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ABSTRACT 
We have observed severe temporal-pulse-shape distortion due to stimulated Brillouin 
scattering (SBS) In multlmode optical fibers used to diagnose 351 nm laser pulses 
on the Nova laser systea. Our measurements can be fit by a basic model of SBS and 
provide ;i clear Indication of the Intensity and temporal regimes where significant 
SBS-lnduced temporal-pulse-shape distortion can be avoided. 

1. INTROOUCTIQH 
The Nova laser Is a large, solid-state, ten-bean laser system located at the 
Lawrence Llvermore National Laboratory that Is used to study 1nert1al confinement 
fusion O.'CF) and dense plasmas1. The majority of experiments are performed at 
the third harmonic wavelength (351 nm) where energy Is «ore efficiently coupled to 
targets. It has recently been demonstrated that pulses can be shaped In time for 
driving targets.* Since accurate measurements of the temporal shape of these 
pulses are required to validate codes that simulate the performance of ICF targets, 
any temporal distortion in the diagnostics must be understood and eliminated. 
There aru incident beam diagnostics on each of the 10 beams of Nova. Each beam 
diagnostic contains a 10 to 15 meter long, multlroode, optical fiber that 1s used to 
transport a sample of the Incident beam to LLNL streak cameras'. Good 
s1gnal-to-no1se ratio on the streak camera, requires that the energy of the pulses 
coming cut of the fiber be on the order of 100 nanojoules. Unfortunately, we find 
that transform-limited laser pulses, with energies of this magnitude In the near 
ultarviolet, can suffer severe temporal-pulse-shape distortion due to SBS In the 
optical fiber. 

2. STIMULATED BRILLOUIN SCATTERING 
Pulse shape distortions In fibers due to SBS were reported by Ippen and Stolen 1n 
1972*. Their experiment used pulses of narrow bandwidth with pulse lengths of 
long duration compared to the transit time in the fiber. On Nova, pulse lengths 
are much shorter than the transit time In the diagnostic fiber. In addition, the 
351 nm wavelength is significantly shorter than the 536 nm used in iiieir 
experiment. In both of these experiments, the Brillouin line wldtl* was comparable 
to the laser line width which 1s an Important consideration. In these narrow line 
width laser cases, as pointed out by Smith', the threshold for SBS can be 
hundreds of times less than the threshold for stimulated Raman scattering. The 
nonlinear interaction that takes place in SBS 1s between acoustic waves (which are 

*Work performed under the auspices of the U. S. Department of Energy by the 
Lawrence i.ivermore National Laboratory under contract number W-7405-ENG-48. 
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always present, at some level, due to thermal noise) and light waves. Due to wave vector matching considerations, 1n fibers, the greatest SBS gain occurs 1n the backward direction*. 
The backward Brlllouln frequency shift is given by: 

2nv, 
P 

where n 1s the index of refraction of the fiber core, Xp the pump wavelength 
and VA 1s the acoustic velocity. Since the core of the Slecor fiber that was 
used In these experiments has a doping of about 8.5% germanium, one can use the 
properties of fused silica to good approximation (n - 1.477 and v/\ - 5.96 
km/s). Therefore, the Brlllouln Stokes frequency shift at 351 nm 1s 50.2 GHz, or 
1.67 wavenumbers. The spectral width of this shifted wave Is related to the 
lifetime of the acoustic waves which are assumed to decay exponentially with a time 
constant TR,: 

Av - < « > _ 1 (2) 
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A longitudinal Brlllouln line width of 170 MHz has been measured at 486 nm 7, but was found to vary slightly faster than the expected quadratic shift in vg. Others* have used line width variation to the 2.8 power of the pump frequency. Thus, the line width at 351 nm Is expected to be In the range of 325-425 MHz. This corresponds to an acoustic lifetime by eqn(2> of 0.75 to 1.0 ns. However, 1nhomogene1t1es 1r. the fiber usually contribute to much broader line widths with correspondingly smaller decay times'. The peak gain coefficient of this Lorentzlan spectral profile has been derived for steady-state conditions by Tang 1 0 as 
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where c 1s the speed of light, P)2 Is the longitudinal elasto-optlc coefficient which for fused silica has been measured at 0.27" and density, p - 2.20 g cm 3. Typical steady-state gains in multlmode fibers are estimated to be of the order of 2.5 x 1 0 - " m/W and are almost Independent of wavelength. However, transient SBS gain depends little on the Brlllouln line width and thus. Is greater at short wavelengths. 
Since the duration of pulses on Nova and the acoustic phonon decay time are of the 
same order of magnitude, we must rely on either a theory of transient SBS gain, or 
on a numerical simulation of the process. We have chosen to model the process with 
a numerical simulation. 



3. HOOEL DESCRIPTION 
3.1 Equations of Motion 
The basic physics of stimulated Br111ou1n scattering is well understood and the 
equations describing this phenomena can be found In the literature. He recommend 
Ref. 12 which contains a detailed and very accessible description of the theory of 
Br111ou1n scattering. Me begin with a minimal (and the traditional) set of 
equations that appear to be sufficient for the plane-wave, time-dependent treatment 
of SBS 1n the regime of relevance to our problem: 
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where vg 1s the group velocity, a 1s the loss, Tg • 1/xn, 1S the 
spontaneous BrUlouin line width and g Is the steady-state amplitude gain 
coefficient. The first equation describes the development of the complex amplitude 
of the laser electric field E[_ as a function of time as It moves with group 
velocity Vg in the z direction. The second equation similarly describes the 
development of the complex amplitude of the Stokes wave. Eg propagating backward 
In the -z direction. The final equation describes the build up of the acoustic 
phonon wave, Q(t) that couples the laser pump-wave with the Stokes wave. 
Taking the Initial Stokes pulse to be represented by a low-Intensity seed pulse, 
the passage of the laser pulse through the fiber cern be viewed as the collision 
(and Interaction) in time of the laser pulse with a Stokes seed pulse of temporal 
length equivalent to twice the time it takes the laser pulse to transit the fiber. 
Consequently, 1t Is useful to transform to a reference frame moving with the group 
velocity of the Stokes pulse. In this frame, the above equations of motion can be 
written: 
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3.2 Numerical Implementation 
The coupled equations (5a-c) were solved numerically by using a split-operator 



approach1*. This corresponds to separating the loss and/or group-veoldty term 
from the Interaction term. Operationally, the propagation over a single az-step 
is accomplished 1n three steps. First, the pump and Stokes fields are propagated 
without Interaction over a distance of 1/2 Az. The fields are then Interacted: 
Q(t) 1s calculated and the fields are modified accordingly. Finally, the Stokes 
fields are again propagated over a distance of 1/2 Az. The non-Interacting step 
can be solved exactly: the loss term can be Integrated analytically and the tine 
derivative term can be solved either by Fourier, or by shifting the relative time 
coordinates of the pump and Stokes fields. The Interaction term was solved using 
4th-order Runge-Kutta. 
3.3 Thg Simulation 
The parameters of the simulation, determined by the fiber are vs 1 - 5 ns/m and 
a - 285 dB/km. The Intensity of the Stokes seed was taken to bl 5.5 x 10~ 2 of 
the laser Intensity. A gain of 5 x 10-" m/H and an effective acoustic phonon 
lifetime of 0.1 ns were used. 

4. EXPERIMENTAL ARRANGEMENT 
4.1 Apparatus 
The experimental set up 1s shown In Fig. 1. A q-sw1tched single mode Nd:YUF 
oscillator provides temporally Gaussian pulseshapes of approximately 150 ns 
duration from which two Pockels cells select a 3 ns square pulse. This shortened 
pulse 1s amplified by a series of rod amplifiers to 20 mJ. A combination of two 
KDP crystals converts the 1053 nn pulse to 351 na; unconverted light is attenuated 
to less than 1 0 - 4 by 3 mm of Schott, UG-11 glass. 
When transmitting pulses directly into fiber optics, considerable variation In 
launching efficiency can be seen for small changes in alignment. To ease alignment 
constraints, a combination of a diffuser and tapered fiber optic was used to launch 
351 nm pulses into the fiber optic under study. The diffuser used was 3 mm thick, 
sintered AljCh. The tapered fiber optic 1s a single piece of fused quartz with 
an input aperture of 6 mm, and an output aperture of 200 ym. The tapered fiber 
optic is connected to the fiber optic under study via SMA connectors. 
The fiber used in this study was "Slecor Corgulde 50/125 vm Multimode Optical 
Fiber," which uses Corning fiber #1517. The Input end of the fiber was cemented 
into an SMA connector and polished, while the output end was cleaved. 
The output of this fiber was coupled (at separate times) to an energy measuring 
photodiode, and an LLNL ultrafast optical streak camera. The streak camera has a 
impulse response (10% to 901 rise time) of less than 50 ps. 
4.2 Procedure 
Pulseshapes and energy out of the Slecor fiber were recorded at various Input 
energy levels. Pulseshapes were measured over a range of fiber input intensities 
of .2 MH/cm2 to 20 MW/cm2, limited by the dynamic range of the streak camera. 
Energy measurements covered the range of 20 H/cm2 to 20 MW/cm2. As both energy 



and pulse shape measurements were not made simultaneously. It was necessary to Infer the energy out of the fiber for a particular pulse shape. 
Only a relative measurement of the input energy to the fiber optic was reliable, because the coupling efficiency of the dlffuser and fiber optic taper 1s not accurately characterized. Since neither the conversion efficiency of the crystals, nor the coupling efficiency Into the fiber optic, varied we could monitor the relative energy, launched Into the Slecor fiber, by monitoring the Input energy to the KDP crystals. 
The energy output of the fiber was measured directly, via a photodlode, while 
Inserting various calibrated optical attenuating filters to vary the amount of 
energy launched Into the fiber. Input Intensities 1n the fiber and corresponding 
output energies are listed 1n Table 1. 
Using the same set of attenuating filters, the pulse shape out of the fiber was 
recorded on an LLNL streak camera at the various energy levels. The ^nput pulse 
shape was monitored throughout this series of shots and did not vary In shape or 
length. 

5. DISCUSSION 
Comparison of the measured pulse shapes with those of the simulation In F1g. 2 
shows that as the Incident Intensity Increases (top to bottom) the trailing edge of 
the pulse 1r progressively reduced due to SBS. The agreement between experiment 
and simulation 1s reasonable up to 2.15 MH/cm2 and falls at higher Intensities. 
At 5.4 MH/cm2 the simulated maxima Stokes Intensity 1s .267 HH/cm2 - high 
enough to pump second Stokes which Is not Included In our present model. 
A plot of the energy out of the fiber (In the forward direction) relative to the energy Input In to the fiber, versus the intensity In the core at the Input end, Is shown in F1g. 3. At low Intensities, the loss 1s due to the linear attenuation of the fiber, previously measured to be 285 db/k» at 351 nm for this fiber1*. The nonlinear energy loss, with Its concomitant pulse distortion, begins In the .3 to .5 MM/cm2 range. Extrapolation back to the linear loss level corresponds to an SBS threshold of about .35 HH/cm2. At about 2 MH/cm2. there Is a reduction In the rate of energy loss by more than a factor of two with Increasing, initial Intensity. This 1s the same region where our model, which Includes only first order Stokes, falls. He note that the gain used in the simulation, to give good agreement with the experimental data, 1s. as expected, greater than steady-state gain estimates. However, the required acoustic phonon lifetime Is much shorter than expected. Whatever the details of the physical process, 2 MH/cm2 1s well beyond an Intensity level that this fiber optic should be used to accurately discern pulse shape. 

6. COK'.LUSIONS 
To avoid pulse distortion, we recommend that this fiber not be used In excess of 
0.5 MW/cm2 for pulse durations of the order of a few nanoseconds. Pulses of less 
than 0.1 ns will probably not suffer SBS distortion since the acoustic response 
time 1s on this order. Longer pulses will have a lower SBS threshold. 
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SBS Scattering Lose vs Input Intensity 
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