to a superfluorescence or super-
a scattering powder does not present of course the thres- radiance effect in the Dicke-Bonifacio sense [20], that is to
hold of a laser effect. Shortly afterwards, this experiment a collective effect of excited states for which the principal
has been extended by the same group to a systematic study condition is the existence of a T , the dephasing time,2

of the gain in Ti–sapphire powder and of other random larger than the superfluorescence lifetime.
media such as ruby powder in air or in glycerol [19]. On the contrary, conditions on T are not a prerequisite2

for ASE. On the other hand, one knows that large T are2

linked with low temperature and weak concentration. This
is opposite to researching large gain in optical short paths
as for ASE amplification.

3.2. Observation on powder with grain diameter of 30
mm

4By direct excitation into the I of Er, with a Ti–11 / 2

sapphire CW laser, we have now obtained the super-
fluorescence effect (super-radiance) down to grain diameter
of 30 mm on a single layer of grains as reported here. Fig.
7 gives the emission spectrum below and above threshold,

2˚which for 9666 A excitation, is 827 W/cm at T511 K.
The observed excitation spectrum of Fig. 8 reveals the six

4Stark levels of I in the electric field of the local site ofFig. 4. Coherent backscattering in Al O –Ti active powder, from Ref. 11 / 22 3
˚[10]. Er in LiYF plus two replica at 9742 and 9755 A4
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Fig. 5. Self-synchronization of nearby ions S by field coupling with S , represented by their Bloch sphere, in super-radiance emission; H is the commonj i y

direction of Bloch vectors in both spheres; from Ref. [29].

4corresponding to the I first Stark level slightly popu- for the large grain and the small grain cases, the fact that15 / 2

lated at 11 K. now we observe super-radiance on the powder with a
Chopping the pump beam with a long period of 80 ms, smaller diameter grain than before, is attributed to the fact

below and above threshold, allows the observation of the that the pumping photons are now directly used to create
temporal behaviour of the super-radiant emission, see Fig. the excited state density. With the Argon laser excitation of

4 219. Below threshold, only the usual spontaneous emission is Ref. [11], the F state was first excited at 5110 cm9 / 2

observed; above threshold, a much shorter spike is ob- above the useful excited state; this energy had to be
served the intensity of which shows a quadratic behaviour dissipated as phonons so heating the sample. Also the
shown in Fig. 10. self-phasing of the spontaneous emission had to start from

Though the threshold power density is about the same itself (super-fluorescence) whereas now the phasing of
excitation can be used to start the phasing of emission
from the lowest emitting Stark level (super-radiance). All
these explains the better efficiency of the Ti–sapphire
excitation we observe now. In particular, the fact that at a

21 23concentration of 2.1310 cm , super-radiance cannot be
observed either in powder or in bulk whereas this is the
optimised concentration for cw laser [21], clearly dem-
onstrates the difference between the two processes de-
scribed above in Sections 2 and 3.

4. Discussion

4.1. The laser effect in powders and photon localisation

Following Ref. [5], we can estimate the average neces-
sary gain path l to explain the line narrowing observed ina

laser effects in powder. It is given by

log (2)n
]]]l ¯ (3)a a dn /Dn0

where a is the maximum gain coefficient, the laser0

emission width, the line width below threshold. In Ref. [5],Fig. 6. Threshold temperature dependence for superfluorescence of
21with dn /Dn 50.18, a 510 cm , the average gain path byLiYF –Er; activation energy corresponds to the first Stark splitting of 04

4I ; after Ref. [12]. (3) has to be at least 2.3 cm. In our own case of powder11 / 2
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Fig. 7. Emission spectra below (a) and above threshold (b) of a single layer of LiYF –Er powder with grains diameter of about 30 mm.4

24 21laser [6] we had dn /Dn 55.3310 , a 5800 cm giving localisation of light [22], because in the recent first0

l 51.63 cm above threshold. In both cases, one finds the demonstration of strong localisation [23], the requesteda

same order of magnitude for the necessary path length. In scattering mean free path, l, is such that:
Ref. [5] it was concluded that the laser effect was taking

1.5lplace with several grains along a close ring path each grain ]]l # (4)]Œ2p nkeeping the photons for a few total reflection paths within
]Œthe microcavity constituted by the grain. where n is the average index of refraction of the

Such close rings of centimeter size are clearly not composite material made of air and particles of index n.
compatible with the close rings advocated in strong For rare earth doped materials this comes to l,0.19 mm

Fig. 8. A 2.7-mm superfluorescence excitation spectrum for the LiYF –Er powder.4
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4Fig. 9. Dynamical behaviour of I emission below (lower trace) and above threshold (upper trace). The trace with open dots is the pump intensity. Note11 / 2

the superfluorescence spike.

which is much less than expected for grain diameters For small angles such loops may be very long. For
between 5 and 50 mm at close contact. example, taking a scattering length l510 mm, l51.06

In our view a more realistic way to see the laser effect in mm, a single path gain of 1 cm is compatible with an angle
powder is to consider the ‘time reverse’ paths considered u of 0.92 mrd, typical value for CB experiments with gaina

in CB as the effective closed rings necessary to explain the (see Fig. 2).
observed spectral narrowing. By analogy with the theory On the other hand, all laser experiments scheme de-
for a scattering medium with absorption [17], we consider scribed to date on rare-earth doped powder laser [5,6],
the scattering angle u corresponding to a given gain have in fact made use of a back-scattering detectiona

length, l , for a weak localisation loop without dephasing scheme with an optical fibre. Then clearly u is within thea a

accepting angle of the detection path. For all these reasons2 1 / 23l we like to propose that powder lasers have to involve]]u 5 (5)S Da 24p lla closed ring paths of the ‘time reverse’ type.

4Fig. 10. Integrated intensity of the superfluorescence peak of Fig. 9 versus relative population density of emitting level I as measured by the11 / 2

spontaneous emission intensity of Fig. 9. The continuous line is a quadratic fit.
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4.2. Super-radiance in rare-earth doped powder which constitutes the basic noise limitation in optical
materials amplifiers, noise suppressed amplifiers have been consid-

ered [25] which could be extended to the powder case.
In order to discuss the super-radiance case, we have to

first recall the dimensional conditions for super-radiance
[11]. They are the following: References
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