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ABSTRACT:

Obtaining uniform laser energy deposition on target is one of the main issue in
laser driven inertial confinement fusion. Efforts to directly generate laser smooth emission
have been unsuccessful up to now. Therefore different methods of laser smoothing have
been developed, consisting of tentatives to destroy the spatial and temporal coherence of
the emission which are at the origin on the non-uniformity. We may however wonder
whether a laser is really needed for this application. In this work we have developed
mirrorless light generator based on highly concentrated Nd-doped crystals or powders
pumped by laser. We obtain emission showing characteristics of incoherence but still
compatible with amplification in existing large Nd-glass installation.

1. INTRODUCTION.

One of the most important issue in laser driven fusion appears now to be the
control of the laser illumination on target. For example, high gain fusion pellets require
that pressure non uniformities must be kept below a few percents. In directly driven
targets, this uniformity must be achieved by the combination of nearly uniform laser
illumination and thermal diffusion in the ablating plasma. Indirect-drive targets use
transport in the hohlraum to establish the symmetry of the implosion, so that they are not
so sensitive to nonuniformities. However X-ray conversion efficiency and undesirable
suprathermal electron production are sensitive to such imperfections. Therefore smooth
beams are desirable for indirect drive as well.

Efforts to directly generate smooth laser profiles have been up to now prevented by
the inherent imperfections in high power multistage lasers. Such imperfections stem from
all the amplitude and phase aberrations in all the many optical components. The linear or
nonlinear random aberrations imply that the laser aperture can be considered as the
coherent addition of many smaller aperture with different phase and field amplitude.
During the propagation, all these elementary apertures interfere, creating a speckle pattern
which is at the origin of the very large illumination fluctuations on target. As already
noticed, control of lasers aberrations are difficult if not impossible in the context of fusion.

2. SMOOTHING vs. INCOHERENT LIGHT.

Different strategies have therefore been developed to "smooth" the beam. In this
context smoothing usually means that the beam is modified in such a way that the plasma
behaves as if the beam were uniform. The techniques employed to obtain these effects
consist to partially destroy the spatial and temporal coherence of the laser either at the
output of the power chain and after harmonic generation (RPP, ISI) [1,2] or at the
oscillator level (SSD, echelon free ISI, multimode fiber) [3-S]. However, at this stage we
might wonder whether a laser is actually essential for fusion. Indeed one of the main
properties of coherent laser emissions is that they can be focused down to the diffraction
limit. This is not really needed for fusion application for which image transport is already
used. On the other hand coherent emissions interfere strongly, interferences which are at
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the origin of the speckles and non uniform illuminations. In this respect, we should now
check if partially or even totally incoherent sources might suit for our purposes. Such
sources have first to be compatible with existing power chain and should be checked to be
amplified up to the saturation regime and to produce harmonic generation with good yield.
In this work we have explored this new approach and developed different schemes of
mirrorless light generators which present characteristics of incoherence which might prove
very efficient in the framework of Nd-glass laser fusion.

3.SUPERFLUORESCENCE AND AMPLIHED SPONTANEOUS EMISSION.

It is well known that cooperative effects involving many atoms or ions can pro-
foundly modify the nature of spontaneous emission process and leads to strong directive
light emission. One such effect is superfluorescence (SF) in which cooperative phenomena
involve the simultaneous emission in phase of many atoms [6]. An other effect is amplified
spontaneous emission (ASE) in which the emission of a single or many atoms is amplified
along an inverted medium. While the former effect is very elusive and difficult to put into
strong evidence, ASE has been applied in many configurations with dyes, excimers, X-ray
plasma emission...

Many of the recent experimental works tend to prove that broadband emission and
partially spatial incoherence are useful in particular to avoid instabilities. Usually ASE
tends to undergo a spectral narrowing becoming important with strong gain. However
broadband emission can still be obtained, corresponding to short coherence times.
Therefore in this approach it is mainly looked for spatial partial incoherence. In this res-
pect if only recent works begin to theoretically estimate the degree of spatial coherence of
ASE in the framework of Doppler broadened atoms and in X-ray laser [7,8], even less has
been down on the experimental side.

In the case of Nd-glass amplifiers such ASE generators can be made of flash-
pumped Nd-glass rods for which however the gain is very small. This device necessitates
the use of a slicer and of many more amplifiers to boost the energy to a level compatible
with the power chain [9]. Realizing that ASE is highly nonlinear with gain, we find
interesting to develop a scheme in which the inverted population is very high so that the
great length of amplification medium needed in the previous case is avoided. This in turn
implies three conditions: 1) the active material must have an emission spectrum compatible
with the Nd-glass power chain amplifiers, 2) the material concentration in active atoms or
ions must be very high, and 3) the excitation has to be short and intense. We fulfilled these
requirements by using heavily doped Nd glasses, Nd stoechiometric crystal and Nd-salts
optically pumped by the second harmonic of a Q-switched Nd-YAG laser.

4. MATERIALS.

Laser action has been reported in a large number of hosts with Nd. One of the main
differences between various hosts is the width of the fluorescence which in turn determines
the amplitude of the emission cross-section. The laser transition 4F3 / 2 - %/2 consists of a
number of Stark transitions as a consequence of the Stark splitting of the upper and lower
levels. In most glasses the homogeneous and inhomogeneous broadening is however of the
order of the difference between adjacent Stark splitting, resulting therefore in a smooth
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fluorescent line. Usually since it is looked for large cross-section one wants the emission
linewidth to be narrow. Nevertheless for our application the main requirement will rather
be a very high Nd concentration. Heavily doped glasses have been developed but an
alternative way is to look for materials where the active ion is not an impurity but a
component of the chemical compound. However it is known that in all these cases
undesirable effects related to the interaction between neighbors lead to fluorescence
quenching and strong line broadening. Still, for our applications this might not be such a
drawback as for cw or long pulse pumping.

In our study we used either heavily doped glasses, stoechiometric crystals and salts
but we will report here on the last two classes of materials, restricting also to the ones with
emission spectrum compatible with phosphate glasses appearing in laser fusion.

Nd-pentaphosphate NdPsOi4 (NPP) was the first high-concentration material

reported that exhibited strong fluorescence [1OJ. The Nd concentration is 4. 1021Cm'3, 30
times higher than of 1 % doped YAG but with an averaged emission cross-section of the
order of 10"l9cm2, only one third smaller than with YAG. We report here on studies with
Ndx:Lai_xP5Oi4 with x=0.75, corresponding therefore to a concentration of 3. 1021Cm3.
Rare-earth pentaphosphate have been synthesized as described in Ref [11] by reacting 4N
purity Lanthanide oxides with phosphoric acid between 700 and 4SO0C. Self nucleated
polycrystals have been obtained in the melt at 52O0C.

Absorption and emission of all Nd-laser materials look rather similar. Absorption
of NPP is roughly 50 times the one of Nd-YAG. It presents strong bands at 0.58pm,
0.74pm, 0.80pm and 0.87pm and a smaller one around 0.52pm. Absorption constant at
0.53pm is therefore at least three times smaller than at 0.59pm. At room temperature the
emission lines of NPP overlap but at 77K it was previously found two strong peaks that
are less than 2À wide showing that the lines are predominantly homogeneously broadened
[10]. The emission spectrum obtained by 0.53pm nanosecond pumping presents three
main bands, with the main one peaking at 1.0513pm. Taking into account the shoulder,
the width of this peak emission is of the order of 65Â, which makes it very compatible
with Nd-phosphate glass amplifiers. O-^ important parameter is the fluorescence
quenching due to either energy traps in »»,. lining (OH)' radicals, but mostly originating
from energy migration due to Nd-Nd pair interactions through dipole-dipole cross-
relaxation mechanisms. This appears mainly as a shortening of the effective fluorescence
lifetime from the radiative value of 320ps to typically 120ps at best. If we summarize the
previous values we can therefore expect that a complete inversion of population will
produce a gain parameter higher than 400cm'1. A value of 800cm*1 has indeed been
previously measured in a laser configuration [10]. The rod we used was 5. x 1. x 0.5mm
and consisted of a polycrystal with a configuration of edges that prevented from the
existence of oscillations in well defined mode structures.

We also used different microcrystallites of Nd-salts in various configurations. We
report here on results obtained with hydrated Nd-cbloride powders (NdCl3COH2O). It is
known that anhydrous Lanthanide Chlorides are low threshold materials, for instance
CeCl3: Nd 3 + [12] and that NdCl3 having low crystal field would be a weak self-quenching
type like pentaphosphate [13]. However hydrated Chloride such as NdCl3:6H2O is

expected to show multivibration quenching by coupling of Nd 3 + with OH vibrations [14).
This is confirmed by the very short fluorescence decay time of 16ns at 1.054pm. This
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lifetime, compared with the anhydrous value (470/xs), is essentially governed by the non

radiative decay W111. We get W111. = 1/16 10"9 = 6.2 107S-1. This measured value is

consistent with what can be estimated from calculation of a multivibration rate in the

"large molecule model" [15]. For a small number of simultaneous vibrations [16] and

6(OH) species coupled to one Nd 3 + we get W111 - 6 107 e"so S0(N"2) / (N-2)! (s"1) taking

the electron-coupling constant as SQ-K)-2 [14] and N the number of simultaneous vibrations

spanning the electronic energy gap 4F3/2—4'l5/2 °f Nd 3 + as roughly twice one OH

vibrational quantum: W111. -6 107 s'1. Though this good fit is certainly fortuitous due to the

many approximations behind it, it shows that the non-radiative properties behave as

expected.

5. EXPERIMENTAL SET-UP.

The principle of our ASE generator using the NPP crystal consists of the excitation
of a line in the material. The 0.53/*m pulse is focused with a cylindrical lens forming a
line 3mm long, 0.2 to 0.4mm wide. The penetration depth at this wavelength is of the
order of 300pm. The NPP crystal is put into a fiber holder behind a glass window to avoid
hygroscopic effects with the phosphoric acid remaining on the surface. For reasons of
convenience the energy at one end was collected with a short 600/im core fiber placed
almost in contact with the crystal and delivering the beam to a fast diode, a spectrograph
with a CCD array and a camera to analyze the spatial intensity distribution. We also used a
streak-camera with temporal 5ps time resolution. The pumping source is a frequency
doubled Q-switched Nd-YAG laser cavity (Quantel S.A.) with gaussian mirror, running
single mode when injected. We used at maximum 5OmJ of green light.

Experiments with the Nd-salt powders were conducted in a similar fashion. The
powder was compressed and placed in a sealed envelope to avoid contact with humidity of
atmosphere. The excitation was in line when focusing with a cylindrical lens or following
a circular spot when using a regular lens. This spot was much smaller than the sample so
that the generated transverse light was strongly scattered in the powder and could not
propagate. The light was still collected with the multimode fiber placed close to the excited
area. Since there was also no mirror no spontaneous oscillation could occur.

6. CROSS-OVER FROM ASE TO SHORT PULSE REGIME.

As oscillations were prevented in the NPP rod we could pump to a quite high level
while preserving the ASE behavior of directionality within a large solid angle and
broadband emission. When pumping higher and higher we could notice both the expected
spectrum narrowing down to 15À and the appearance of a faster 10/xs decay component
superposed on the 12OpS usual fluorescence lifetime. The emission risetime presented also
a slow -!Ops component that we might attribute to cross-relaxation effects. At the fiber

output the energy was 2/J and the beam profile was very uniform. This very small source
can be associated with a slicer in which case we expect 0. InJ in pulses of a few
nanosecond duration. However by scaling the size of the spot and of the crystal and
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switching to a more adapted pump wavelength we anticipate that microjoules nanosecond
pulses should be reached using this technique.

In the course of this series of experiments we discovered a threshold above which a
narrower band (1,5 À ±_ 0.5À) at the wavelength of maximum of fluorescence was emitted
in a pulse of short duration of nanosecond duration, producing more than 50/J of energy.
This short pulse comes delayed from a few nanoseconds from the pump pulse, this delay
becoming shorter when increasing the pump energy. The emitted pulse duration followed
also the same trend of getting smaller with pump energy. Surprisingly the near field and
far field pattern presented a uniform aspect without detectable speckles, comparable to
what we observed in the ASE regime or with white light. Using the streak camera we
could not detect any spatial or temporal fluctuation although the resolution 5ps was shorter
than the calculated 15ps coherence time.

The behavior in the powder was different in that we never observed the ASE
regime but we directly got a threshold behavior above which an intense emission at
1054nm could be detected, which also did not present any detectable speckle pattern.
Since the circular spot geometry was used the light was emitted along the surface in all the
directions. The fiber collected up to 5/xJ of energy. The behavior was still the same as in
NPP, the emission being delayed by a few nanoseconds from the peak of pumping, but
depending on the pump power. The emitted duration, still in the nanosecond regime, also
was getting shorter with increasing pump power.

7. DISCUSSION

The pulsed behavior in both experiments presents in terms of delays and pulse
duration strong reminiscence with Dicke superfluorescence (SF) [6]. In this effect all N
excited atoms within a certain volume participate in phase to the macroscopic polarization.
The emitted pulse intensity scales as N2 but its duration varies as 1/N and it comes with a

delay varying as N 1^. However in our case the value N deduced this way is much smaller
that the total population, so that we have to admit that SF occurs in volumes smaller than

\ 3 interacting through the propagated field as in ASE. Crossover from ASE to SF has
already been tentatively reported for solids [17-19]. However in our case of room
temperature experiment it would imply that the dephasing time would be in the nanosecond
regime, which is contrary to the mostly homogeneous nature of the laser transition.

While not definitively excluding SF, at the present stage we favor an hypothesis of
gain switching in many microcavities made of the many interfaces in the NPP
polycrystalline rod or in the powders. The great numbers of emitted modes would then
explain the characteristics of spatial incoherence of the emission. It is worthwhile to note
that when SF behavior is obtained in powders, the observed radiative rate (1O9S*1)
overtakes the non-radiative one by two order of magnitude which in turn enhances the
radiative emission.

In summary, we have developed mirrorless devices made of heavily doped Nd-
materials pumped by laser. They present characteristics of spatially incoherent emission.
They should therefore should be used as smooth source for Nd-glass fusion lasers. We are
now evaluating this possibility.
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