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Dynamic behaviors of abroad-area diode lasewith lateral-mode-

selected external feedback
Mingjun Chi, and Paul Michael Petersen
DTU Fotonik, Department of Photonics Engering, Technical University of Denmark,
Frederiksborgvej 399, P.O. Box 49, DK-4000 Roskilde, Denmark

ABSTRACT

In this paper, we investigate the dynamics of a BAL Jatieral-mode selected exterrfakdback experimentally by
measuring the far-field profile, inteihs noise spectrum and time seriesthé output beam. The mode-selection is
achieved by adjusting a stripe mirror at the pseudo far-field plane. Different dynamic behaviors are observed when
different lateral modes are selected. Whiga mirror is aligned correctly and higihder modes are selected, in most of

the cases periodic dynamics of the output power correspotalangingle roundtrip external-cavity loop is observed, but

the dynamic behavior disappears in some case; when the zero-order mode is selected, periodic dynamics corresponding
to a double roundtrip external-cavity loop is observed. When the stripe mirror is not aligned perfectly, a dynamic
behavior like pulse-package oscillations is observed: a periadillated output with a frequency of the single roundtrip
external-cavity loop modulated by periodic low-frequency fluctuation. This is the first observation of pulse-package
oscillation in a diode laser with long-cavity feedback, to our knowledge.

Keywords: Broad-area diode laser, external fea#hdaser dynamics, pulse-package oscillation

1. INTRODUCTION

Broad-area diode lasers (BALs) are promising light sources for various applications due to their high output power, high
electro-optical efficiency, long lifeties, compactness and low cost. Howewsk] s suffer from poor spatial beam
quality in the slow axis owing to the broad emitter apertutberslow axis (lateral directn). Different techniques have
been developed to improve the beam quality of BALshan slow axis. Among them, external-cavity feedback with
lateral-mode selection is an effective technique to @wgrthe spatial coherence of BALs in lateral directforThis
external-cavity feedback teclgpie is based on the fact that the output of a gain-guided BAL consists of a set of lateral
spatial modes; each high-order mode has a double-lobeelfhiffithe slow axis, and these modes are distinguished at
different angles in the far fi€id. By this technique, one lobe of a lateral-mofi¢he BAL at the far-field is selected and
reflected back into the BAL, and the other lobe of the skateeal-mode is coupled out of the laser cavity as output
beam of the diode laser system. All the other lateral moéesuapressed effectively, thus the spatial beam quality of a
BAL in the slow axis is improved significantiy”.

When external feedback is appliedataiode laser, complex dynamics of the output beam will take place. The complex
dynamic behaviors have been studied intensively for both narrow-stripe diodé&fased BALS*™® with either a
conventional mirror or a phase conjugator external feedbidok dynamic behaviors of BALs have been studied with
short-cavity feedback'®* long-cavity feedback’ and tilt mirror feedback *8 Different dynamic behaviors, such as
low frequency fluctuations (LFF$§*", pulse-package oscillatiofis® have been observed in BALs subjected to external
feedback.Wolff et al investigated the time-resolved lateral near- fanefield distribution of BAL with lateral-mode-
selected external-cavity fdback numerically, and a self-Q-switched-likede was observed in a BAL, which was
operated high above the thresHoRimenovet al studied the dynamical regimes of multistripe laser array with external
off-axis feedback theoretically, different periodind aperiodic oscillations were shown in the sttidgecently, we
investigated the spectral properties dBAL with off-axis external-cavity feedbatk and we found that a four-wave
mixing process in the gain medium is responsible for the establishment of the external cavity between the feedback
mirror and the BAL. However, the dynamic behavior BAL subjected to lateral-mode-selected external-cavity
feedback has not been investigated systematically.

In this paper, the dynamic behaviors of a BAL with raltenode selected external feedback are investigated
experimentally. Different dynamics are observed when diffetateral modes are selected. When the mirror is aligned
correctly and high-order modes are seddcin most of the cases periodic dynamics corresponding to a single roundtrip
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external-cavity loop is observed, but the dynamic behavior disappears in some case; when the zero-order mode is
selected, dynamics corresponding to a double roundtrip external-cavity loop is observed. When the stripe mirror is not
aligned perfectly, pulse-package oscillation is observed.

2. EXPERIMENTAL DETAILS

The experimental setup is shown in Fig. 1. The BAL used in the experiment is an 810 nm, broad-area device with an
emitter aperture of umx 200um (fastx slow axis). The laser diode is aftection coated on the front facet with a
reflectivity of around 6%, and high reflan coated on the back facet. The thadd of the BAL is0.56 A. The output

beam is collimated in the fast axis &y aspherical lens of 4.5 mm focal lenglbgether with a cylindrical lens of 80

mm focal length, these two lenses collimate the beam in the slow axis and transform the near field to the far field at the
pseudo-far-field plane simultaneously wittspect to the slow axis. All lense antireflection coated for near-infrared
wavelength. At the pseudo-far-field plane, a mirror witteffectivity of 99% and a sharp edge combined with a razor
blade is used as a mirror stripe. The mirror stripe, whiohbeatranslated in the slow-axis direction and tilted around Y

axis, is used for lateral-mode selection. The external cavity is formed between the BAL and the mirfbrlsttipe
experiment, the injected current to the BAL is 0.6 A (around 1.09 times threshold). The physical length of the external
cavity is around 53 cm, in a long-cavity feedback regime.

The far field at the pseudo-far-field plane consists of high-order lateral modes with a double-lobe profile, and 0-order
lateral mode with a single-lobe profile at the beam centerhigh-order lateral mode selection, one lobe of a mode is
selected and reflected back into the gain medium of the BAL, the other lobe (output lobe) of the same spatial mode is the
output beam of the laser system. For 0-order lateral mode selection, the single central lobe is selected and reflected back
into the BAL, and there is no output beam in this case.

A beam splitter is inserted into the external cavity, and the reflected beam is used as a diagnostic beam. On this beam,
the far-field profile of the output beam is recorded by a beam scanner (Photo Inc., model 0180); the intensity signal of
the output beam is monitored by a silicon PIN photodiddelles Griot, 13DAH001 witra 3-GHz bandwidth), after a
high-frequency amplifier (frequency below 1 MHz is blocked), the electronic signal is sent to an electronic spectrum
analyzer (band width 1.8 GHz, Tektronix 2753P) for intensity noise spectrum measurement, and to a 1-GHz digital
oscilloscope (LeCroy, WaveSurfer 104Xs) foonitoring the time series of the signal.

BS
7 z f.-45  f=s0 FFLZ] 50]
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Figure 1. Experimental set-up of the BAL with lateradde-selected external-cavity feedback; NF: near field;&38 BS:
beam splitters; FF: far field; MF: mirrgvith spatial filter. BS: beam scann@®D: photodiode; DO: dital oscilloscope;
ESA: electronic spectrum analyzer. Red linesfar¢he non-perfect alignment of the mirror.

Here we present the experimental results on two different alignment conditions. The first condition is: The mirror stripe
is perfect aligned, this means when a certain lateral maaddsted, the highest output lobe is achieved by adjusting the
position and the tilting of the mirror stripe. The second condition is: When the perfect alignment condition is achieved,
the mirror stripe is tilted a little bit (in the direction shoasthe red lines in Fig.1), the position of the mirror stigpe

kept unchanged at the same time, so the feedback beam is injected into the laser cavity with a little larger angle
compared with the perfect alignment condition. These darditions are named as perfect and non-perfect alignment
conditions below.

3. EXPERIMENTAL RESULTS

First, the experiment is done on the petfalignment condition. Thiar-field profilesalong the slow axis are measured
with and without the external-cavity feedbaThe results are shown in Fig. 2, and we shifted the profiles with different
mode selections vertically for clarity. Curve a) shows thdiédd-profile of the freely running laser, and the profile is
almost symmetric; curve b) shows the fiatel profile when 0-order lateral-mode selected, and the profile is also
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almost symmetric; curves c) tf) show the far-field profiles from low-orditeral-mode selection to high-order lateral-

mode selection, the far-field profiles drighly asymmetric and this is norrfak BAL with off-axis external feedback

>’ The results show that high-order lateral-modes, whicmatoexist without externdieedback, are excited by the
lateral-mode selected external-cavity feeddyae., curves e) to g). The opticakflback strength, defined as the ratio of

the power reflected by the stripe mirtor power towards the feedback mirror,rédated to the intensity ratio of the
feedback lobe to the total beam, since the reflectivity aadmMidth of the mirror stripe arfixed. When the different
lateral-modes are selected, Fig. 2 shows the relative intensity of the feedback lobe to the total beam is different; and this
is determined by the laser system itself. The feedback strength decreases from 21.6% to 7.0% from curve b) to c), and
increases from 4.8% to 11.6% from curve d) to g); it is moderate feedback strength far BAL
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Figure 2. Far-field profiles of the BAL@hg the slow axis without (black curva)d with (color curves) external-cavity
feedback by selecting seven different fatenodes. The feedback strengths féfedent mode-selections are b), 21.6%; c),
7.0%; d), 4.8%; €), 6.7%; f), 9.9%; and g), 11.6%.

Figure 3 shows the intensity noise spectra of the BAL sultj¢otthe lateral-mode-selected external feedback on perfect
alignment condition, the noise spectra,nfr@) to g), correspond to the corresding curves denoted with the same

letter in Fig. 2. The intensity noise is neglected withot¢rmal-cavity feedback, shown in curve a). When the external
feedback is applied, the intensity noise is increased strémgipost of the cases excentrve €), where the noise level

is almost the same as freely running condition. When the 0-order lateral-mode is selected, the peaks in the intensity noise
spectrum with spacing around 135 MHz are observed in curve b), corresponding to a beating frequency of double
roundtrip external-cavity modes, i.e/AL, wherec is the speed of light, and is the optical length of the external
feedback cavit}*X When high-order lateral modes are selectedptiaks of the intensity noise spectra with spacing
around 270 MHz are originated from the beating between different single roundtrip external-cavity modes, the mode
spacing of single roundtrip external-cavity modes/26'%,

Recently, we found that whenghi-order lateral modes are eetied, the external cavity fermed between the mirror

stripe and a phase conjugatéror (PCM) induced in # BAL by four-wave mixing". Single roundtrip external-cavity
modes can be excited in this extergabity, and the beating of these ertd-cavity modes are the reason for the
observed noise spectra with peak spacing afdk. For curve e), we believe the enttal cavity is also established
between the feedback mirror and the BAL, but it seems only one external-cavity mode is excited, thus no peaks are
observed in the noise spectrum. The peak spacing of daubidtrip external-cavity mode in noise spectrum has been
observed in both narrow-stripe diode laser with ordinary feedlzack phase-conjugate feedb&cknd BAL with tilted
feedback’. In Ref. 8, a period-doubling bifurcation is responsible for the observation of peaks with spawithg She

similar bifurcation behaviors were also observed in other nonlinear feedback?ybidinth Ref. 12 and 22, a PCM (in

Ref. 12, a PCM is generated by four-wave mixing in the BAL) is responsible for the generation of double roundtrip
external-cavity modes. In our case, when O-order lateral-iscgidected, the feedback is am-axis feedback, (i.e., not

a tilted feedback), thus a PCM cannot be induced in the®BAlhe reason of the excitation of double roundtrip
external-cavity modes for 0-order lateral maadection is still under investigation.
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Figure 3. Intensity noise spectra of the output beam from thevldthout (black curve) and ith (color curves) the lateral-
mode-selected external-égvfeedback. The curves in tHigure correspond to the curveshig. 2 denoted with the same

letter.
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Figure 4. Time series of the outputlbe from the BAL without (black curve) drwith (color curves) the lateral-mode-
selected external-cavity feedback. The curves in this figuresmmond to the curves in Fig. 2 denoted with the same letter.

The corresponding time series of the output power witfepelateral-mode-selected fl®ack are shown in Fig. 4.
Compared with other curves, tflectuation of curve a) and & quite small, and this is consistent with the noise spectra
shown in Fig. 3. When other high-order lateral-modes deetsel, periodic oscillations with the beat frequency of the
adjacent single roundtrip external-cavity modes are obset/2d),(and high-frequency component with frequency of
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c/L can also be observed in curves f) and g). When the 0-latéeal-mode is selected, the oscillated frequency of the
output power corresponds to theab frequency of the double rourigtexternal-cavity modes, i.ec/4L, is observed,
and high-frequency components with the frequenoy/2if andc/L can also be observed. Ttime series shown in Fig.

4 are consistent with the intensity noise spectra shown in Fig. 3.

Recently, Pimenowet al studied the dynamical regimes of a multi-stripser array with external off-axis feedback
theoretically’. Different periodic and irregular time dependences of the output intensity, such as power stable regime
(CW), periodic regime with one peak or two peaks (P1 or P2), aperiodic regime (A) and multimode periodic regime
(PM), were shown in the study. Although a non-striped BAused in this study, we can still compare our results with

the theory qualitatively since self-induced “stripes” can bienéal in the transverse $iem of non-striped BAL with
high-order lateral-modselected external-feedbaclother than the case of curve e) shown in Fig. 3 and Fig.4, the laser
system is operated in both multiplenpitudinal modes and multiple externavity modes when high-order lateral-
mode is selected, the periodic oscillation of the output pavitera period of single external-cavity round trip time is
similar to the case of multimode periodic regime (PM) if. R8, but there are two peakseach period for our case,

this is similar to the case P2 in the theoretical study. Stable output with single external-cavity mode operation, like curve
e), is also shown in the theory as CW redfin€he theoretical study does not include the condition of 0-order lateral
mode feedback (on-axis feedbadl®,, curve b) in our case.

When the mirror stripe is not aligned perfectly, thefi@id profiles corresponding to two different lateral-mode
selections are shown in Fig. 5, and for comparison, thigeldrprofiles on perfect alignment condition are also shown in

the figure. Compared with the perfect alignment conditiom efffiects of the misalignment are a shorter output lobe and

a little bit wide separation of the feedback and the output lobes, although the position of the mirror stripe is unchanged
for both conditions. The feedback strengths on the non-perfect alignment condition are a little bit larger than that on the
perfect alignment condition, this is consistent with thertgn output lobe on the non-perfect alignment condition as
shown in the figure, since the ratio of the portion of the feedback lobe to the total beam profile is increased on the non-
perfect alignment condition.

Figure 5. Far-field profiles of the BAL measured along tbavsxis with perfect (colocurves) and corresponding non-
perfect (black curves) external-cavity feedback. The curves for perfect feedback here are the same as curves in Fig. 2
denoted with the same letter. The feedback strengtliedmon-perfect condition are el), 6.8%; and f1), 10.1%.

Figure 6 shows the corresponding intensity noise spectra for both the perfect and non-perfect alignment of the mirror
stripe for the two lateral-mode selections. For the noise repfmt non-perfect alignmentther than the peaks of the
beating frequencies of the single roundtrip external-cavity mo#tesa peak at round 108 MHz for low frequency
fluctuations, #rr, is also observed. Additionally, in curves elddil), we can also observe some peaks at the
frequencies#c + #r generated by the mixing of external-cavity frequendigsand LFF frequencyfr-. Here we

should notice that the intensity noise spectra are simitaef) and f1), this is contrary to the perfect alignment
condition. This means, in contrary to single external-cavity mode operation for e), the laser system is operated in
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multiple external-cavity modes for el). Fig. 7 shows the serees of the output power fboth perfect and non-perfect
alignment conditions. The time series el) and f1) show a periodic LFF oscillation consisted of the frequency components
corresponding to the beating efternal cavity modes.

Figure 6. Intensity noise spectra of the output beam frorBAtkewith perfect (color curves) and corresponding non-perfect
(black curves) external-cavity feedback. The curves for pddedback here are the same as the curves in Fig. 3 denoted
with the same letter.

Figure 7. Time series of the outputabe from the BAL with perfect (color cues) and corresponding non-perfect (black
curves) external-cavity feedback. The curves for perfect feedimekare the same as the curves in Fig. 4 denoted with the
same letter.
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Irregular LFFs have been observed frequently in diode lasers (both narrow stripe diode lasers and BALS) subjected to
both conventional and phase-conjugate external feedfdéR’ Regular LFFs have also been observed in diode laser
(both narrow stripe diode lasers and BALS) with external optical feedback, but mainly in the short-cavity regime (i.e.,
the beating frequency of the external cavity moddariger than the laser relaxation oscillation frequetc§) and

rarely with long-cavity feedback (the beating frequemdythe external cavity modes is less than the relaxation
oscillation frequency) In the short-cavity regime, the regular LFF is named as pulse-package ostift&tibmhere

periodic oscillation of the output power withe frequency of external-cavity loeg@modulated by periodic LFFs; in the
long-cavity regime, the regular LFF is named as synchronous Sisyphu$ effex irregular fast pulses are modulated

by periodic LFFs. The noise spectra and time series for the non-perfect alignment observed here show the regular LFFs
consist of frequency components of ertd-cavity loop. This is the same as the pulse-package oscillation obtained for
both narrow-stripe edge-emitting diode laSand BALS® *° To our knowledge, this is the first time that pulse-package
oscillation is observed in diode laser witle #axternal feedback in long-cavity regime.

In principle, all the spatiotemporal dynamic behaviors shinmdiode lasers are induced by the nonlinear interaction of

the light field and the carrier in the gain medium of the diode laser, and the delayed light field generated by the external
feedback may make the interaction more complex. On the non-perfect alignment condition, i.e., the feedback beam is
coupled into the laser cavity with a little larger angle carag with the perfect alignment; a higher order lateral-mode

may be excited to some extent. This is consistent with the fact that a little wider separation of the feedback lobe and the
output lobe is observed compared with perfect alignment, as shown in Fig. 5. More complex dynamic behavior will be
induced by the involvement of the higher order lateral-modke interaction between light field and the carrier, and by

the competition between different lateral md@eShis may be the origin of the pulse-package oscillation observed on

the non-perfect alignent condition.

4. CONCLUSION

In conclusion, the temporal dynamic behaviors of a BAL with lateral-mode-selected long-cavity feedback are
investigated experimentally. When the feedback mirror stsigeerfectly aligned, by selecting different lateral modes,
different dynamics, such as stable output, oscillated outpitiisfrequencies of both single roundtrip external-cavity

loop and double roundtrip external-cavity loop, are observed. When the feedback mirror stripe is not aligned perfectly,
pulse-package oscillation is observed, for the first time tcknawledge, in diode laser with external feedback in long-
cavity regime.
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