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Abstract. We describe a comparative study related to an in-
fluence of a feedback coupling on operating characteristics
of a cw Cr3+:LiSrAlF6 (Cr3+:LiSAF) laser using an end-
coupled fiber grating with different coupling configurations.
To achieve a compact construction, a direct butt-coupling of
the fiber grating at the pump end of theCr3+:LiSAF laser
and pumping through the same fiber was considered. The
feedback provided by the coupled fiber grating through an
end mirror was responsible for a spectrally narrowed out-
put with a slope efficiency of11%. However, the perform-
ance critically depended on an amount of the feedback coup-
ling. The feedback-coupling condition was improved consid-
erably by using a lens-coupled fiber grating at the pump end
of the Cr3+:LiSAF crystal. A spectrally narrowed output of
≈ 0.15 cm−1 was obtained, and the output slope efficiency
was measured as27%. Theoretical modeling was also per-
formed to understand the effect of the feedback coupling and
the results agreed well with the experimental observations.

PACS: 42.55.R; 42.60B; 42.60D

Recently there has been a growing interest towards develop-
ing compact all-solid-state tunableCr3+:LiSrAlF6
(Cr3+:LiSAF) laser sources for high-resolution spectroscopic
applications. A Cr3+:LiSAF laser crystal has spectrally
broad absorption and emission cross-sections with a fluo-
rescence bandwidth extending from≈ 750 to 1000 nm[1].
Further, this medium has a part of the broad absorption
band (600–700 nm) matching with the commercially avail-
able InGaAlP red diode laser, which allows a compact as-
sembly [2–5]. SinceCr3+:LiSAF crystal is a low-gain laser
material, as a simple approach for spectral narrowing and
subsequent tuning operation, an externally coupled laser cav-
ity with conventional tuning elements is preferred by many
researchers [2, 6, 7]. This construction allows low insertion
losses and hence a low threshold value.

In this respect, an approach of self-injection locking of the
Cr3+:LiSAF laser using an externally coupled fiber grating
can also be considered for a compact and efficient opera-
tion. Single-mode tunable output has been reported using an

externally coupled single-mode fiber grating at the output
end of theCr3+:LiSAF laser. An output of5 mW at an in-
put of 200 mW(slope efficiency= 4.5%) was achieved [5].
Even though the spectral output could be improved, the slope
efficiency was decreased due to decrease in the effective
transmission as a result of partial feedback at the coupled-
mode end. To improve the output characteristics, an appli-
cation of the coupled fiber grating at the pump end of the
Cr3+:LiSAF laser crystal and providing the spectrally nar-
rowed feedback through an end mirror instead of the output
end can also be considered. In our previous experiments,
pumping of theCr3+:LiSAF laser through different types of
plain optical fiber without fiber grating was studied and the
performance was analysed [8]. However, since plain fibers
were used, the output was spectrally broad, and the analy-
sis was limited to only the study of the spatial mode over-
lap as a function of the focusing conditions with a simple
butt-coupled fiber configuration and without any feedback ef-
fect for the spectral narrowing operation. On the other hand,
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
the same fiber acts as a part of theCr3+:LiSAFlaser coupled-
cavity for self-injection locking and spectral-narrowing oper-
ation. However, the operating characteristics very much de-
pend on the amount of a narrowband feedback coupling to the
Cr3+:LiSAF laser cavity.

In this work, different coupling configurations of a fiber
grating at a pump end of aCr3+:LiSAF laser are considered
and a comparative study is also made related to the influence
of the feedback coupling on the spectral narrowing and output
characteristics. In Sect. 1, a directly butt-coupled fiber grat-
ing configuration (BCFG) is considered for a very compact
assembly with a minimum number of optical components and
the influence of feedback coupling is studied. In Sect. 2, to
improve the coupling of the narrowband feedback, a lens-
coupled fiber grating configuration (LCFG) is investigated.
The theoretical and experimental output characteristics in-
cluding the feedback effect for both the configurations are
described in Sect. 3 and finally the comparative study is sum-
marized in Sect. 4.
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Fig. 1. Cr3+:LiSAF laser with butt-coupled fiber grating (BCFG) config-
uration

1 Butt-coupled fiber grating (BCFG) configuration

1.1 Experiment

Figure 1 shows direct butt-coupling of a fiber grating con-
figuration (BCFG) at the pump end of theCr3+:LiSAF crys-
tal. It consisted of two parts, namely a main cavity and a
coupled cavity. The main cavity was responsible for laser os-
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 butt-
coupled fiber. The main cavity consisted of a plano-concave
resonator arrangement with a3 at.% dopedCr3+:LiSAF crys-
tal of 5 mm(diameter)×1 mm (thickness). The crystal was
coated for99% reflectivity in the range from 800 to900 nm
on the pump-end face and antireflection-coated for the laser
wavelength on the other face. An output coupler with a ra-
dius of curvature (ROC)10 mmand reflectivity of98% was
used. We used a cwAr+-ion-laser-pumped Rhodamine 6G
dye laser (616 nm), however, anAlGaInP red diode laser
(670 nm) will be a practical source [9].

The fiber grating used in the auxiliary cavity was formed
in a commercial germanosilicate multi-mode fiber (core
diameter9.3µm, numerical apertureNA, 0.2) having a cutoff
wavelength of1300 nm. The reflection grating was gener-
ated in theH2-loaded fiber by the side-writing holographic
technique [10] similar to that described by Meltz et al. [11].
The length of the grating was4 mm and the reflectivity was
measured to be65% at821 nmwith the linewidth of0.45 nm
FWHM. In the experiment, first a plain optical fiber without
fiber grating was used and subsequently the fiber grating was
applied to study the effect on spectral narrowing and output
characteristics of theCr3+:LiSAF laser.

1.2 Spectral characteristics

The output of theCr3+:LiSAF laser pumped through the
plain optical fiber was broadband with a peak around830 nm
and spectral width of≈ 8 nm FWHM. When the optical
fiber with fiber grating was used, spectral narrowing of the
Cr3+:LiSAF laser was observed, but it critically depended on
the cavity length and the pump input power. Figure 2 shows
the effect on spectral narrowing with respect to the cavity
length of theCr3+:LiSAF laser and the pump input power.

Fig. 2a–c. Spectral characteristics ofCr3+:LiSAF laser with BCFG.
a Cavity length Lc ≈ 9.5 mm; b cavity length Lc ≈ 9.9 mm, input pump
power ≈ 60 mW; c cavity length Lc ≈ 9.9 mm, pump input power
≈ 160 mW

Figure 2a shows the spectrum of theCr3+:LiSAF laser with
the cavity length of around9.5 mm where a maximum out-
put was obtained. In this case, a small peak was observed
near the Bragg wavelength (≈ 821 nm) of the fiber grating
along with an unsuppressed broadband output. However with
increase in the cavity length to9.9 mm, quenching of the
broadband output along with a spectrally narrowed output
was observed as shown in Fig. 2b. In this case, the input pump
power (≈ 60 mW) was near threshold requirement. However,
when the input was increased to160 mW, along with a spec-
trally narrowed peak around821 nm, partially unsuppressed
output near the high-gain modes was also observed as shown
in Fig. 2c. When the spectral measurements were performed
using a Fabry–Ṕerot interferometer, a multi-mode operation
with two strong modes was observed. The free-spectral range
of the Fabry–Ṕerot interferometer was≈ 2 cm−1 and the
measured spectral width was≈ 0.7 cm−1.

Next, a theoretical model was used to understand the ef-
fect of the feedback coupling on the spectral-narrowing oper-
ation. The feedback coupling includes a coupling of the laser
mode with the fiber end and a coupling of a feedback mode
with the laser mode. It depends on various loss mechanisms,
such as coupling losses between the laser mode and the fiber
end, coupling losses between the feedback mode and the laser
mode distribution mismatch, the losses due to a positional and
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angular mismatch of the fiber, and the reflection losses at the
optics end. In the model, the amount of feedback coupling
was calculated using a feedback-coupling factorηc. Consid-
ering perfect alignment between the optical fiber end and the
main cavity, and neglecting the reflectivity losses from the op-
tics and the fiber end, the feedback-coupling factorηc was
described as

ηc= αmαf , (1)

whereαm is the coupling coefficient due to the spatial match-
ing between the Gaussian laser mode and the fiber core diam-
eter (9.3µm), andαf is the coupling coefficient representing
the spatial overlap between the top-hat feedback mode and
Gaussian laser mode.

Figure 3 show plots of the theoretical value of the
feedback-coupling factorηc and a threshold ratio with respect
to the cavity lengthLc. In the plano-concave laser cavity,
the laser mode size can be changed by altering the cavity
lengthLc. In Fig. 3, the feedback-coupling factorηc was de-
termined using (1), and the threshold ratio was defined as the
ratio of the threshold pump power at free-running condition
to the threshold pump power required during the feedback.
Threshold pump power was determined based on the theor-
etical calculation described in Sect. 3. As shown in Fig. 3,
with increase in the cavity lengthLc the feedback-coupling
factor ηc was improved. Therefore the threshold ratio was
also increased and for a value greater than 1 spectral narrow-
ing at the feedback mode could be expected. However, with
decrease in the length of the laser cavity, the cavity mode
size was increased compared to the fiber core size and the
feedback-coupling factorηc 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 nar-
rowing at the feedback mode. Further, from Fig. 3, even at
large cavity length, the feedback-coupling factorηc was not
so high, and the resulting threshold ratio was very near to 1.
Therefore complete quenching of the free-running mode was
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 during the
experiment, as described in Fig. 2.

Fig. 3. Theoretical calculation of feedback-coupling factorηc and threshold
ratio with respect to cavity lengthLc, for BCFG configuration. Threshold
ratio is a ratio of the threshold power at free-running to the threshold power
at feedback mode

Fig. 4. Cr3+:LiSAF laser with lens-coupled fiber grating (LCFG) config-
uration

2 Lens-coupled fiber grating (LCFG) configuration

2.1 Experiment

Subsequently, the laser performance of a lens-coupled fiber
grating (LCFG) configuration was investigated. This con-
struction was adopted to improve the feedback-coupling
condition. Figure 4 shows the experimental arrangement. In
this case, instead of a direct butt-coupling, the same optical
fiber was coupled to theCr3+:LiSAF laser pump-end through
a lens (Melles Griot, 06GLC003,f = 14.5 mm). The lens
was located at around18 mmfrom the fiber end and the crys-
tal was located near the focused end of the lens. The lens
position was near optimum with respect to the output char-
acteristics and it was verified by the theoretical calculation
described in Sect. 3. Subsequently, spectral narrowing oper-
ation and output characteristics were examined.

2.2 Spectral characteristics

Figure 5a,b show spectral characteristics of theCr3+:LiSAF
laser with a cavity length of about9 mm and with the input
pump power of150 mW. Figure 5a shows the free-running

Fig. 5a,b. Spectral characteristics ofCr3+:LiSAF laser with LCFG. Input
pump power was≈ 150 mWand cavity lengthLc was≈ 9 mm: a in free-
running condition with lens-coupled plain fiber,b with fiber grating
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Fig. 6. Fabry–Ṕerot interference ring pattern of spectrally narrowed
Cr3+:LiSAF laser using LCFG. Spectral width was measured as0.15 cm−1.
Free-spectral range was≈ 2.5 cm−1. The measurement was performed near
threshold operation

spectrum of theCr3+:LiSAF laser when the plain fiber with-
out fiber grating was used. The free-running output was
broadband with a peak around 830 nm, and a spectral width
of ≈ 7 nm FWHM. Figure 5b shows a spectrally narrowed
output when the fiber grating was applied.

Figure 6 shows the Fabry–Pérot interference ring pat-
tern of the spectrally narrowedCr3+:LiSAF laser output near
threshold operation. The free-spectral range of the Fabry–
Pérot interferometer was≈ 2.5 cm−1. The spectral width of
the output was≈ 0.15 cm−1, and it was almost same even
at a high input power. With the lens-coupled configuration
also, the spectral-narrowing operation depended on the cav-
ity length and effective narrowing could be obtained with the
cavity length of around9 mm. However, the operation was
not as critical as in the case of the BCFG configuration.

Next, a theoretical study of the effect of the laser cav-
ity length, and hence the effect of the laser mode size on
the spectral narrowing was also made. Figure 7 shows plots
of the feedback-coupling factorηc and the threshold ratio
with respect to the cavity lengthLc. The feedback-coupling
factor ηc was evaluated based on (1). Though its value de-
pends upon the location of the coupling lens and focus-

Fig. 7. Theoretical calculation of feedback-coupling factorηc and threshold
ratio with respect to the cavity length, for LCFG configuration. Threshold
ratio is a ratio of the threshold power at free-running to the threshold power
at feedback mode

ing positions, in the calculations, the experimental loca-
tion of the lens was used. As the cavity lengthLc was in-
creased, the feedback-coupling factorηc and threshold ratio
were also increased and after reaching a peak around the
cavity length of 9.7 mm, the feedback-coupling factorηc
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

3.1 Theoretical model

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
an input and output power has been investigated by several
authors [12, 13]. This model can be extended to the fiber grat-
ing coupled-cavity configurations with some modifications
related to the pumping charcateristics and the feedback effect
from the fiber grating. Based on a space-dependent rate equa-
tion analysis, the threshold powerPth can be estimated by

Pth = σeγ Is

2ηp(σe−σesa)

1∫
cavity gm dV

, (2)

whereσe is the stimulated emission cross section,γ is the
total logarithmic loss (2αcl +Tout− ln(1/Reff), αc is the dis-
tributed loss per unit length,l is the crystal length,Tout is
the transmission loss at the output mirror,Reff is the effect-
ive reflectivity of the end mirror considering the feedback,
ηp is the pump efficiency (νl/νp), νl is andνp are the laser
and pump frequencies respectively,σesarepresents loss in the
gain cross-section due to excited state absorption (ESA),Is
is the saturation intensity (hνl/σeτ), hνl is the energy of the
laser photon,τ is the upper-state lifetime,g andm represents
normalized pump and normalized laser mode distributions
inside the active medium, respectively, and

∫
cavity gmdV 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
be included as follows. In the coupled-cavity configuration,
the effective reflectivityReff for the feedback mode can be
calculated based on a simple electric wave model and con-
sidering a Fabry–Ṕerot cavity construction between the end
mirror of theCr3+:LiSAF laser and the coupled fiber grating.
Assuming a perfectly resonant external cavity for the coupled
mode, and considering the feedback-coupling factorηc for the
coupling losses of the coupled cavity per transit, the effective
reflectionReff can be expressed as

Reff =
[

rend+ηcrfiber

1+ rendηcrfiber

]2

, (3)

where rend is the reflective coefficient of the end mirror
(rend=√Rend), rfiber is the reflective coefficient of the fiber
grating (rfiber=√Rfiber).
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Table 1. Standard parameter values used in theoretical calculations

Description Symbol Numerical values

Pump wavelength λp 616 nm
Laser wavelength λc 821 nm
Absorption coefficient αp 14 cm−1

Fluorescence lifetime τ 67µs
Refractive index — atλp np 1.4094
Refractive index — atλc nc 1.4076
Free-running at830 nm
– Stimulated-emission cross-section σe 4.9×10−20 cm2

– ESA cross-section σesa 1.8× 10−20 cm2

Feedback at821 nm
– Stimulated-emission cross-section σe 4.77× 10−20 cm2

– ESA cross section σesa 1.7× 10−20 cm2

Distributed loss per unit length αc 0.015 cm−1

End mirror reflectivity Rend 0.99
Output mirror reflectivity Rout 0.98

Finally, the modified output characteristics can be given by

Pout= Toutηp

γ

(σe−σesa)

σe
[Pin− Pth]

[∫
cavity gm dV

]2∫
cavity gm2 dV

, (4)

where Pout is the laser output power,(
∫

cavity gm dV)2/∫
cavity gm2 dV represents a factor affecting an overlapping ef-

ficiency and it is termed as a mode-coupling factor (mcf).
Thus the slope efficiency,ηs, is the product of a coup-
ling efficiency Tout/γ , pump efficiencyηp, a factor due
to excited-state absorption(σe− σesa)/σe, and the mode-
coupling factor mcf.

Subsequently, the integrations in (2) and (4) were solved
numerically to yield the theoretical output characteristics for
the BCFG and LCFG configurations. The mathematical ana-
lyses were simplified further by considering a collinear pump
and laser mode beam geometry in the gain medium. The the-
oretical calculations were performed using the values of the
standard parameters described in Table 1.

3.2 Results

Figure 8 shows theoretical and experimental output character-
istics of theCr3+:LiSAF laser with the BCFG and LCFG con-
figurarions. The solid line represents theoretical output char-
acteristics and the solid circles represent experimental output
characteristics of the BCFG configuration. The experimen-
tal threshold pump power was measured as45 mW. A good
fit between the experiment and the theory was obtained cor-
responding to the feedback-coupling factorηc ≈ 0.03, and
the effective reflectivityReff ≈ 0.9904. In this case the cav-
ity length was considered to be9.9 mm, the same as in the
experiment. Based on theoretical fitting, the threshold pump
power was49 mWand the slope efficiencyηs was estimated
to be11%.

The dotted line and hollow circles in Fig. 8 represent the-
oretical and experimental output characteristics of the LCFG
configuration, respectively. The experimental threshold pump
power was measured as77 mW. Theoretical fitting was ob-
tained with the feedback-coupling factorηc ≈ 0.5, and the
corresponding effective reflectivityReff ≈ 0.995. In this case

Fig. 8. Output characteristics ofCr3+:LiSAF laser with coupled fiber grat-
ing. Solid line represents theoretical output characteristics andsolid circles
represent experimental output characteristics of BCFG configuration.Dot-
ted line represents theoretical output characteristics andhollow circles
represent experimental output characteristics of LCFG configuration

the cavity length was considered to be9 mm, the same as in
the experiment. The threshold pump power was79 mW and
the slope efficiencyηs was estimated to be27%. With a lens-
coupled plain fiber without fiber grating, the experimental
threshold pump power was increased to98 mW. Based on
the theoretical fitting, the slope efficiencyηs was estimated
to be 22.8%, and as expected it was less than the LCFG
configuration.

In both the configurations, the estimated values of the
feedback-coupling factorηc based on the theoretical fitting
were less than the theoretical values calculated from (1).
This can be attributed to the losses due to fiber misalign-
ment which were not taken into account during the the-
oretical calculations. Nevertheless, it is worthwhile to note
that, with an improvement in the feedback-coupling factor
(ηc = 0.6) for the LCFG configuration, and using the fiber
grating with the maximum possible reflectivity of 1, the
effective reflectivity Reff for the feedback operation is ex-
pected to be increased to0.9974. In turn, the theoretical
threshold power will decrease to73 mW and the slope ef-
ficiency ηs will be 29%. Further, we also expect that by
using the LCFG configuration with a micro-lens at the fiber
end, a spectrally narrowed, microchipCr3+:LiSAF laser can
also be attained. This configuration can also be applied to
other tunable microchip lasers without any intracavity tunable
elements for a spectrally narrowed output, such as waveg-
uided Ti:sapphire lasers with an externally coupled fiber grat-
ing at the pump end. Even though, a wide tuning range
can not be achieved by using the fiber grating, the required
wavelength can easily be obtained by proper selection of
a desired fiber grating and subsequent temperature or ten-
sion tuning.

4 Conclusions

The influence of feedback coupling on the performance of
the Cr3+:LiSAFlaser pumped through the fiber grating with
two different schemes, namely, directly butt-coupled (BCFG)
configuration, and lens-coupled (LCFG) configuration was
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investigated. The main attractive feature of the BCFG config-
uration is the compactness and simplicity in the construction.
In the BCFG, the slope efficiencyηs of ≈ 11% was ob-
tained and the spectral narrowing critically depended on the
feedback-coupling condition. The experimental and theoret-
ical study show that there is a limitation in feedback coupling
due to the laser mode size and fiber core size matching con-
dition. A larger core diameter fiber can be considered for im-
proving the feedback coupling, however the slope efficiency
will decrease due to increase in the pump beam spot size.
Therefore, there exists a trade-off between obtaining a high
slope efficiency and obtaining an effective spectral narrowing.
By using a higher reflectivity fiber grating, as well as reduc-
ing the feedback mode coupling losses, the performance is
expected to be improved to some extent.

Compared to the BCFG, the LCFG provided a better self-
injection locking operation even though the construction in-
volved an extra focusing lens. The feedback coupling theory
clearly explained the advantage of the scheme. The slope effi-
ciencyηs of≈ 27% was achieved and the spectrally narrowed
(≈ 0.15 cm−1) output was obtained even at high pump input.
The spectral narrowing is expected to be improved further by
increasing the reflectivity of the fiber grating and improving
the feedback coupling. This configuration is the best suited
for spectrally narrowed output characteristics. This technique
can also be applied for designing any other laser system when
pumped through a coupled fiber grating.
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