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Abstract

The temporal and spectral characteristics of a laser diode-pumped, additive-pulse mode-locked Nd:YLF laser have been
investigated with respect to the cavity detuning between main and external cavities. In the case of a usual output through the
beam splitter between main and external cavities, a strong temporal modulation was observed from an intensity autocorrela-
tion trace which was also confirmed by a calculation based on intensity-dependent reflectance. To obtain mode-locked pulses
without any temporal modulation, an output was directly extracted from the main cavity, and clean pulses with 1.7 ps
duration were obtained at 1053 nm. q 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

New passive mode-locking techniques, such as
Ž . w xadditive-pulse mode-locking APM 1 and Kerr-lens

Ž . w xmode-locking KLM 2 which utilize a non-linear
Kerr effect, have been recently developed and could
generate stable, ultrashort pulses in the picosecond or
femtosecond range. An APM laser can be rather
easily realized, in comparison to an KLM laser, by
adding a non-linear element, such as a single mode
fiber. Due to relatively easy generation of mode-
locked pulses, APM has been applied to a number of

w x w xsolid-state lasers, such as Nd:YAG 3 , Nd:YLF 4
w xand Nd:glass 5 , and its properties such as pulse

w x w xwidth, self-starting 6 , and repetition rate 7 were
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widely investigated. The combination of APM tech-
Ž .nique with laser diode LD pumping could realize a

highly efficient, compact and stable all solid-state
laser.

As a kind of the coupled-cavity mode-locking
Ž . w xCCM 8,9 with two cavities, APM has an accept-
able cavity detuning range to generate mode-locked
pulses. This cavity detuning range can be divided
into two groups: the fine cavity detuning within the
range of wavelength due to the interferometric nature
of the APM process and the coarse cavity detuning
in the range of a few hundreds mm to a few millime-
ters approximately corresponding to the pulse dura-
tion. Although APM can be easily realized by using
a single mode fiber, it needs a stabilization unit to
maintain mode-locking within the fine cavity detun-
ing range. Since the development of the stable,
solid-state, and ultrashort APM laser, the temporal
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characteristics such as the pulse width and its depen-
dence on the cavity detuning have been widely in-
vestigated theoretically and experimentally from the

w xmode-locked pulse 8,10 .
The output pulses of APM lasers, on the other

hand, have the possibility of the temporal modulation
due to the coupling of two cavities through an
intensity-dependent reflectance. The temporal modu-
lation of APM laser may cause a limitation to certain
applications in which the temporal structure of a
driving laser is critical. With the effort of the charac-
terization of the temporal profile as well as the pulse

w xwidth, Chee et al. 11 investigated the temporal and
spectral shape from a flashlamp-pumped APM
Nd:YLF laser pulse with respect to the cavity detun-
ing and observed an asymmetric pulse profile from
the output pulse. However, they investigated only the
characteristics of pulses in the external cavity, and
did not analyze pulses in the main cavity with re-
spect to the coarse cavity detuning between main and
external cavities.

In this paper, we analyzed the temporal and spec-
tral properties of pulses in the main and the external
cavities of an LD-pumped, APM Nd:YLF laser with
respect to the coarse cavity detuning. The temporal
and spectral characteristics of mode-locked pulses at
various positions were analyzed and a method to
generate clean and short pulse was proposed. By
installing an output coupler in the main cavity, in-
stead of utilizing the beam splitter between main and
external cavities as the output coupler, pulses with
1.7 ps duration without any temporal modulation
were obtained.

2. Pulse formation in additive-pulse mode-locking

The schematic diagram of an APM laser which
consists of main and external cavities in a Michel-
son-type configuration is shown in Fig. 1a. The
amplitudes of incident and returning electric fields at

Ž .the beam splitter BS are represented as a and b1 1

in the main cavity and a and b in the external2 2

cavity, respectively. These amplitudes are related by

2 2'b t sr a t q 1yr a t , 1Ž . Ž . Ž . Ž .1 1 2

2'b t s 1yr a t , 2Ž . Ž . Ž .2 1

Ž .Fig. 1. a Schematic diagram of an additive-pulse mode-locked
laser with a Michelson-type configuration. M, mirror; BS, beam

Ž .splitter; GM, gain medium; NM, nonlinear medium. b Effective
2 Ž .reflectance of a sech pulse at the beam splitter BS .

where r is the nominal reflectivity of BS. The
Ž .amplitude a t is given by2

a t sLP exp yj fqF t b t , 3� 4Ž . Ž . Ž . Ž .Ž .2 2

with

2pn Il2 2 2< < < <F t s a t y a 0 , 4Ž . Ž . Ž . Ž .Ž .2 2
l

where L is the coupling loss into the fiber, I the
intensity in the non-linear medium, l the length of
the non-linear medium, and n the non-linear refrac-2

tive index 5.8=10y16 cm2rW for silicate glass. In
Ž .Eq. 3 , f is the linear phase shift set by the

Ž .difference in the two cavity lengths and F t is the
non-linear phase shift induced in the non-linear

Ž .medium. Then, the effective reflectivity, G t , at BS
may be written as

b tŽ .1 2 2G t ' sr q 1yr LPexp yj f�Ž . Ž . Ž
a tŽ .1

qF t . 54Ž . Ž ..
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Fig. 2. Optical layout of an LD pumped, additive-pulse mode-
locked Nd:YLF laser with Michelson-type configuration. LD,
laser diode; HWP, half-wave plate; PBS1,2, pellicle beam splitter;
BS1,2, beam splitter; PZT, piezoelectric transducer; SMF, single
mode fiber; PC, polarization controller; M1,2, mirror; OL1,2,
objective lens; CML, collimation lens; CL, cylindrical lens; FL,
focusing lens; CCM, concave mirror.

This effective reflectivity is similar to the approxi-
Ž .mate representation L<1 of a Fabry–Perot-type

w xconfiguration 12 . It shows that the beam splitter
plays the role of an intensity-dependent mirror by
which a higher intensity part is reflected more
strongly. Fig. 1b shows the effective reflectance of a
sech2 pulse with 2 ps duration at the beam splitter.
The nominal reflectance of the beam splitter and the
fiber length were assumed 85% and 1.2 m, respec-
tively, and the coupling loss L was taken as 0.74,
considering the coupling efficiency into the fiber.
Fig. 1b shows that the low-intensity part of the pulse
experiences the low reflectance because of the de-
structive interference due to the self-phase modula-
tion induced in the fiber.

On account of the characteristics of coupled cav-
ity, the pulse returned from the external cavity may
be preceded or delayed with respect to the pulse in
the main cavity at the beam splitter because of the
existence of cavity detuning. The output is usually
taken from the beam splitter in the Michelson-type
configuration as shown in Fig. 1a. Then, the output
pulse P is the sum of pulses from the main cavityout

and the external cavity and may be represented after
one round trip in steady-state condition as follows:

2(P t sr 1yG tqt a tŽ . Ž . Ž .out 1

2'qL 1yr G tqt a tqt , 6Ž . Ž . Ž .1

where t is the time delay due to the coarse cavity
Ž .detuning. In Eq. 6 , the first term in the right-hand

side is the transmitted pulse from the main cavity
and the second term is the reflected one from the
external cavity by BS with the effective non-linear

Ž . Ž .reflectivity G t given by Eq. 5 . As the circulating
power in the main cavity is usually greater than that
in the external cavity and a beam splitter of 85% is

Ž .used, the first term in Eq. 6 is greater than the
second term. Thus, if the pulse through BS experi-
ences the temporal modulation due to the effective
reflectivity, the output pulse may also experience the
temporal modulation. This temporal modulation due
to the effective reflectivity is presented in Section 4
with respect to the coarse cavity detuning.

3. Laser configuration

The optical layout of an LD-pumped, APM
Nd:YLF laser is shown in Fig. 2. The Nd:YLF laser
was arranged in a Michelson-type configuration for
the stable operation. The detailed feature of the
Nd:YLF laser was described in our previous result
w x13 . The main cavity of the Nd:YLF laser was
formed between the high reflecting flat surface of the
laser rod and the mirror M1 through the beam split-

Ž .ter BS1 with 85% reflectivity. The external cavity
was formed between the flat surface of the rod and

Ž .the end mirror M2 through the beam splitter BS2

Fig. 3. Variation of the pulse width and spectral width with
respect to the cavity detuning. Pulse width and spectral width of

Ž . Ž .P from PBS1 circle , P from PBS2 square , and Pout1 out2 out3
Ž .from BS1 triangle .
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with 98% reflectivity. The length of the external
cavity was configured to have twice that of the main
cavity. To maintain a stable mode-locking, an active

w xstabilizer, similar to Mollenauer’s 14 , was used to
match the phase of a pulse from the external cavity
with that from the main cavity at the pulse peak. An

error signal was picked up from the beam splitter
BS2 and fed back to the stabilizer.

The length of the external cavity could be ad-
justed by two steps: coarse and fine. The coarse
cavity detuning was achieved by moving the mirror
M2 installed on a translator. The mode-locking could

Fig. 4. Spectral profiles of an LD pumped, additive-pulse mode-locked Nd:YLF laser with respect to the cavity detuning length at four
Ž . Ž . Ž . Ž .different positions. Spectral profiles of a P , b P , c P , and d P .out1 out2 out3 out4



( )T.M. Jeong et al.rOptics Communications 166 1999 95–102 99

be maintained for the coarse cavity detuning of about
300 mm which roughly corresponded to the pulse
width of 2 ps. The fine cavity tuning was achieved
by controlling the length of the fiber wound on a

Ž .cylindrical piezoelectric transducer PZT . The short-
est pulse width at each coarse cavity detuning was
obtained by controlling the applied voltage to PZT
within the fine cavity detuning range. To measure
the pulse width and spectrum of the intracavity pulse
at two positions in the main cavity, two pellicle

Ž .beam splitters PBS , PBS1 and PBS2, with the
thickness of 10 mm were installed in the main
cavity, before and after the beam splitter, respec-
tively. The laser output was extracted at four posi-
tions. As in Fig. 2, P and P are the outputout1 out2

from PBS1 and PBS2 installed in the main cavity.
P through BS1 is the output usually used in mostout3

APM lasers. P and P through BS2 are used toout4 out5

feed back to the active stabilizer and to monitor the
mode-locked pulse train, respectively.

4. Temporal and spectral characteristics of the
APM Nd:YLF laser

When the characteristics of only usual output
through the beam splitter in APM are investigated, it
is difficult to find the condition to generate the
shortest and clean pulses from APM lasers. In order
to understand the effect of the coarse cavity detuning
on the temporal characteristics and to find out the
shortest and clean pulse, the temporal and spectral
widths need to be simultaneously measured at vari-
ous location in the APM cavity. In our experiments,

Žoutputs at three positions P , P , and P ,out1 out2 out3
.respectively were monitored with respect to the

Fig. 5. Autocorrelation traces of an LD pumped, additive-pulse mode-locked Nd:YLF laser with respect to the cavity detuning length
Ž . Ž . Ž .measured at three different positions. Autocorrelation traces of pulses from a P , b P , and c P .out1 out out3
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coarse cavity detuning in the APM Nd:YLF laser.
The measured temporal and spectral widths are shown
in Fig. 3. The coarse cavity detuning, D L, was
defined by D Ls l y l , where l is the length ofe m e

the external cavity and l the length of the mainm

cavity. All the pulse widths varied similarly with
respect to the coarse cavity detuning. The shortest
pulse width of 1.7 ps and the broadest spectrum of

˚8.6 A were obtained from P . This result can beout1
w xwell explained by the calculation by Ippen et al. 16

which showed that the pulse incident into the gain
medium is shortest. In our experiment, the positions
generating the shortest pulse width and the broadest
spectrum did not coincide. On the other hand, the
pulse width and spectral width of P used as theout3

usual output have a slightly broader pulse width of
˚2.1 ps and narrower spectrum of 6 A. This spectral

narrowing may come from the spectral filtering ef-
fect due to the interferometric addition at the beam
splitter.

Since the output pulses of the APM laser have the
Ž .possibility of the temporal modulation from Eq. 6 ,

it is valuable to investigate the effect of the non-lin-
ear reflectance on the temporal and spectral profile
due to the interferometric addition and the coarse
cavity detuning. The autocorrelations and spectra
were carefully observed for a detailed investigation.
Fig. 4 shows the measured spectra of the APM
Nd:YLF laser with respect to the coarse cavity de-
tuning. The spectra were measured at four different

Ž .positions P , P , P , and P , respectively .out1 out2 out3 out4

The spectrum of the mode-locked pulse was mea-
sured with the optical spectrum analyzer with the

˚resolution of 1 A. Similarly to the observation by
w xChee et al. 11 for the case of a flashlamp-pumped

APM Nd:YLF laser, all the peaks of the spectra
slightly shifted to the short wavelength when short-
ening the length of the external cavity. When an
optical pulse propagates in the optical fiber, the short
wavelength component was delayed with respect to
the long wavelength component because of the posi-
tive chirping due to SPM in the fiber. This delayed
short wavelength component interferes with the pulse
circulating in the main cavity when decreasing the
external cavity length. As a result of this interfer-
ence, the slight blue shift of the spectrum was ob-
served with the negative cavity detuning. As shown
in Fig. 4d, the spectrum of P , spectrum of theout4

pulse returning from the optical fiber, had the broad-
est spectrum and showed the typical profile due to
SPM in the fiber. When decreasing the external
cavity length, it was observed that the long wave-
length component disappeared. When the detuning
position with the symmetric spectrum in Fig. 4a is
assumed as the exact match of the cavity length, the
shortest pulse was obtained in the negative cavity
detuning in contrast to the earlier studies that the
shortest pulse could be generated at the exact match

w xof the cavity length 15 .

Fig. 6. Calculated temporal pulse shape and its autocorrelation
trace with respect to the cavity detuning.
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Fig. 5 shows the intensity autocorrelation traces
with respect to the coarse cavity detuning measured

Žat three different positions P , P , and P ,out1 out2 out3
.respectively . All the autocorrelation traces were fit-

ted to the autocorrelation of sech2 pulse. While the
Žautocorrelation traces of the intracavity pulses Pout1

.and P were well fit to the autocorrelation ofout2

sech2 in overall range of the coarse cavity detuning,
the autocorrelation traces of the pulse from BS1
Ž . 2P did not fit well to the autocorrelation of sechout3

and serious temporal modulation in autocorrelation
trace was observed. This temporal modulation was
mainly observed in the negative cavity detuning, i.e.
in the region of generating shorter pulses. Although
there is some ambiguity, the intensity autocorrelation
can be a useful tool to observe the temporal modula-
tion of the pulse. The temporal modulation in the
autocorrelation trace means the temporal modulation
in the pulse profile. On account of properties of the
interferometric addition of APM at the beam splitter,
the low intensity part of the pulse could be highly
transmitted than the high intensity part at the beam
splitter. This effect can cause the temporal modula-
tion of the pulse in the case of extracting an output
through BS1.

In order to verify the fact that the interferometric
addition at the beam splitter may cause the temporal
modulation of mode-locked pulses and to understand
the effect of the coarse cavity detuning on the tem-
poral profile, the temporal shape and autocorrelation
were calculated with various cavity detuning values

Ž .with Eq. 6 . Fig. 6 shows the variation of the

temporal profile and its autocorrelation experienced
by the non-linear reflectance due to the interferomet-
ric nature with respect to the coarse cavity detuning.
In the calculation, the reflectance of the beam splitter
and the coupling loss were taken as 85% and 0.74,
respectively, and the pulse width at each cavity
detuning was taken from Fig. 3. The time delay due
to the coarse cavity detuning was defined by 2D Lrc.
Fig. 6 shows the interferometric nature in APM
induces the temporal modulation in the mode-locked
pulse in the case of an output through BS1, and this
temporal modulation can be reflected as a deviation
of the intensity autocorrelation trace from sech2 pulse
shape. Although pulses were temporally modulated
at the beam splitter, the calculation showed that the
intracavity pulses could be temporally clean and
short. It means that it is not appropriate to use the
beam splitter as the output coupler. Our previous

w xresult 13 of 1.5 ps pulse width obtained from BS1
and the lower value of the time bandwidth product
Ž .DnDt than the transform-limited value, 0.315, oc-
curred mainly by the effect of this temporal modula-
tion.

In some applications, clean pulses without any
temporal modulation may be required. In this case, it
is better not to obtain an output through the beam
splitter at which the temporal modulation may occur
due to the interferometric addition. To obtain a
temporally clean pulse with higher output power

Ž .than that of P , the full mirror M1 , at whichout2

clean pulses were circulating, was replaced with an
output coupler with the reflectance of 94%. The

Fig. 7. Autocorrelation traces of an LD pumped, additive-pulse mode-locked Nd:YLF laser when generating shortest pulses with 94% output
Ž . Ž . Ž . Ž .coupler. Autocorrelation from a 94% output coupler M1 and b the beam splitter BS1 .
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mode-locking was also maintained through the cav-
ity detuning range of about 300 mm. The position
generating the shortest pulse width and the broadest
spectrum did not change from that of Fig. 3. The
autocorrelation traces of the outputs sat the cavity
condition of shortest pulse generation through the
mirror M1 and BS1 are shown in Fig. 7a,b, respec-
tively. Although the temporal modulation was ob-
served in Fig. 7b, no temporal modulation was ob-
served in the autocorrelation in Fig. 7a from the
output coupler, M1. When obtaining the shortest
pulse width of 1.7 ps, the spectral width was mea-

˚sured 7.3 A, giving the time bandwidth product of
0.34. Consequently, the direct extraction of an output
from the main cavity is necessary for the generation
of transform-limited, clean pulses from an APM
laser.

5. Conclusion

The characteristics of an LD-pumped APM
Nd:YLF laser such as the pulse width, spectrum, and
temporal modulation were investigated with respect
to the coarse cavity detuning. From this investiga-
tion, the method to generate the shortest and clean
pulses was studied in the APM laser. The peak of the
output pulse spectrum was shifted to the short wave-
length when decreasing the external cavity length.
When the beam splitter commonly used to link the
main and external cavities was utilized as an output
coupler, the temporal modulation of the output pulse
was observed from the autocorrelation trace, which
also agreed with the calculation using an intensity-
dependent reflectance. For the generation of short
and clean from an APM laser, The direct extraction
of an output from the main cavity proved to be

crucial and 1.7 ps pulses without any temporal mod-
ulation were obtained from the LD-pumped APM
Nd:YLF laser.
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