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Abstract. We describe a comparative study related to an inexternally coupled single-mode fiber grating at the output
fluence of a feedback coupling on operating characteristicand of theCr3*:LiSAF laser. An output o6 mW at an in-
of a cw Cr**:LiSrAlFg (Cr*T:LiSAF) laser using an end- put of 200 mW (slope efficiency= 4.5%) was achieved [5].
coupled fiber grating with different coupling configurations.Even though the spectral output could be improved, the slope
To achieve a compact construction, a direct butt-coupling oéfficiency was decreased due to decrease in the effective
the fiber grating at the pump end of ti@*":LiSAF laser transmission as a result of partial feedback at the coupled-
and pumping through the same fiber was considered. Thmode end. To improve the output characteristics, an appli-
feedback provided by the coupled fiber grating through armation of the coupled fiber grating at the pump end of the
end mirror was responsible for a spectrally narrowed outCr3*:LiSAF laser crystal and providing the spectrally nar-
put with a slope efficiency 011%. However, the perform- rowed feedback through an end mirror instead of the output
ance critically depended on an amount of the feedback cougnd can also be considered. In our previous experiments,
ling. The feedback-coupling condition was improved considpumping of theCr**:LiSAF laser through different types of
erably by using a lens-coupled fiber grating at the pump englain optical fiber without fiber grating was studied and the
of the Cr3+:LiSAF crystal. A spectrally narrowed output of performance was analysed [8]. However, since plain fibers
~ 0.15cnT! was obtained, and the output slope efficiencywere used, the output was spectrally broad, and the analy-
was measured a&7%. Theoretical modeling was also per- sis was limited to only the study of the spatial mode over-
formed to understand the effect of the feedback coupling anldp as a function of the focusing conditions with a simple
the results agreed well with the experimental observations. butt-coupled fiber configuration and without any feedback ef-
fect for the spectral narrowing operation. On the other hand,
PACS: 42.55.R; 42.60B; 42.60D pumping of theCr3+:LiSAF laser through an optical fiber
grating can provide dual advantages. It allows a more com-
pact and efficient construction and a fiber grating formed on
Recently there has been a growing interest towards develofiie same fiber acts as a part of " :LiSAFlaser coupled-
ing compact all-solid-state  tunable Cr3+:LiSrAIFg  cavity for self-injection locking and spectral-narrowing oper-
(Cr3*:LiSAF) laser sources for high-resolution spectroscopiation. However, the operating characteristics very much de-
applications. A Cr**:LiSAF laser crystal has spectrally pend onthe amount of a narrowband feedback coupling to the
broad absorption and emission cross-sections with a fludzr**:LiSAF laser cavity.
rescence bandwidth extending from750 to 1000 nm[1]. In this work, different coupling configurations of a fiber
Further, this medium has a part of the broad absorptiograting at a pump end of @P*:LiSAF laser are considered
band 600-700 nn) matching with the commercially avail- and a comparative study is also made related to the influence
able InGaAlIP red diode laser, which allows a compact asef the feedback coupling on the spectral narrowing and output
sembly [2-5]. SinceCr**:LiSAF crystal is a low-gain laser characteristics. In Sect. 1, a directly butt-coupled fiber grat-
material, as a simple approach for spectral narrowing anshg configuration (BCFG) is considered for a very compact
subsequent tuning operation, an externally coupled laser cagssembly with a minimum number of optical components and
ity with conventional tuning elements is preferred by manythe influence of feedback coupling is studied. In Sect. 2, to
researchers [2,6,7]. This construction allows low insertioimprove the coupling of the narrowband feedback, a lens-
losses and hence a low threshold value. coupled fiber grating configuration (LCFG) is investigated.
In this respect, an approach of self-injection locking of theThe theoretical and experimental output characteristics in-
Cr3+:LiSAF laser using an externally coupled fiber gratingcluding the feedback effect for both the configurations are
can also be considered for a compact and efficient operaescribed in Sect. 3 and finally the comparative study is sum-
tion. Single-mode tunable output has been reported using anarized in Sect. 4.
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Fig. 1. CrP*:LiSAF laser with butt-coupled fiber grating (BCFG) config-
uration
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1.1 Experiment

Figure 1 shows direct butt-coupling of a fiber grating con- —
figuration (BCFG) at the pump end of tigr®t:LiSAF crys-
tal. It consisted of two parts, namely a main cavity and &-= 0.8
coupled cavity. The main cavity was responsible for laser os I
cillation and the coupled cavity with a fiber grating provided *
a spectrally narrowband feedback for self-injection locking
and the pumping was performed through the same but
coupled fiber. The main cavity consisted of a plano-concav
resonator arrangement witt8at % dopedCri*:LiSAF crys- (©)
tal of 5 mm(diametey x 1 mm (thickness). The crystal was
coated foro® reflectivity in the range from 800 ©00 nm Fig. 2a—c. Spectral characteristics OCr3*:LiISAF laser with  BCFG.
on the pump-end face and antireflection-coated for the Iasggﬁlae‘;%'gg%ﬂw:%m;‘lgn;fr‘]"tﬁ’cling.tg 'r'nCr: %Sr;”g‘ ianFLlit nggr
wavelength on the other face. An output coupler with a raz. 169 mw
dius of curvature (ROC)10 mmand reflectivity 0f98% was
used. We used a cWrT-ion-laser-pumped Rhodamine 6G
dye laser §16 nn), however, anAlGalnP red diode laser
(670 nn) will be a practical source [9]. Figure 2a shows the spectrum of t8€* :LiSAF laser with
The fiber grating used in the auxiliary cavity was formedthe cavity length of aroun@.5 mmwhere a maximum out-
in a commercial germanosilicate multi-mode fiber (coreput was obtained. In this case, a small peak was observed
diametel9.3 um, numerical aperturllA, 0.2) having a cutoff  near the Bragg wavelengthz(821 nn) of the fiber grating
wavelength of1300 nm The reflection grating was gener- along with an unsuppressed broadband output. However with
ated in theH,-loaded fiber by the side-writing holographic increase in the cavity length 8.9 mm quenching of the
technique [10] similar to that described by Meltz et al. [11].broadband output along with a spectrally narrowed output
The length of the grating wagmm and the reflectivity was was observed as shown in Fig. 2b. In this case, the input pump
measured to b85% at821 nmwith the linewidth of0.45nm  power & 60 mW) was near threshold requirement. However,
FWHM. In the experiment, first a plain optical fiber without when the input was increased160 m\W, along with a spec-
fiber grating was used and subsequently the fiber grating wdgally narrowed peak aroun821 nm partially unsuppressed
applied to study the effect on spectral narrowing and outpututput near the high-gain modes was also observed as shown
characteristics of th€r3+:LiSAF laser. in Fig. 2c. When the spectral measurements were performed
using a Fabry—&rot interferometer, a multi-mode operation
with two strong modes was observed. The free-spectral range
1.2 Spectral characteristics of the Fabry—Brot interferometer wass 2 cnmi! and the
measured spectral width was0.7 cn L.
The output of theCr**:LiSAF laser pumped through the Next, a theoretical model was used to understand the ef-
plain optical fiber was broadband with a peak aroB88 nm  fect of the feedback coupling on the spectral-narrowing oper-
and spectral width o 8 nm FWHM. When the optical ation. The feedback coupling includes a coupling of the laser
fiber with fiber grating was used, spectral narrowing of themode with the fiber end and a coupling of a feedback mode
Cr**:LiSAF laser was observed, but it critically depended orwith the laser mode. It depends on various loss mechanisms,
the cavity length and the pump input power. Figure 2 showsuch as coupling losses between the laser mode and the fiber
the effect on spectral narrowing with respect to the cavityend, coupling losses between the feedback mode and the laser
length of theCr**:LiSAF laser and the pump input power. mode distribution mismatch, the losses due to a positional and
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wherean, is the coupling coefficient due to the spatial match-_. T - i - - -
ing between the Gaussian laser mode and the fiber core diarg}'g'tg},crs ‘LISAF laser with lens-coupled fioer graing (LGFG) config
eter ©.3um), ande; is the coupling coefficient representing
the spatial overlap between the top-hat feedback mode and
Gaussian laser mode. 2 Lens-coupled fiber grating (LCFG) configuration

Figure 3 show plots of the theoretical value of the
feedback-coupling factoy. and a threshold ratio with respect 2.1 Experiment
to the cavity lengthL. In the plano-concave laser cavity,
the laser mode size can be changed by altering the caviggypsequently, the laser performance of a lens-coupled fiber
lengthL.. In Fig. 3, the feedback-coupling factgs was de-  grating (LCFG) configuration was investigated. This con-
termined using (1), and the threshold ratio was defined as th@ryction was adopted to improve the feedback-coupling
ratio of the threshold pump power at free-running conditioreondition. Figure 4 shows the experimental arrangement. In
to the threshold pump power required during the feedbackhis case, instead of a direct butt-coupling, the same optical
Threshold pump power was determined based on the thediher was coupled to ther*+:LiSAF laser pump-end through
etical calculation described in Sect. 3. As shown in Fig. 3g |ens (Melles Griot, 06GLC003f = 14.5mm). The lens
with increase in the cavity length. the feedback-coupling \as located at arouriB mmfrom the fiber end and the crys-
factor . was improved. Therefore the threshold ratio wasg| was located near the focused end of the lens. The lens
also increased and for a value greater than 1 spectral narroypsition was near optimum with respect to the output char-
ing at the feedback mode could be expected. However, withcteristics and it was verified by the theoretical calculation
decrease in the length of the laser cavity, the cavity mod@escribed in Sect. 3. Subsequently, spectral narrowing oper-
size was increased compared to the fiber core size and thgon and output characteristics were examined.
feedback-coupling factor. was decreased. Hence the thresh-
old ratio was also decreased to a value less than 1, resulting
in a high-gain free-running mode withholding spectral nar2.2 Spectral characteristics
rowing at the feedback mode. Further, from Fig. 3, even at
large cavity length, the feedback-coupling facierwas not  Figure 5a,b show spectral characteristics of @& :LiSAF
so high, and the resulting threshold ratio was very near to Jaser with a cavity length of abo@mm and with the input
Therefore complete quenching of the free-running mode wagump power o0f150 mW Figure 5a shows the free-running
not possible at a high pump input, and along with a spec-
trally narrowed output, broadband free-running output could
be expected. This critical effect was also observed duringth 1.2
experiment, as described in Fig. 2. i
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Fig. 3. Theoretical calculation of feedback-coupling factgrand threshold (b) Wavelength [nm]

ratio with respect to cavity length., for BCFG configuration. Threshold Fig. 5a,b. Spectral characteristics @r*:LiSAF laser with LCFG. Input
ratio is a ratio of the threshold power at free-running to the threshold powepump power wass 150 mWand cavity lengthL; was~ 9 mm a in free-
at feedback mode running condition with lens-coupled plain fibérwith fiber grating
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ing positions, in the calculations, the experimental loca-
tion of the lens was used. As the cavity lendth was in-
creased, the feedback-coupling factgrand threshold ratio
were also increased and after reaching a peak around the
cavity length of 9.7 mm the feedback-coupling factoy.

and threshold ratio were decreased. However, the threshold
ratio in this range was greater than 1, representing lesser
criticality in spectral-narrowing operation than the BCFG
configuration. This was also confirmed experimentally and
the alignment was also less sensitive as compared to the
BCFG.

3 Output characteristics

Fig.6. Fabry—Rerot interference rin attern of spectrally narrowed .
Crg'*:LiSAFrI);ser using LCFG. S ectrgl v?/idth was megsured.gs cnrl, 3.1 Theoretical model
Free-spectral range was2.5 cn*. The measurement was performed near
threshold operation In the case of a conventional straight cavity configuration,
based on the space-dependent rate equation analysis, the
threshold power requirement and the relationship between
spectrum of theCr¥*:LiSAF laser when the plain fiber with- an input and output power has been investigated by several
out fiber grating was used. The free-running output waswthors[12, 13]. This model can be extended to the fiber grat-
broadband with a peak around 830 nm, and a spectral widilhg coupled-cavity configurations with some modifications
of ~ 7 nm FWHM. Figure 5b shows a spectrally narrowed related to the pumping charcateristics and the feedback effect
output when the fiber grating was applied. from the fiber grating. Based on a space-dependent rate equa-
Figure 6 shows the FabryéRt interference ring pat- tion analysis, the threshold powB§, can be estimated by
tern of the spectrally narrower®:LiSAF laser output near
threshold operation. The free-spectral range of the Fabrypth _ oey ls 1
Pérot interferometer was: 2.5 cnm . The spectral width of 21p(0e — Oesa Joayiry IMAV
the output wasv 0.15cnT?!, and it was almost same even
at a high input power. With the lens-coupled configuratiorwhereoe is the stimulated emission cross sectignis the
also, the spectral-narrowing operation depended on the catetal logarithmic loss (@cl 4 Tout — IN(1/Refr), o is the dis-
ity length and effective narrowing could be obtained with thetributed loss per unit length, is the crystal lengthTou is
cavity length of around® mm However, the operation was the transmission loss at the output mirrBe is the effect-
not as critical as in the case of the BCFG configuration.  ive reflectivity of the end mirror considering the feedback,
Next, a theoretical study of the effect of the laser cav-p is the pump efficiency{/vp), v is andv, are the laser
ity length, and hence the effect of the laser mode size oand pump frequencies respectivetysarepresents loss in the
the spectral narrowing was also made. Figure 7 shows plogain cross-section due to excited state absorption (EGA),
of the feedback-coupling factoy. and the threshold ratio is the saturation intensityh(i/oet), hyy is the energy of the
with respect to the cavity length.. The feedback-coupling laser photony is the upper-state lifetimg andm represents
factor n. was evaluated based on (1). Though its value denormalized pump and normalized laser mode distributions
pends upon the location of the coupling lens and focusinside the active medium, respectively, qug,itygmdv rep-
resents effective spatial overlapping of the pump and laser
mode distributions. In this case, the pump beam distribution
is considered to be a top-hat distribution [14, 15].
The feedback effect from the coupled fiber grating can

(2)
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Fig. 7. Theoretical calculation of feedback-coupling factgrand threshold . - - .
ratio with respect to the cavity length, for LCFG configuration. ThresholdWhere Fend is the reflective coefficient of the end mirror

ratio is a ratio of the threshold power at free-running to the threshold poweklend = +/Rend), Tiber is the reflective coefficient of the fiber
at feedback mode grating (fiber = v/ Riiber)-
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Table 1. Standard parameter values used in theoretical calculations R/ AR
- ) -
. ’
Description Symbol  Numerical values — 10} Experiment : Theory , / ° i
= | OLCFG n=27% O/
Pump wavelength Ap 616 nm E ®:BCFG
Laser wavelength Ac 821 nm 8
Absorption coefficient ap 14 cnr? 5 -
Fluorescence lifetime T 67us =2 6L
Refractive index — aky np 1.4094 g
Refractive index — ah. Ne 1.4076 B
Free-running aB830 nm - 4}
— Stimulated-emission cross-section oe 49x 100 cn? 2 1L
— ESA cross-section Oesa 1.8 x 10720 cn? =
Feedback a821 nm S 2r
— Stimulated-emission cross-section oe 4.77 x 10720 cn? - ; E
— ESA cross section Oesa 1.7 x 10720 cm? N 1PV A S RV A T S S W T T
Distributed loss per unit length oc 0.015cnr?t 0 40 80 120 160
End mirror reflectivity Rend 0.99 Input power [mW]
Output mirror reflectivity Rout 0.98

Fig. 8. Output characteristics dEr3+:LiSAF laser with coupled fiber grat-
ing. Solid linerepresents theoretical output characteristics soiil circles
represent experimental output characteristics of BCFG configurdiiofs.
ted line represents theoretical output characteristics antlow circles

Finally, the modified output characteristics can be given byepresent experimental output characteristics of LCFG configuration

2
-~ gmdV
Toutnlp (0e — Oesa [Py, — Py] [f cavity 9 ] (4) the cavity length was considered to @enm, the same as in
Oe fcavitygm2 dv ’ the experiment. The threshold pump power WasnW and
the slope efficiencys was estimated to b27%. With a lens-
where Py is the laser output power(fcavitygm dVv)2/  coupled plain fiber without f_iber grating, the experimental
Sty O dV represents a factor affecting an overlapping efhreshold pump power was increasedd®mW. Based on

ficiency and it is termed as a mode-coupling factor (mcf)_the theoretical fitting, the slope 'efficien@;y was estimated
Thus the slope efficiencyys, is the product of a coup- to be 22.8%, and as expected it was less than the LCFG

ling efficiency Tow/y, pump efficiencyr,, a factor due Cconfiguration.
to gexcited-stgte°2{,§orgti0(ﬁe_Ues 2 /oinpand the mode- In both the configurations, the estimated values of the
coupling factor mcf. ’ feedback-coupling facton. based on the theoretical fitting

Subsequently, the integrations in (2) and (4) were solveq‘_’e.re less than the theoretical values calculated from (1).
numerically to yield the theoretical output characteristics forl NiS can be attributed to the losses due to fiber misalign-
the BCFG and LCFG configurations. The mathematical and€nt which were not taken into account during the the-
lyses were simplified further by considering a collinear pumgrétical calculations. Nevertheless, it is worthwhile to note
and laser mode beam geomefry in the gain medium. The thg_;at, with an improvement in the feedback-coupling factor

oretical calculations were performed using the values of th&c = 0.6) for the LCFG configuration, and using the fiber
standard parameters described in Table 1. grating with the maximum possible reflectivity of 1, the
effective reflectivity Rey for the feedback operation is ex-

pected to be increased 9974 In turn, the theoretical
3.2 Results threshold power will decrease @8 mW and the slope ef-

ficiency ns will be 2%. Further, we also expect that by
Figure 8 shows theoretical and experimental output charactessing the LCFG configuration with a micro-lens at the fiber
istics of theCré*:LiSAF laser with the BCFG and LCFG con- end, a spectrally narrowed, microch@u®:LiSAF laser can
figurarions. The solid line represents theoretical output chamlso be attained. This configuration can also be applied to
acteristics and the solid circles represent experimental outpother tunable microchip lasers without any intracavity tunable
characteristics of the BCFG configuration. The experimenelements for a spectrally narrowed output, such as waveg-
tal threshold pump power was measurediasnW. A good uided Ti:sapphire lasers with an externally coupled fiber grat-
fit between the experiment and the theory was obtained commg at the pump end. Even though, a wide tuning range
responding to the feedback-coupling facigr~ 0.03, and can not be achieved by using the fiber grating, the required
the effective reflectivityRett ~ 0.9904 In this case the cav- wavelength can easily be obtained by proper selection of
ity length was considered to 9 mm, the same as in the a desired fiber grating and subsequent temperature or ten-
experiment. Based on theoretical fitting, the threshold pumpion tuning.
power wasA9 mW and the slope efficiencys was estimated
to be11%.

The dotted line and hollow circles in Fig. 8 represent the4 Conclusions

oretical and experimental output characteristics of the LCFG
configuration, respectively. The experimental threshold pumhe influence of feedback coupling on the performance of
power was measured &7 mW. Theoretical fitting was ob- the Cr**:LiSAFlaser pumped through the fiber grating with
tained with the feedback-coupling factgg ~ 0.5, and the two different schemes, namely, directly butt-coupled (BCFG)
corresponding effective reflectivitiRets ~ 0.995 In this case configuration, and lens-coupled (LCFG) configuration was

I:)out =



366

investigated The main attractive feature of the BCFG configAcknowledgementsThe authors would like to thank Prof. K. Uchino of
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In the BCFG, the slope efficiencys of ~ 11% was ob-
tained and the spectral narrowing critically depended on the
feedback-coupling condition. The experimental and theoret-
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