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Abstract—We experimentally investigate spatio-intensities may lead to a degradation of the randomness of
temporal phase dynamics of a broad-area semiconductbe generated random numbers.
laser. We observe in the experiment that the near-field Antiphase dynamics of modal-intensity oscillations has
pattern is constituted of several intensity peaks. Wbeen investigated intensively in multi-longitudinal-mode
spatially isolate them one by one by using a slit as partigemiconductor lasers [12]-[15] and microchip solid-state
intensities. We measure the temporal waveform an@sers [16]-[19]. Note that antiphase dynamics is a prop-
frequency spectra of each partial intensity, and we alserty related to the coherence between the phases of the
measure the intensity of the whole near-field pattern asascillations of the modal intensities rather than the opti-
total intensity. We sum the corresponding spectral powetsl phases. Chaotic temporal oscillations are too com-
for each frequency component of each spectrum of thglex to determine the phase relationship. Thus inphase and
partial intensities. We compare this value to the spectraintiphase dynamics of the chaotic oscillations are distin-
power corresponding to the same frequency in the totguished by comparing the radio-frequency (RF) spectra of
intensity. At some components in the frequency spectrurthe total intensity with the sum of modal intensities instead
the frequency peak of the total intensity is lower tharf the temporal waveforms[12]. Antiphase dynamics of
the sum of those of the partial intensity, which suggestsulti-longitudinal modes has been observed for frequency
the existence of antiphase dynamics between the part@dmponents lower than the relaxation oscillation frequency
intensities. We find that inphase dynamics is observed ef the laser. The low frequency components of modal in-
low frequency components. On the contrary, antiphagensities are cancelled out as antiphase dynamics, whereas
dynamics is observed for higher frequency component. the relaxation oscillation frequency components are coher-
ently overlapped as inphase oscillations. These dynamics
) has been clearly explained in both experiments and numer-
1. Introduction ical simulations [12]-[19]. However, no study on phase

. .. dynamics has been reported in broad-area semiconductor
Semiconductor lasers have been used for apphcatlonslg ers. The investigation of inphase and antiphase dynam-

Iaseorl procelssmg and laser déspl;:y, and hlghh-poyver Si,e"?é's in broad-area semiconductor lasers is required for un-
conductor lasers are required. However, there Is a 'mHerstanding complex spatio-temporal dynamics, as well as

tation of restricting output power to prevent catastrophig, applications in fast physical random-number genera-
optical damage (COD) of the laser facet. A method Ofors

overcoming COD is to broaden the active region spatially,
which is known as broad-area semlcohductor lasers [1], [ZA?tiphase dynamics of spatially-resolved light intensities
Broad-area semiconductor lasers emit watt class of optica

tout H thev h drawbacks that h_bl a broad-area semiconductor laser. We measure the RF
output power. However they nave drawbacks that ex '_étpectra of total and partial intensities to determine the
complex spatio-temporal dynamics of the laser output i

i ) . ) h lationship.
the active region so called filamentation [3]-[6] (e.g. op-B ase relafionship

tical diffraction and carrier diiusion), which result from

spatial hole-burning of the carrier density. Spatio-tempora. Experimental Setup

irregular pulsations of the laser output have been reported

at frequencies over 10 GHz [3], [6]. In addition, time- Figure 1 shows our experimental setup for the obser-
delayed optical feedback in semiconductor lasers leads vation of the dynamics of the broad-area semiconductor
high-dimensional chaos [7]. These instabilities could béaser. We use a broad-area semiconductor laser with 50-
useful for implementation of fast physical random numberm-width active region. The optical wavelength of the laser
generators based on chaotic dynamics [7]-[11]. Spatiallys 808 nm. The injection current for the lasing threshold
resolved output of broad-area semiconductor lasers coulg is 160 mA. The output beam from the broad-area semi-
be used for parallel entropy sources for random numbeonductor laser is collimated with an aspheric lens and a
generators. However, phase relationship among the partialfindrical lens. The collimated beam is divided by a beam

In this study, we experimentally investigate inphase and
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L NDF| M Digital  ||RF spectrum | ICS @mong these spatially-resolved light intensities for the
oscilloscope|| analyzer | application of parallel random number generators. Both
1 1 the temporal waveforms and the RF spectra are observed
for each partial intensity and for the total intensity.
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Figure 1: Experimental setup for the observation of phase =
dynamics in the broad-area semiconductor laser. Amp, -
electrical amplifier; BAL, broad-area semiconductor laser; 0l - >

BS, beam splitter; Fiber, optical fiber; ISO, optical isolator;
L, lens; M, mirror; NDF, neutral density filer; PD, photode-
tector; Slit, variable slit.
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Figure 2: Near-field patterns of the broad-area semicon-
ductor laser for the injection currents of31ly,. |y is
the injection current at the lasing threshold of the laser

splitter. One of the beams is reflected from an external mifltn = 160 mA). Each peak is spatially resolved by using a
ror and fed back to the laser to generate chaotic oscillatigit.

of the laser output [2],[7]. The external cavity length is S1 i re 3(a) shows the chaotic temporal waveforms of the
cm, corresponding to the external-cavity frequency of 294, "intensity and the spatially-resolved partial intensities
MHz. The optical feedback strength is adjusted by aneutrgj e 1oy injection current of. 811y, The upper and lower
density filter. The other beam is divided into two beamsy 65 correspond to the temporal waveforms of the total
and one of them IS u.sed to observe te_mppral dyne_lmlcs 8hd one of the partial intensities, respectively. The tem-
the total laser intensity through an objective lens in fronf,; o \yaveform of the partial intensities includes both fast
of an optical fiber. The other beam is used to observe one 6 GHz) and slow £ 1 GHz) fluctuations. However, the
of the spatially-resolved partial intensities by using a slify5| jnrensity shows slow fluctuation mainly. Figure 3(b)
and anoth_er o_bje_:ctlve lens in front of an optlca_ll fiber. Asows the RF spectra of the total and one of the partial in-
beam profiler is msgrtgd to qpserye the near-field _patte'Eanities, corresponding to Fig. 3(a). Note that the two RF
ar_ld one ,Of the partial intensities is selected by using thesectra are shifted to the vertical direction for clarity, and
slit. The light beam focused on the lens of the optical fibee yotted fines indicate -70 dBm. The peaks of the total
is converted to an electrical signal by using a photodetegso ity (hlack curve) are higher than those of the partial
tor an_d am_phﬁe(_j by using two elecftrl_cal ampllflers. Th%tensity (red curve) at around 0.6 GHz. On the contrary,
electr_lcal signal is transmitted to a digital oscilloscope anfhe peaks of the partial intensity are higher than those of
a radlo—freqqency (RF) spectrum analyz_er to observe tefg (otq| intensity at 6.2 GHz. We speculate that the fast
poral dynamics and RF spectra, respectively. frequency components are cancelled out due to antiphase
dynamics, since the fast fluctuation observed in the patrtial

3. Experimental Results intensity almost disappears in the temporal waveform of
the total intensity in Fig. 3(a). The phase dynamics is thus
3.1. Near-field pattern and temporal dynamics dependent on the frequency of the chaotic oscillation.

Figure 2 shows an example of the near-field pattern qg‘
the output of the broad-area semiconductor laser with opti-
cal feedback. The horizontal axis indicates beam position
and the vertical axis indicates light intensity. In Fig. 2, the We use a method to determine inphase and antiphase dy-
near-field pattern consists of several peaks at the injectisramics of the spatially-resolved partial intensities from the
current of 131ly. comparison of RF spectra of the total intensity and sum

We consider a situation where a chaotic output of thef the partial intensities [12], since it is not easy to deter-
broad-area semiconductor laser can be used for parallel fasine inphase and antiphase dynamics from chaotic tempo-
physical generation of random numbers. The near-fieldl waveforms. In experiment, the RF spectrum of each
pattern is thus resolved by using a slit at the peak of thgartial intensity is observed. The spectral density of the
light intensities in Fig. 2. We investigate the phase dynani—th partial intensity at the frequency componéns rep-

2. Quantitative estimation of inphase and antiphase
dynamics from RF spectra

-4 -



: : ————————0.35 o
(a) — Total intensity 0 . . ———— o
o 02} o3 § (a) EED 14 [0.6 GHz Total intensity] %
= jozs 5 S, 1 =z
> 0 = .28 13.8GHz S
g Joz 2 2.2 v B
= 0.2} > c 5
) 4015 X 3
2 — Partial intensity 2. Q 56 ] >
7] ! c 7 =
S 0.4 | = = 0 6.2 GHzPartial intensity{ 30 =
£ g g y 1 2
= : 5 140 @
= 06 c IS ] 2
o E! s 150 2
= os @ = 160 =
. . . . <4 o
0 2 4 6 8 10 g S A 0w
Time [ns] o o 5 10 15 20 =
o
g 0 . . . o Frequency [GHz]
(b) M -14 0.6 GHz Total intensity] 2° ('ED (b) 20 . .
o j10 ~
=28 1 =) 15 Finph i
- 138GHz 1, = Inphase inphas
G M ] ® — 105} T
S 56 ! g :
g 20 o =2
= 0 Partial intensity] .30 5’ 3
S -84 ] =3 e Oprt ey
Ehe a0 8 8 T
S - 5
= 50 2. 2 1
% = |
o2 -60 : o -10 1 !
0.126 = sm—m—=
5140 b o 70 @ -15 antiphase
a o 5 10 15 20 3 20 . .
Frequency [GHz] 0 10 15 20

5
Frequency [GHz]

Figure 3: (a) Temporal waveforms and (b) correspondinlg, _ )
RF spectra of the total intensity and one of the partial infi9ure 4: (2) RF spectra of the total intensiirai(f) (up-
tensities at the injection current of 1.34. The two RF P€r) and the sum of the partial intensitiesn(f) (lower)

spectra are shifted to the vertical direction for clarity, and@t the injection current of 31l The two RF spectra are
the dotted lines indicate -70dBm. shifted to the vertical direction for clarity, and the dotted

lines indicate -70 dBm. (b) Birence in the two RF spectra
AP(f) = Pital(f) — Psun(f). Inphase and antiphase dy-
namics can be determined BP(f) > 0 andAP(f) < O,
respectively. Red and black dotted squares indicate the re-

, gions of inphase and antiphase dynamics, respectively.
resented afi(f) (i = 1,2,---,n for an-mode laser). The

RF spectra of all the partial intensities are added at each fre-

guency component in the linear scale, and the sum of the

partial intensitie® s, f) is obtained byPgn{ f) = X, Pi(f)

[17]. In addition, the RF spectrum of the total intensity is

observed in experiment, denotedRgq(f). The value of

Piotal( f) is compared with that oPs,{ f) to determine the We calculate the dierence between the two RF spectra

inphase and antiphase dynamics. Inphase dynamics is ah-Fig. 4(a), AP(f) = Pita(f) — Psun{f). Inphase and

served foPyq () > Psun{ f). On the other hand, antiphaseantiphase dynamics can be determined\(f) > 0 and

dynamics is observed fdiq(f) < Psund T). AP(f) < 0, respectively. Here we defined the noise level
Constructive interference occurs among the partial imf the RF spectrum less than -60 dBm, and we did not cal-

tensities for inphase dynamics aPga(f) > Psunr(f) is  culate the frequency components below the noise level to

satisfied. On the contrary, destructive interference is olavoid the artifact of the calculation.

served among the partial intensities for antiphase dynamics Figure 4(b) show\P(f) obtained from Fig. 4(a). It

andPyal(f) < Psun( f) is satisfied [12]. Therefore, one canis found that inphase dynamics is observed at the low fre-

determine inphase or antiphase dynamics from the relatioguency region from 0.0 to 2.9 GHz, including the relax-

ship betweerPi5( f) andPsyn( ). ation oscillation frequency. On the contrary, antiphase dy-
Figure 4(a) shows the RF spectra of the total intensitgamics is observed in intermediate frequency region from

and the sum of the RF spectra of the partial intensities &8t9 to 8.8 GHz. Inphase dynamics is also observed in high

the injection current of Blly,. The RF spectrum of the frequency region from 12.2 GHz to 15.3 GHz. Therefore,

total intensity is higher than that of the sum of the partiainphase and antiphase dynamics at particular frequency

intensities at the frequency region represented by the peaémponents can be clearly distinguished on the RF spec-

of 0.6 GHz, which includes the relaxation oscillation fre-ra.

guency. . On the other hand, the RF spectrum of the total The observation of inphase dynamics at low frequency

intensity is lower than the one of the sum of the partial ineomponent and antiphase dynamics at higher frequency

tensities at the frequency region represented by the peakaifmponent agrees well with the observation of the tempo-

6.2 GHz. ral waveforms shown in Fig. 3(a).
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4. Conclusions [9] X. -Z. Li, and S. -C. Chan, “Heterodyne random

) _ ) bit generation using an optically injected semiconduc-
We experimentally investigated the frequency depen- (or |aser in chaosJEEE J. Quantum Electronvol.49,
dence of inphase and antiphase dynamics among spatially- p, 829838, 2013.

resolved light intensities in a chaotic broad-area semicon-
ductor laser. We resolved partial intensities from the neaf10] N. Oliver, M. C. Soriano, D. W. Sukow and I. Fis-
field pattern, and observed the temporal waveforms and the cher, “Fast random bit generation using a chaotic laser:
corresponding RF spectra. We compared the total intensity Approaching the information theoretic limitilEEE J.
with the sum of the partial intensities on the RF spectra. In- Quantum Electron.vol.49, pp.910-918, 2013.
phase dynamics is observed at both low and high frequen . . o
components, the relaxation oscillation frequency being ir‘@ll]r;r'1 do\r(:rTJanfglélr, e:anndergiorsuizli(rj]a’ ncfizgotr)gsagdcesuc’fer-
cluded in the low frequency components. On the contrary, luminescent dioge and chaos-gased semicondugtor
antiphase dynamics is observed at intermediate frequency lasers "IEEE J. Sel. Topics Quantum Electrovol. 19
components. ' T b

The investigation of the phase dynamics in chaotic Pp-0600309-1-0600309-9, 2013.
broad-area semiconductor lasers could be useful for the gR2] A. Uchida, Y. Liu, I. Fischer, P. Davis and T. Aida,
plication of fast physical random-number generators imple- “«chaotic antiphase dynamics and synchronization in
mented in parallel. multimode semiconductor laser®hys. Rev. A/0l.64,

pp.023801, 2001.
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