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Abstract. Temporal compression of nanosecond pulses frorsion of pulses o#-5 ns duration from an injection-seeded
a commercial Q-switcheNd:YAG laser at second and third Nd:YAG laser at its second and third harmonics. The SBS be-
harmonic into the sub-nanosecond regime is demonstrated. haviour in water, methanol, ethanol, a@€l, is investigated.

a geometry consisting of a single cell only, compression irParticularly the relation between the phonon lifetime, i.e. the
several liquid media is investigated. For both 532 3B nm  relaxation damping time of hypersound in the liquid, and op-
smooth and reliable operation is obtained with output pulseBmum compressibility has been studied. The phonon lifetime
as short a200 ps A new concept is proposed to separate SBS, is a material property of the medium, which scales with
pulses from the pump beam at low optical losses. wavelength as [1, 5]:

PACS: 42.65.Es; 42.65.Hw; 42.65.Re T = TV /v)2. (1)

Hence at shorter wavelengths as well as G&l; with
Stimulated Brillouin scattering (SBS) is a nonlinear opticalthe shortest phonon lifetime, the highest compression is
process, discovered in the first decade of laser physics, i.e. #xpected.
the 1960s. For an introduction to the physics underlying SBS At both wavelengths, 532 arR65 nm we provide a pre-
we refer to the book of Boyd [1]. Since its discovery the mainscription to achieve pulse durations 200 ps which may
application of SBS has been in optical phase conjugation. Iturn Nd:YAG lasers, available in many laboratories, into
the past two decades the use of SBS for the compression ofore versatile tools for dynamical and nonlinear optics stud-
laser pulses has been investigated theoretically and expeigs. Also we propose an alternative method for separating
mentally [2—6] for various types of lasers and active mediathe compressed Stokes pulses from the incident pump beam.
Dane et al. [7] demonstrated pulse compression at very highsually the beams are separated by polarization; we suggest
energies, and Fedosjevs and Offenberger [8] achieved corteking advantage of the frequency shift of the SBS output.
pressibility by a factor of 60. As a third application of SBS
we mention its use to filter spontaneous emission from a laser
beam [9]. 1 Experimental setup and measurement methods
Various geometries of SBS laser-pulse compressors have
been proposed, usually showing the features of a generator fbhe geometries of relevance for the present experiments are
a SBS-backscattered wave followed by amplification in onechematically depicted in Fig. 1. In our previous work SBS-
or more stages. Damzen and Hutchinson [10] investigated thgulse compression was demonstrated in a compact generator—
special design of a tapered waveguide. Recently Schiemammplifier setup (CGAS) [11], depicted in Fig. 1a. The CGAS
et al. [11] reported on a compact generator—amplifier setuponsists of two separate cells filled with liquid: one for the
(CGAS) in which efficient compression &32nm pulses generation of the SBS-Stokes pulse and the other for ampli-
from a Nd:YAG laser was achieved. Following up on the fication, without use of attenuators. The underlying concept
CGAS design we present a simplified SBS scheme consistingf this approach is that the necessary attenuation of the pump
of a single cell and using a limited number of optical com-beam propagating towards the oscillator results from pump
ponents only. In this setup we demonstrate efficient comprestepletion induced by the SBS amplification. In Fig. 1b we
introduce a simplified geometry based on a single cell in-
* Present addressSofia University, Faculty of Physics, J. Bourchier bivd. 5, VOIVing a concave mirror, coated for high reflectivity at 532
BG-1164 Sofia, Bulgaria or 355nm that redirects the generated SBS-pulse through



672

(a) sl L cell2 Pulse compression was investigated for two different
PEBS T R wavelengths. Both the second and third harmonics of an
> ; (]::' injection-seeded, Q-switch@tt:YAG laser (Spectra-Physics
> Quanta-Ray GSR 330-10) were used to pump the SBS pro-
’|_ cess. Injection-seeded operation of tNel:YAG laser is

necessary to prohibit mode-beating, which gives rise to com-
peting nonlinearities and optical breakdown. The experiments
were performed at a repetition rate 8 Hz Measurements

cell M of the spatial beam profile were performed using photo-
T PBS ?‘ 0 5 5 E:) sensitive paper, and a CCD camera (Hitachi VK-M98E) with
—-—DK / O a large active area window was used for online monitoring.

An investigation of SBS pulse compression as a function of
! spatial position in the transverse profile was performed by
Fig. 1a,b. Geometrical configurations for SBS compressasTwo-cell  extracting part of the beam using a short, multimode optical
compact generator-amplifier setup (CGAS) as used previously by oufiber of ~ 100um core diameter. It was verified, by monitor-
group [11] with circularly polarized lightb Single-cell geometry used in_jng fs pylses at various input intensities, that the dispersion
the present study. (T — telescope; PBS — polarizing beam splitter; FR — . - P .
Fresnel thomb; L — lens; M — mirror) and nonlinear effects in this fiber are negligible. _
Temporal characteristics of the pulses were measured with
three different techniques. First, a fast oscilloscope (Tektronix
TDS 680B - 1GHZ, 5Gs) combined with a fast photodiode
the same cell for amplification. Again, as discussed in [11[Hamamatsu G4176 100 p3 was employed for online reg-
two basic ideas determine the choice of focal length of théstration of pulse durations. The temporal resolution of this
reflecting mirror and the cell length. The focusing in the os-system was evaluated by monitoring pulsedQfg from afs
cillator part may be chosen as tight as possible, such that thaser to be430 ps It was also used to measure pump-pulse
very leading edge of the pump beam reaches SBS thresHurations. Secondly, a sampling oscilloscope (Tektronix 7904
old in the focus. A lower limit to the focal length is, how- equipped with 7S11 sampler and S6 sampling head) was used
ever, determined by the restriction that optical breakdowimn combination with & 00-psphotodiode. Because of the low
in the medium must be prevented. With available cleaningepetition rate of the laser source and the time jitter of the trig-
methods to filter solid particulates from the liquid (pore sizeger this measurement gives a relatively low signal-to-noise
200 nn) focal lengths ofLl0 cmcan be combined with pulse ratio; moreover the sampling oscilloscope does not provide
energies of up t00 mJ while avoiding optical breakdown single-shot pulse information. An advantage of this device is
for more than99%% of the pulses. The cell length is cho- the absolute accuracy of its time base.
sen such that the phase-conjugate SBS-pulse folds on to the The actual data on SBS compression delivering the short-
entire counterpropagating pump beam for amplification. Aest pulses were taken with a streak camera (Hadland IMA-
the same time scattering losses of both pump and Stok€30ON 500 —20 pg. The two-dimensional streak images on
beams are minimized by keeping the cell as short as po$ie phosphor were monitored with a CCD camera and fed,
sible. Since SBS oscillation starts from the leading edge ofia a frame-grabber, into a PC for data analysis. Temporal
the propagating pulse an optimum is expected for a spazalibration of the streak camera was performed by compar-
tial length of the pulse ofc/n)t, wherert is the pulse du- ing measurements with those of the sampling oscilloscope.
ration at full-width-half-maximum (FWHM) anah the in-  The intensity scale of the streak camera was calibrated by
dex of refraction of the liquid medium. For a pulse dura-simultaneously measuring long laser pulses with 1ti@Hz
tion of 5ns (FWHM) and a typical index of refraction of oscilloscope.
n=13-15 the cell length was taken dt1m. The lin- Prior to the measurements of SBS pulse compression
early polarized beam from the laser passes through a Fresrsime spatial and temporal characteristics of the pump beam
rhomb to transform the beam pumping the SBS process intawere determined. The spatial profile at the entrance of the
a circular polarization state. The generated SBS-beam camplifier cell corresponds to a super-Gaussian shape (third
be separated from the pump beam using a thin-film polapower) with FWHM of 6.6 mm for the second harmonic
izing beam splitter, under optimized angl&)( for 532 nm (532 nn), whereas the third harmonic is closer to Gaussian.
and 5¢ for 355nn). To preserve the circular polarization The pulse has a Gaussian temporal profile with a FWHM
the beams pass the window surfaces of the cell under normal 5.0 nsfor the green and slightly shortex(4.6 ng for the
incidence. UV. Due to the injection seeding tHéd:YAG laser runs in
A telescope is used to resize the laser beam diama single longitudinal mode with a frequency spectrum close to
eter. In this way the optimal energy density is adjusted td-ourier-transform limited.
achieve maximum compression of the input pulse as dis-
cussed in [11]. The peak intensity of the pump pulse in the
collimated arm should be kept below the SBS threshold t@ Results and discussion
avoid diffuse SBS, which perturbs proper pulse compression.
A further improvement in the setup involves ten diaphragm&xperiments on SBS pulse compression were performed for
inserted in the cell preventing Rayleigh-scattered light to béour different liquid media: water, methanol, ethanol and car-
guided from the cell walls into the interaction region. This re-bon tetrachloride@Cl,), and for two wavelengths (532 and
sulted in a considerable decrease of scattered photons fra8®5 nnj. Refractive indices for these substances and values
the cell, hampering the data acquisition. for the phonon lifetimes, extracted from [1] and corrected for
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Table 1. Indices of refractiom, at temperatures &5°C, and values for the  laser closer to the optimum compression energy (see below)
phonon lifetimest, (in ps) at two relevant wavelengths. Values gf are  the region of shortest pulse duration is even broader than
obtained from [1] after wavelength scaling 4 mm. In previous work [12] we have investigated the de-

pendence of compressibility on averaged beam intensity. The

Liquid n 70 (532 n 7p (355N . LN . . .

a P ( " P ( " theoretical prediction, that at pump intensities below an opti-
water 1333 295 131 mum value compression is less efficient, was experimentally
ethanol 1.359 265 118 verified. With the model of [11, 12] the present results on the
methanol 1.326 374 166 dependence of compressibility on local intensity can be un-
CCly 1.460 180 80 derstood in a quantitative sense.

Spatial beam profiles of the incident pump beam as well
as the SBS-reflected beam were measured in the form of
the wavelength dependence following (1), are presented isingle-shot imprints in photosensitive paper. These imprints
Table 1. show, in a qualitative sense, that the beam quality is preserved
by the compression process. In the following we present only
data pertaining to the central part of the beam.
2.1 Tranverse beam profile effect in SBS

In the theoretical investigation of SBS compression usually.2 Pulse compression &82 nmfor various liquids

a plane-wave approximation is considered. This simplifica-

tion of the problem to a single dimension implies a uniformin Fig. 3 someypicalresults on pulse compressiorb&2 nm
compression over the transverse profile of the laser bearare presented; the pictures correspond to single-shot measure-
We studied the effect of the varying intensity over the spatiaments taken with the streak camera. Measurements of SBS
beam profile experimentally, using a short multimode optithreshold, optimal energy, energy of the SBS compressed
cal fiber to extract light from a specific point in the beambeam, and the reflectivity of the setup for four different li-
and a photodiode combined with the 1 GHz oscilloscopejuids are presented in Table 2. Energies and intensities of the
(time resolutior30 p3 for registration. In this way we meas- pulses can be related by accounting for the beam diameter
ured the local compression factor for green pul&2nn)  of FWHM = 6.6 mm As shown previously [11, 12] optimum

of FWHM = 6.6 mm using water as SBS medium; only for compressibility is obtained at a certain pump beam inten-
this specific measurement pump pulses of 6 ns duration wesdty. For a fixed beam diameter (as in the present study) this
used. We reduced the laser intensity to a level where com-
pression yields pulses not shorter thhins The results of
measurements on the transverse beam profile dependence are

presented in Fig. 2. It is clearly seen that the beam is highl water 326ps
compressed in the vicinity of the center, while in the wings_ s
the compression is much less. Figure 2 shows that the centr3
part, defined by the inndrmmof the diameter, is compressed 3,
close to the minimum pulse duration. When we operate th'g
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Fig. 2. Compression of the laser pulse vs. transverse coordinate; data taki
for water as SBS-medium and pump pulse5a@2 nmwith 6-ns duration.

Thesolid lineis a fit through the measured pump beam profile. @ihges 750 ~500 250 0 230 500 750 1000
are experimental data on pulse durations of compressed pulses. Tempo .
resolution of the detection system for this measuremed3&ps there- time (ps)

fore the energy density in the compressor was adjusted for a Stokes pulféy. 3. Streak-camera recordings ypical SBS-Stokes pulses measured for
duration not shorter thathns a pump wavelength &32 nmusing three different media
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Table 2. Results of the SBS processes studigg, is the threshold energy
for the formation of a phase-conjugated SBS-Stokes pllsg;is the pulse 200ps
energy for which SBS compression is optimal (b&# and Eqpt given for :
spatial beam of FWHM= 6.6 mim); Reflectivity R holds for energyEopt o
(including 35% optical losses)t; refer totypical (i.e. average) observation
of Stokes pulse durations =
<
Liquid Etn/mJ Eopt/mJ R/% t/pS =
8
SBS at532 nm =
water 175 180 (10) 5P 325
methanol ®2 84 (5) 540 366
ethanol 063 67 (5) 567 -
CCly 1.0 65 (5) 569 200
SBS at355 nm 75 S0 250 0 250 500 750 1000
water 19 87 (5) 435 200 time (ps)
methanol ® 39 (3) 419 - Fig. 4. Streak-camera recording of a typical pulse measured in water for

a pump wavelength &55 nm

corresponds to a certain optimum ener@s4); in practi- 2.3 Pulse compression 865 nm
cal applications the beam diameter can be adjusted such that
Eopt matches the pump intensity for optimum compressionin the UV region aB855 nmshorter pulses are expected from
A combination of maximum energy and optimum compresthe SBS compressor due to the shorter phonon lifetime at
sion (for the fixed beam of FWHM: 6.6 mmm) is achieved in  higher frequencies (cf. (1)). Some practical restrictions may
water, whereas the shortest pulses were obtain€&Cia. In be expected from enhanced Rayleigh scattering and from
the experiments on pulse compression in water and ethanphotochemistry induced by the high-intensity UV laser beam.
the process of stimulated Raman scattering (SRS) compet@spractical problem encountered during the measurements
with SBS. In the case of water at optimum incident energywvas the low transmittivity for UV of the streak-camera optics,
SRS is weak and does not influence SBS pulse compreshich gave rise to an increased noise in the data.
sion. However in the case of ethanol intense red SRS-flashes The experiments were performed in water and methanol
were observed, accompanied by temporal fragmentation @ind the results for the SBS threshold, optimum energy and re-
the SBS back-scattered pulse. This makes ethanol an ufiectivity are included in Table 2. The values of the optimum
reliable SBS medium, in contrast to water and methanolenergy were derived from measurements usindgLtGé1z os-
The optimum reflectivities, of abo&7%, seem to be small. cilloscope. Streak camera pictures could only be measured
However, the optical losses in the setup, where no antifor compression in water where the output energy is just suf-
reflection-coated optics was used, were estimated @86k ficiently high to extract a curve form the noise. A typical
so that the intrinsic SBS reflectivity is evaluated to be moresxample is shown in Fig. 4. In methanol smooth operation of
than90%. the SBS compressor was verified with measurements using
An important finding in the pulse duration measurementshe photodiode; however, due to the lower valueEgf; the
is the spread in the output pulse durations. The results preutput energy was insufficient to determine a value for the
sented in Fig. 3 and the values for the pulse duration (FWHMpptimum compression with the streak camera. While in wa-
listed in Table 2 ar¢ypical, i.e. averaged over a large numberter the average pulse duration w2@0 ps pulses as short as
of measurements. Although in methanol the most probabl@80 pswere observed, again indicating a spread in the Stokes
pulse duration obtained w&66 ps(Fig. 3b), we did observe pulse durations. The expectation that in the UV region shorter
pulses as short a330 ps The same holds for the other li- pulses may be generated is confirmed in this experiment.
quids. An exceptionally short pulse (b10 p3 was observed Although the experiments in water and methanol pro-
in CCls, where the average value 200 ps(Fig. 3c). Appa- duced smooth SBS pulses with reasonable pulse-to-pulse
rantly there is a statistical spread in pulses emanating frorfluctuations no reliable measurements could be performed
a SBS compressor. This spread is likely to be related to then CCl, in combination with355nm pulses. In the latter
origin of the pulses, a buildup from acoustic noise induced byase the liquid turned yellow after irradiation with UV giv-
the laser pulse or by temperature fluctuations. This issue, firgig rise to strong absorption and hence prohibiting proper
addressed by Buzelis et al. [13], remains a subject for futur8BS-compression measurements. Whether this is caused by
experimental and theoretical studies. UV-induced photochemistry in theCly liquid, or by the ef-
Although the issue is debated in the literature [2—4, 6, 10fects of the intense Rayleigh scattered light on to the viton
11] the phonon lifetime is often considered as a lower limitO-rings sealing the cell could not unambiguously decided.
to pulse compression in SBS. Here we find experimentally
SBS-compressed pulses with duration notably shorter than
the phonon lifetime. The typical averaged values for the puls@.4 Proposal for a simplified low-loss SBS geometry
duration as experimentally observed indeed are limited by the
phonon lifetime. When comparing the results of minimumin Fig. 1b a compact single-cell configuration was presented,
Stokes pulse duration in the various liquids (cf. Table 2) thewvhich is demonstrated to be a useful tool for SBS com-
trend indeed follows the phonon lifetimes (cf. Table 1). pression. In Fig. 5 we propose another single-cell setup for
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T E cell M operation atl0-Hz repetition rates. We have shown that op-
| <C TT T T T T T T T TN timum SBS compression occurs in afl_at—t_opped inner region

— — —=:_:) of the transverse beam profile; for applications of compressed
I\\' SRS pulses the outer wings of the beam may be filtered away. For

the third harmonic aB55 nmwater appears to be the appro-
Fig. 5. Proposal for a simplified single-cell SBS configuration to be “S_edpriate medium, whereas at the second harmon&32tnm
\:gl:hlgrtez;g/lopnolanzed light and low optical losses; T — telescope; M — mir- CCl, may be favorably used. In previous work [12] we have
' demonstrated the possibility of continuously tuning the pulse
duration between the duration of the lower limit (n8@0 p3
SBS, that has not been tested yet, but may have some advamd the duration of the incident pump beam, by varying the
tages over the design presently used. The optical losses in tde@ameter of the pump beam. These experiments on SBS pulse
present setup can be further reduced by mounting the concaeempression provide a recipe for equipping commercially
retroreflecting mirror, which in fact separates the oscillatoravailable Q-switched injection-seeddd: YAG lasers, in use
from the amplifier, inside the liquid, therewith reducing thein many laboratories around the world, with an extension of
number of optical elements. We have not attempted this in tha short-pulse option. Such an option, consisting of a single
setup of Fig. 1b, since we do not have access to a highly resell filled with liquid and some polarization optics, transforms
flecting concave mirror fulfilling the more rigourous demandscommon lasers into more versatile tools for dynamical and
with respect to damage threshold for operation inside a liquichonlinear optics studies.
To our knowledge, in all setups reported in the literature
for SBS pulse compression the Stokes beam is separated fr@eknowledgementshis work was carried out with a research grant from
the pump beam by its polarization; hence a number of pc)t_he Netherlands Foundation for Research of Matter (FOM). D.N. thanks the

L . Atomic Physics research group at the Vrije Universiteit Amsterdam for the
larization components are usually required. Now, for a NeW,arm hospitality during his research stay and the Netherlands Organization

separation method, we propose to take advantage of the fryr intemational Cooperation in Higher Education (NUFFIC) for financial
quency shift over severdbHz (depending on the medium) support.

of the Stokes beam. An etalon may be inserted under a spe-

cific angle (again depending on the Stokes shift) in the beam
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