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Abstract. A Q-switched Nd:YAG laser transversely pumped The Raman gain d8a(NOs3), reported in the literature to
with a 300W quasi-cw diode generated pulsesld@dépum  be Gg ~ 11 cnyGW at 1.06 um wavelength is larger than in
with intracavity energies of up td0 mJ Intracavity Raman KGd(WOy), with Gr &~ 7 cm/GW and PbWQ, with Ggr =~
shifting in a60-mm-long Ba(NOs) crystal led to pulses with 8.4 cm/GW, which both were successfully used as Raman
energies 02.5 mJat 1197 nm The output pulse duration was laser materials in SRS picosecond experiments performed by
reduced t®.5 nscompared t&0 nsat the fundamental wave- us [11]. This motivated the realization of a compact diode-
length. Beam quality improvement was observed@BrO;  pumped Q-switched Raman laser.

Raman laser generated pulse energie8.4mJat 1163 nm

with a crystal of onlyl8 mmlength. The Raman radiation

was frequency doubled into the yellow spectral region froml SRS action inBa(NO3)»

580 nmto 599 nm which is difficult to reach with other solid-

state lasers. Single-pass experiments without resonator mirrors were per-
formed showing Stokes and conical anti-Stokes emission,
PACS: 78.30: 42.55: 63.20 which was analyzed by an OMA [3]. The polarized single

pump pulses had an energy bmJand a pulse duration of
120 psat 1.06 um. The diameter of the focused pump radia-
tion inside the crystal was0um at the beam waist.

Frequency shifting of pico- and nanosecond laser pulses by The intensity of the first Stokes line da(NOz), at
stimulated Stokes and anti-Stokes Raman scattering (SRS) 1198 nmis suppressed, because of the sensitivity drop-off
crystals is of special importance, for example for ecologicabf the Si CCD-camera at wavelengths longer thek00 nm

monitoring techniques [1]. Six anti-Stokes lines extending to the visible were observed
Multiple wavelength cascades are generated coverinfFig. 1).
wide spectral regions witlNaClO;. For example 16 dif- Frequency-doubled ps-pulses%82 nmgenerate strong

ferent wavelengths betweehl180 nm and 500 nm were  Stokes Raman lines, which are also emitted in cones by Ra-
measured [2].

KGd(WQ,), and Ba(NO3), are well-known candidates
for efficient stimulated Stokes Raman scattering to generate 500 ‘

single wavelengths in the yellow spectral region [3—5] hav- + [Ba(NO,), | [ 1064
ing phonon energies betwe&6a8 cnt! for KGd(WO,)» and 400 - -
1047 cnt for Ba(NO3),. Their spectroscopic and crystallo- — _H_]tl
graphic properties have been investigated intensively [6—9F ‘ | ‘

NaBrQ;, a new Raman crystal, is of special interest as SRg

300 - (
active material, because of the strong Raman interaction wit@ n ‘

a vibrational mode with an energy ©95 cnt 1 [10]. Intracav- & 2007 1047 cm” g I
ity SRS action can be achieved independently of the crystaf N J\» 1 / \\
axis due to the cubic symmetry in the caseBafNOs), and 100~ | J \
NaBrO;. PO U S S

In this work Raman pulses with conversion efficiencies up 0 ' : . - ' 1
to 25% were obtained witlBa(NOs),. Furthermore, in first 500 600 700 800 900 1000 1100 1200
experiments a conversion efficiency 6 was achieved by A [nm]

using a relatively shomlaBrQ; crystal. Fig. 1. Anti-Stokes SRS spectrum with064nm pump wavelength
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500 I The Nd:YAG crystal was cut with two Brewster faces for
532 polarizing the laser light, which is a prerequisite for efficient
400 - SRS conversion.
= m Calculations of the laser mode led to a waist diameter
S, 300 1047 cm” of 580um at the outcoupling mirror an820um inside the
2> Dol Nd:YAG crystal in case of TEM, operation. This ensures
g 200 | \ ‘ a good overlap of the diode pump radiation emitted from the
2 | \ | three bars with th&.06-um mode as well as sufficiently high
= / \} 1 SRS intensities.
100+ WU L By means of a Pockels cell Q-switching intracavity pulse
T T energies of abouR0mJwere generated withrrl]gngths of
9 : ; . : 50 nscorresponding to intensities up & MW/cnr inside
300 400 500 600 700 800 the hygroscopidBa(NOs), crystal placed in a sealed cell
A [nm] with Brewster endfaces assuming a beam diameter of about

Fig. 2. Stokes SRS spectrum wiB82nm pump wavelength 700m as demonstrated in Fig. 4.

With this arrangement we obtained Raman pulse energies
of 2.5 mJas shown in Fig. 5.
man four-wave mixing (RFWM). The samples had a length The output energy corresponds to the amplification of
of about60 mm In order to show in Figs. 1 and 2 the anti- a noise Stokes photon. The Raman gain can be estimated
Stokes emission as well, the intensity range was chosen smadtarting with the expression
Due to the CCD-sensitivity drop-off, the measured intensity
of the anti-Stokes line in Fig. 2 is strongly reduced compare@gr = exp(grlp(0)LN) ,
to anti-Stokes lines appearing up to the 6th order in Fig. 1.

NaBrO; showed seven anti-Stokes lines from the near inwheregg ~ 11 cnyGW is the small-signal Stokes gain co-
frared to the visible spectrum when pumped &6pm and  efficient, 1,(0) = 80 MW/cn? is the Stokes intensity at the
five Stokes lines when pumped%82 nm entrance into the Raman amplification mediums 6 cmis

the length of the Raman medium. The cavity lengtB@tm

1)

2 Diode-pumped Raman laser

25 1,0

TheBa(NOg3), crystal was placed near the plane mirror inside @
a plane-concave resonator containing a side-pumped Nd:YAG. 20+ oz UP to 80 MW/cm? 0,8 _
crystal close to the curved mirror shown in Fig. 3. E / §

On the rear side of the prism-shaped Nd:YAG crystal wez 45 // 10,6 =
placed a concave silver-coated HR mirror opposite the pum Vs g
diode. This mirror with a focal distance @cmwas used o 104 R=84%@1197 /’ o loa 8
to refocus the transmitted diode pump radiation back intgh ' e e
the laser mode. For the experiments we used outcouplind o 2
mirrors having dielectric HR-coatings 4064 nmwith trans- " R46%@1197 0.2
mission values ofl6% and54% at1198 nm In the case of P
the 1163nm line slightly more of the Stokes emission was 0 P 5o oo 7o %0 0,0
coupled out witl69% transmission. .

pump diode energy [mJ]

The curved end-mirror had a HR-coating extending from

1064 nmto 1200 nm i.e. for all Stokes wavelengths resultmg Fig. 4. Intracavity pulse energies of the Nd:YAG pump pulse in dependence

from phonon energies belo®050 cnt!. A 300W quasi-cw  °F outPut

diode laser with three bars having a vertical extension of

coupling

0.8 mm and a horizontal extension dfo mmwas used for

side-pumping the Nd:YAG crystal, which had a base length of 2,57 =1~ R=46% ///
19 mm Thus, the horizontal component of the emitted pum enhanced pump 44"
radiation was efficiently absorbed in the region of the lase[§, 207 reflection 4"
mode. The distance between the diode bar and the AR- coatgi " Re46%
surface of the Nd:YAG crystal is less thamm a:) 1,51 /./)'/
) A
E_ 1,0 /)"
NaS*:vag Pc i § 0,5 / PR S S
I I Y e
: ] -
| — U ==1—> 0,0+ :
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Fig. 3. Setup of the diode-pumped Q-switched Raman laser with the HRFig. 5. Input and output energies of tHga(NOz), Raman laser for two

coatings for thel.06-um pump radiation

output coupling values
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Fig. 6a,b. Temporal characteristics of pump-, Raman-,
doubled pulses foBa(NOs3), and NaBrO;
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leads to nine single passes (about 5 roundtrips) within the
Stokes pulse length of approximatéyns Taking an aver-
age value oh = 9.5 this yieldsGg = exp(38) = 3.19 x 10,
which means that a single photon with an energyhot=
1.68x 10719 J at 1198 nmis amplified toGghv ~ 5 mJout-

put energy. This corresponds to the order of our experimental
energy values.

3 Results and discussion

Figure 5 shows the output vs. input energy for two different
reflectivities of the outcoupler for the Stokes radiation. It is
obvious that the increase of the outcoupled Stokes pulse en-
ergy was obtained with the curved mirror on the rear side of
the Nd:YAG crystal for refocusing the diode pump radiation
back into the laser crystal.

With this arrangement we obtained Raman pulse ener-
gies of2.5 mJas shown in Fig. 5. The average Raman output
power atL197 nmshows a linear dependence on the repetition
rate. The maximum power was abdit7 mWat47-Hz oper-
ation limited by the diode driver. Conversion %89 nmwas
performed in LBO by noncritical phase matching (NCPM)
at 28°C. The SHG pulse energy achieved wBa(NOs); is
E = 0.6 mJwith a peak power 00.12 MW at 5 nspulse du-
ration. The average power amount2tbomWat47 Hz

TheNaBrO; Stokes emission was convertedb®1 nmat
51°C NCPM temperature. An energy 64 mJwas meas-
ured for the Stokes pulses and®15 mJfor the frequency-

and frequencyyopled yellow radiation. The average output powers were

y [mm]

y [mm]

18 mWand6.5 mW, respectively. This crystal is hygroscopic
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Fig. 7a—d. Contour plots
of the pump- § and Ra-

man laser i§) modes with-
out transverse mode control
(a, b) and with mode aper-
ture (, d)
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Table 1. Phonon energ¥Epn, Raman gairGr [4, 5], bandwidthAvg, dephasing timd?, threshold energyEw,, output energyEqy:, conversion efficiency,
and SHG energ¥snHc

Crystal Eph/ Gr/ Avg (cm b/ To/ps Ethr/mJ I max/ Eout/mJ Conversion Esnhc/
cm1 cm/GW  Awr(GH2) (Pump)  MW/cm 2 (15 Stokes)  Eff.e/% mJ

Ba(NO3)» 1047 ~ 11 0.60.2 ~9 1 60 2.5 25 ~0.6

NaBrO; 795 - - - 5 22 0.4 7 ~0.15

as well and was yet not placed into a sealed cell. Degradations First results of the Raman laser action with a near-plane-
of the plane parallel polished surface were already visible. parallel cubicNaBrO; sample of onlyl8 mmlength, which
The reduction of pulse duration by SRS is demonstratetiad uncoated endfaces, showed that this crystal is a promis-
in Fig. 6. The Raman pulse starts when the pump pulse powérg candidate for Raman lasers. Lond&BroO; crystals with
exceeds the SRS threshold. The Raman pulsgief 8.5ns  AR-coated and plane-parallel endfaces placed in sealed cells
is about six times shorter than the pump pulseof 50ns  due to their hygroscopic properties will extend the wave-
measured without SRS. The pump pulse had a duration déngth range in the visible spectral region, which can be cov-
7p = 60 nsbecause of the smaller gain of thé®6-um emis-  ered by efficient all-solid-state Raman shifters.
sion during SRS generation and outcoupling. The width of the
SHG pulse was shortenedtgyg = 5 ns AcknowledgementsThis work was supported by DF&FFI (grant 436
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through the outcoupler and is detected by the photodiode as
well, forming the pedestal of the Raman pulse.
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