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Spectrally asymmetric mode correlation and intensity noise
in pump-noise-suppressed laser diodes
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We report on the experimental observation of a spectrally asymmetric quantum correlation between the
intensities of the main mode and a large number of weakly excited side modes in a pump-noise-suppressed
laser diode. The total intensity noise of the laser diode results from a generally incomplete cancellation process
between these mode intensities, which influences the generation of amplitude squeezed light. Nonlinear gain
due to cross mode gain saturation in the semiconductor lasing medium is found to be the origin of the
asymmetric intensity noise distribution between short- and long-wavelength side modes. The experimental
results are in good agreement with the predictions of a multimode Langevin rate equation model including
asymmetric nonlinear gain saturatig®1050-29478)04605-9

PACS numbg(s): 42.50.Dv, 42.50.Lc, 42.55.Px

[. INTRODUCTION for so-called single-mode diode lasers, which generally ex-
hibit a large number of weakly excited longitudinal side
When the generation of amplitude squeezed light frommodes. The competition between these weak modes and the
diode lasers was theoretically predictigd and experimen- main mode for the total gain in the semiconductor medium
tally observed[2], it was considered to be a single-mode gives rise to mode partition noise, which can lead to a large
effect. Both the theoretical predictions and the experiment§xcess noise of the individual modes despite their low inten-
treated diode lasers featuring a single longitudinal modéities. If the gain medium is not completely homogeneously
spectrum. It was assumed that a pump-noise suppression quadened, the_ ant_lcorrela'uon of the modes is degrgded, _the
a high impedance constant current source, a high diode lasBPiS€ cancellation is not perfect, and thus the total intensity
quantum efficiency, and a driving current high above thresh101S€ i increased. For th_at reason the total_lntensr;y noise
old were sufficient requirements for the generation of amp“_depends very strongly on mhomogenequs gain _contr|but|o_ns
: and subsequently on the degree of anticorrelation of the in-
tude squeezed light. L
That picture of squeezed light generation turned out to bgmdua[ modes. . . . .
oo . . The influence of side mode power on the intensity noise
oversimplified. On the one hand, many diode lasers failed t as experimentally verified for squeezed light generation

produce amplitude squeezing even if they fulfilled the aboquith injection-locked 5,6] and grating feedback laser diodes
requirements. Until now only a few types of diode Iasers[7]_ The generatiofi6, 7] or enhancemeri] of squeezing in
have shown the predicted behav{@. On the other hand, hose experiments was explained by an increased suppres-
sub-shot-noise operation was found for a constant currerfion of the side mode intensity compared to the free-running
driven semiconductor laser even though it was lasing on se\tase. In the free-running laser the negative intensity noise
eral longitudinal modeg4]. Spectrally resolved measure- correlation was not perfect due to gain inhomogeneities, such
ments revealed that the individual modes of that laser exhibthat the mode partition noise was not completely suppressed
ited large excess noise above the standard quantum nois@d amplitude squeezing was degraded. The reduced side
limit (SQL). It was shown that in the case of multimode mode intensity in the case of injection-locking or grating
oscillation, amplitude squeezing is due to a negative quanfeedback led to a reduction of the mode partition noise, while
tum correlation between the intensity fluctuations of the dif-the imperfect negative correlation remained unchanged. Thus
ferent longitudinal modes. The large intensity fluctuations ofthe total intensity noise was reduced due to the reduced con-
the individual modes then cancel to yield a total intensitytribution of the side modes. Recently, these results were con-
noise that is suppressed to values below the SQL. Such pefirmed by a detailed interferometric measurement of longitu-
fect quantum correlation is formed only if the gain mediumdinal mode partition noise in semiconductor lasé¢8s.
is nearly homogeneously broadened. The generation of ansimilar effects of negative quantum correlations were also
plitude squeezed light in multimode diode lasers, howeverfound for polarization modes in quantum-well diode lasers
still requires the fulfillment of the above conditions of a high [9] and orthogonally polarized, transverse modes in micro-
impedance constant current source, a high diode laser quaocavity laserq10].
tum efficiency, and a driving current high above threshold. The dependence of longitudinal mode anticorrelation on
The consideration of multimode effects for the generationgain inhomogeneities in “quasi-single-mode” diode lasers
of amplitude squeezed light turned out to be essential alswas studied recentlyl1]. It was shown that diode laser in-
tensity noise and amplitude squeezing generally has to be
considered a multimode effect and results from a cancella-
*Electronic address: cbecher@rhrk.uni-kl.de tion among anticorrelated fluctuations of the main mode and
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all the weakly excited side modes. In addition to the studiedasers and the contribution of the side modes to the total
above, it was found that not only the mode partition noiseintensity noise we performed spectrally resolved intensity
increases with increasing side mode power but also the modsise measurements. We investigated two single-mode,
anticorrelation decreases. This effect is due to an inhomogeguantum-well diode laser$SDL 5410-Q with emission
neous self-saturation of each mode’s gain by its own fluctuawavelengths around 810 nm and output powers of 100 mW.
tions, which adds up to the homogeneous gain saturatiorrhe |asers were driven by a homebuilt high impedance con-
Increasing side mode power thus leads to an increased inh@ant current source to achieve pump noise suppression be-
mogeneity and subsequently to a reduced anticorrelation gy the SQL. To examine the intensity noise in the different
the modes’ fluctuations. The .tptal intensity noise of the la,seFegimes of side mode suppression the lasers were operated in
diode therefore. dePe”dS CF'“Ca”V on the amount of SIde[hree different configurations: free running, injection locked
mode suppression in the diode laser. 'I_'hesg measuremerab%th laser 1, and with external grating feedbacleser 2.
revea_led that only n the case of Very high S|de_mode SL‘prnjection locking was achieved with another grating stabi-
pression 55 dB) diode Iaser' amplltude sgueezing can begized diode laser used as the master laser. This system is
;:on3|dered to a good approximation a true single-mode efgegcribed in detail elsewhefa6]. For the free-running and
ect. . I . the injection-locked laser the threshold current was 19 mA
In this paper we report on investigations on diode laset, 4 ihe operating current 115 mA
intensity noise that further extend the above picture of am- The extended cavity setup waé established by the feed-
plitude squeezing. We' present de.talled, spectrally resolvegack from a Littrow grating with 1200 I/mm placed at a 40
measurements of the intensity noise .Of a pump NOIS€ SURxm distance from the laser facet. The diffraction efficiency
pressed, S'F‘g'e'”.‘Ode quantum-well d_lo_de _Iaser in three d'()f the grating was 20% for the first order, which was fed
fe_rent conf|gurat|9ns: free running, injection _Iocked, andpack into the diode laser, and 68% for the zeroth order,
with external grating feedback. .Our |r)vest|gat|ons reveal &vhich was used as output coupler. The laser threshold was
strong asymmetry between the intensity noise of short- an 4 mA in this setup and the operating current 128 mA. Both

Iong—wavelength side modes depending on the degr(_ee O.f si ﬁvestigated laser diodes featured a high quantum efficiency
mode suppression. We show that amplitude squeezing in ti‘@f 68%.

injection-locked and grating feedback case results from a
cancellation among the fluctuations of the main mode andje modes to the total intensity noise the diode laser radia-

more than 150 weakly excited side modes with asymmetrig,, \yag passed through a homebuilt high transmission spec-
!ntgnsny and mtens[ty hoise dlstrlbutlon. Thus our r.eSU|tStrometer that consisted of a grating with an efficiency of 66%
indicate that the anticorrelation of the side modes with they, first order and an adjustable output slit. Both the position
main mode is spectral_ly asymmetr_lc. . and the width of this output slit were variable such that the
Wwe assume that this asymmetric correlguon resul_ts oM entral transmission wavelength and the bandwidth could be
asymmetric nonlinear gain in the laser diofle2], which .chosen independently. Thus a variable number of modes out

couplgs_ the fluctuations Of. the iqdividual ques. The .phys"of the diode laser emission spectrum could be transmitted
cal origin of the asymmetric nonlinear gain is a pulsation of

; i : i through the spectrometer. The intensity noise of the transmit-
the excited carrier populatidii3, 14} induced by the beat of o4 modes was measured on a single large area silicon p-i-n
longitudinal modes, which modulates the total spectral 9ainhotodiode(Hamamatsu S3994, 93% quantum efficiency at
distribution. Our results are in good agreement with the Pres10 nm. 40-MHz cutoff frequengyplaced behind the spec-
Q|ct|or]s of a ”?”'“m"de La_ngevm rate equation moﬁﬂl trometer. The photodiode signal was amplified by a rf am-
|nc'lud|ng gain mhomogeneltles due to self-mode gain ?’at“blifier (Miteq AU1310 and displayed on a rf spectrum ana-
ration by the fluctuations of each moffEl] and asymmetric |, qr (Advantest R3261A We calibrated the SQL with the
cross-mode gain saturan@lhs_]. This model also pr_ed_u;ts the Attenuated radiation of an array of light-emitting diodes gen-
low-frequency intensity noise enhancement limiting theg ating the respective dc photocurrent. A minimum input
range of noise frequencies for which amplitude Squeez'n%ower of 5 mW on the photodiode was required to achieve a
can be generated in diode lasers, as was experimentally 0Qjya| current noise that exceeded the dark current noise of
served recently16]. The predictions of our model for the the photodiode by 6 dB, such that the contribution of the

total diode laser intensity noise depend critically on thedark current to the total photodiode output could be ne-

strength of the inhomogeneous contributions to the gain sat lected. As the side mode power was too weak to directly
ration and hence on the values of material parameters, su'%b '

| . ) £ 1h ited ; his critical d tain this minimum signal current, the side modes were
as relaxation times of the excited carriers. This critica €-always detected together with the main mode. Thus, by ad-
pendence might explain why different types of diode laser

o . . ! . ?usting the position and width of the output slit, the influence
exhibit a completely different total intensity noise under the f a variable number of side modes on the total intensity

same external conditions, such as pump noise, pump Ievei,oiSe could be investigated.

an_d quantum efﬂmency, and why_ most of these diode Iasers To control the resolution of the spectrometer the transmit-
fail to produce amplitude squeezing even though the experiaq o,tout was recorded with an optical spectrum analyzer
mental requirements, as discussed above, are fulfilled. (Ando AQ-6315A with a resolution of 0.05 nm and a dy-
namic range of 70 dB. The resolution of the spectrometer
was found to be better than 0.1 nm such that the longitudinal
diode laser side modes with 0.11-nm spacing and roughly
In order to obtain detailed information on the dependencequal intensities could be resolved. For the free-running laser
of the mode correlation on gain inhomogeneities in diodeall modes could be separated from each other and for the

In order to determine the contribution of the individual

Il. EXPERIMENTAL RESULTS
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FIG. 1. Longitudinal mode spectrum of an injection-locked di- % or S 1°
ode laser, recorded with an optical spectrum analyzer. N ‘A\\t
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injection-locked laser all modes starting from the third mode § 0 R S R
adjacent to the main mode and starting from the fifth mode inZ=_,

. . . m 4} 44
the case of external feedback. This restriction in mode sepa s, 3 Grating feedback diode laser
ration is due to the large intensity difference between the § |}
main mode and the adjacent side modes in the latter case: 2 ) %‘ ,
reducing the spectrometer resolution. Nevertheless, an ex iy
trapolation of the number of transmitted modes dependent or g e N _ A
the slit width allowed for a determination of the intensity £ oLsa o
noise of the main mode and the adjacent side modes to ig A T S - B
good approximation. In all setups the diode lasers were iso-% “"\L.
lated from the spectrometer and the detector by a 60-dB op: E Al TTA——A S I
tical isolator (Gsanger DLI-1) to prevent any influence of 2 . . . . . |

back reflections on the diode laser spectrum and intensity 0 25 50 75 100 125 150 175 200
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Before the noise measurements were performed we re- FIG. 2. Measured intensity noise at 30 MHz of a free-running,

corded the diode_z laser gmis_sion spectra With the optical SPeEjection-locked, or grating feedback diode laser as a function of the
trum analyz_er with the fiber input placed in front of the spec-pmper of detected side modes. Tradesmain mode with short-
trometer. Figure 1 shows, for example, the spectrum of thQ\/aveIength(SV\/) side modes; trace8, main mode with long-

injection locked diode Ia§er over a wavelength range of 39Navelength(LW) side modes: trace€, main mode with SW and
nm. The spectrum consists of the large peak of the mainw side modes.

lasing mode and more than 250 weakly excited side modes.

The intensity distribution of the side modes reveals a stronghe injection-locked laser. In the case of the free-running
asymmetry between the short-waveleng8W) and long- laser the range of SMS was 22 and 29 dB for the LW and 27
wavelength(LW) side modes, independent of the locking and 34 dB for the SW modes, respectively, depending on the
wavelength. The suppression of the maximum side mode incurrent through the laser diode, which shifts the emission
tensity relative to the main mode in Fig. 1 is 37 dB for the wavelength and thus changes the emission spectrum. In the
LW side and 41 dB for the SW side, respectively. This sidegrating feedback laser the SMS varied between 45 and 55 dB
mode suppressiofSMS) varied between 33 and 37 dB for for the LW and 47 and 57 dB for the SW modes, respec-
the LW side modes and 37 and 41 dB for the SW siddively, corresponding to the grade of feedback into the diode
modes, depending on the injection-locking alignment. Thdaser, which depended on the grating alignment.

asymmetric side mode distribution has been reported before In order to perform a spectrally resolved intensity noise
[13,17 and was explained by asymmetric nonlinear gain duemeasurement the spectrometer output slit was narrowed such
to a pulsation of the electron population at the beat frequencthat only the main mode was transmitted. Starting from that
between longitudinal modes. We will show later that theposition, the slit was opened symmetrically around its center
asymmetric side mode distribution is predicted by a ratesuch that the main mode and an increasing number of side
equation model including asymmetric nonlinear gain. Themodes from both the SW and LW side successively were
spectra for the free-running and the grating feedback diod&ansmitted through the spectrometer and were detected on
laser revealed a similar asymmetric intensity distribution, buthe photodiode. TraceS of Fig. 2 show the intensity noise
the difference in SMS is larger in the former caaeound 5 measured at a noise frequency of 30 MHz for the different
dB) and smaller in the latter cageround 2 dB compared to  configurations. All intensity noise values are corrected for
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the overall detection efficiency, which contains the photodi- 74
ode quantum efficienc{@3%), the spectrometer grating ef-
ficiency (66%), the transmission of the optical isolator
(89%), and the feedback grating efficien@8%) in the case

of the extended cavity diode laser. In all configurations the
main mode intensity noise was found to be well above the
SQL.: 38.6 dB for the free-running-R) laser, 31.4 dB for the
injection-locked(IL) laser, and 3.5 dB with the grating feed-
back (GF). When the slit was opened symmetrically around 0 10 20 30 40 50

the main mode the intensity noise decreased exponentially Noise Frequency [MHz]

with the number of additionally detected side modes, as is FIG. 3. Intensity noise spectrum of an injection-locked diode

r(iprr]etisentsd b);hthes f'tL c.:ur\t/ﬁs.fThls de(_:rease IS’:% thvalquser, measured with a balanced homodyne detector. Upper trace,
slightly above the SQL in the free-running caie ). calibrated SQL(homodyne difference signallower trace, diode

Amplitude squeezing of 1.3 dB was observed for the o, intensity noiséhomodyne sum signl
injection-locked laser only if more than 150 modes were

transmitted simultaneously. In the grating feedback lasepomodyne detectof16], is displayed as an example. The
with a low SMS of 45 dB(LW modeg the intensity noise o] intensity noise rises above the SQL at a noise frequency
already dropped below the SQL with 50 detected modes, but 2 MHz and reaches a value of 2.2 dB above the SQL at
the minimum value of 2.0 dB amplitude squeezing wasjgg kHz. This low-frequency noise enhancement is higher
reached in the limit of a high transmitted mode number only oy the free-running lase{3.0 dB above the high-frequency
The observed behavior clearly indicates that all the diodggise flooy and much smaller for the grating feedback laser
laser side modes contribute to the quantum anticorrelatiog;ith 0.8 dB above the SQL for a SMS of 45 dB and 0.6 dB
with the main mode and to the cancellation process that degr 3 SMS of 55 dB. Thus the amount of low-frequency
termines the total intensity noise. Our results thus confirgycess noise is found to be dependent on the SMS ratio. We
the idea put forth in a previous stud¢1] that all the side vl show that the origin of this excess noise is an incomplete
modes should contribute, to some extent, to the cancellatiogancellation of main mode and side mode fluctuations due to
effect. Even in the case of a very high SN dB) with the  poth symmetric and asymmetric gain inhomogeneities. The
grating feedback laser the observed amplitude squeezing Wgservation of low-frequency intensity noise has been re-
found to result from a multimode cancellation. The mainprted previously18] and was explained in terms of nonlin-
mode intensity noise in this case was measured to be at theyr asymmetric gaifil5]. However, the importance of this
SQL. However, if one additional side mode was detectesfect for the generation of amplitude squeezed light has not
together with the main mode, the resulting intensity nois&yeen considered so far. In the following section we will show
was below the SQL. This again illustrates the nonclassicahat all the above experimental observations are predicted by
nature of the quantum anticorrelation between the differeng | angevin rate equation model that considers gain inhomo-

modes. geneities due to self-mode gain saturation and asymmetric
In addition to these results, our measurements show th@toss-mode gain saturation.

the side mode contribution to the total intensity noise fea-
tures a strong asymmetry. When the spectrometer output slit
was opened asymmetrically such that the main mode was
transmitted with an increasing number of either SW or LW  An adequate model of diode laser intensity noise charac-
side modes, respectively, the noise decrease was different ftgristics requires the consideration of nonlinear gain effects
each case. If the main mode was detected together with tha the semiconductor lasing medium. This nonlinear gain
SW side modes, the noise decreased only moderately in arises due to spectral hole burnifgglf-saturation by the
three configurationgtracesA in Fig. 2): to 35.1 dB(FR), lasing main mode and a pulsation of the electron population
28.7 dB(IL), and 0.8 dB(GF). A much higher reduction was at the beat frequency between longitudinal mode®ss
observed when the LW side modes were detected in additiosaturation [19,20. Both phenomena lead to an inhomoge-
to the main moddtracesB in Fig. 2). For the free-running neous saturation of the semiconductor laser's gain. The
and the injection-locked laser the resulting noise levels ophysical origin of the inhomogeneous contributions are the
17.3 and 13.1 dB, respectively, remained above the SQLfinite interband and intraband relaxation times, which limit
However, in the grating feedback laser amplitude squeezinthe temporal response of the electron population to fluctua-
of 0.5 dB is generated by the cancellation of main mode andions of the internal laser field. In the case of cross-mode
LW side mode fluctuations. The difference in noise levels forgain saturation these fluctuations emerge from the superpo-
the SW and LW sides of the diode laser spectrum proves thattion of longitudinal modes, which modulate the internal
the quantum anticorrelation of the side modes with the mairfield with a beat frequency corresponding to the mode spac-
mode is spectrally asymmetric. ing. Due to the finite relaxation times, the modulated field
The range of noise frequencies for which amplitudeleads to a pulsation of the excited electron population, which
squeezing can be obtained is limited towards low frequencie® turn acts as a modulator generating sidebands in the spec-
by an intensity noise enhancement. This low-frequency noistral gain distribution. As these sidebands coincide with the
enhancement is present in the intensity noise spectra for dibngitudinal side mode frequencies, the gain of the respective
investigated setups. In Fig. 3 the intensity noise spectrum o$ide modes is modified. Thus each mode influences the gain
the injection-locked diode laser, measured with a balanceeéxperienced by all other modes, leading to a coupling of the

764 Calibrated SQL

78
-80-

824 Diode Laser Intensity Noise

Intensity Noise [dB]

Ill. THEORETICAL MODEL
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modes via the nonlinear gain. The strength of this mode cou- The following parameters are useg. denotes the spon-
pling depends on the underlying physical mechanism. If theaneous emission factor into the corresponding mode. The
longitudinal mode spacind v is smaller or comparable to relative gain of the side modes compared to the main mode,
the inverse of the electron spontaneous emission lifetifie  due to the finite gain bandwidth, is accounted for by a pa-
(=1 ns, the coupling is due to a modulation of the completerameterm: 8_, ;=m B,. Thus this relative gain parameter
carrier density. IfAv7°P>1, due to a larger mode spacing, m determines the ratio of the main and side mode intensities
the excited carrier population cannot respond to the modgy 3 free-running laser. The electron lifetime due to sponta-
beating. In this case a nonlinear mode coupling can still bgeqys emission is denoted byP. The photon decay rate of
medl_at_ed by the finite mtraband_ relaxafuon time@.1 p9 each mode is given by &= 1/7P®+ 1/rP°, whererP® is the

and it is, however, weaker than in the first case. The asym{iieCay time due to output coupling losses, which is assumed

metry in the spectral gain distribution arises due to the ban 0 .\ _po: .
structure, i.e., the rapid change of the quasiequilibrium elec? be equal for all modes, amﬂlvl_ p 7" is the decay time

tron Fermi-Dirac distribution as a function of carrier density dU€ to internal losses. _ .
[20]. The loss parametgy is defined as the ratio of the main

For a description of the diode laser dynamics we starfnode to the side mode internal loss rate aflii. Decreas-
from a multimode Langevin rate equation model with homo-ing values ofp thereby correspond to a decrease in the side
geneous gain distributiofd]. The mode spectrum of the mode power. The loss parameter is introduced phenomeno-
quasi-single-mode diode laser is represented in our model Bpgically to allow for the simulation of the process of a main
three modes: one main modi&, and two side modesvi_,;  mode selection with a specific side mode suppression ratio in
representing the short-wavelength side modesMpdepre- the different experimental setups in a unified approach.
senting the long-wavelength side modes, respectively. Thehysically, this mode selection process is accomplished dif-
inhomogeneous contributions to the gain are accounted fderently in the different setups. In the free-running laser one
by two different terms. One represents cross-mode gain satuvould expect a value gi=1 and the main mode is selected
ration, which couples the photon numbers of each nja8& by the relative spectral position of the gain profile and the
and thus also the fluctuations of each mode. This term has tavity mode resonances. Experimentally, however, it is ob-
contain both symmetric and asymmetric contributionsserved that the SMS ratio varies with the driving current and
[12,17,19,2] The second term describes a self-saturation ofthe temperature because gain profile and cavity resonances
each mode by its own fluctuations, adiri]. Both terms are feature a different spectral shift with varying current and
found to be necessary for an adequate description of the diemperature. In the injection-locked diode laser a specific
ode laser intensity noise characteristics. The equations f&8MS is achieved because the main mode experiences a
the photon numbers;(t) of each modeM; and the total higher net gain than other modes due to the additional power
number of excited carrief (t) are injected into the main mode from the master laser. The SMS

ratio is determined by the injected master laser power. In the

dn;(t) . L 1 . grating feedback case the mode selection and side mode sup-
TR gi (1) =g (1) — — (1) + g7 () + Si(1) + Gi(t) pression process is accomplished by the frequency-filtered
Ti back reflection of the external grating: The main mode that is
+gi()+ (1) (1) reflected back into the cavity experiences lower losses than
! e the other modes, which are not well reflected back into the
dNL(D) NL(D) cavity. In summary, one can describe the increasing SMS
) Nell) Liey  ~NL L ratio by an increase of side mode losses in the free-running
T 5P Z {lor (=g (O +gr (D} laser, by a decrease of main mode losses in the grating feed-

back laser, and by increasing injection of master laser power

+Tp(t) +Tsp(t) +T(1). (2 inthe injection-locked laser. We numerically simulated these

different mode selection processes in different rate equation
Here we have used the same notation aflij. The terms models alternatively by increasing side mode logsés the
gr(t) andg]'(t) are the linear and nonlinear gain, respec-loss parametep), decreasing main mode lossgy keeping

tively, given by P9 1 constant and varying§°), and by injecting additional
photons into the main mode while keeping all mode losses
. Bi constant. These calculations proved to reveal identical results
gi(t)= E’NC(I)' (3)  for all three procedures provided, e.g., a particular value of

the loss parametqy is considered equivalent to a particular
choice of the injected master laser power. As a consequence,
NL L we chose to simulate the different setups within only one set
9i (t)=§j: £ij 87 (ON; (). ) of rate equationgl)—(5) and rather varypsolely the Igss pa-
rameterp to describe the experimentally observed SMS. For
The exact form of the nonlinear coupling factgy in Eq. (4) specific values o the corresponding equivalent values of
is given by[15,19 injected power are given in Sec. IV.
The self-saturation tern$;(t) is defined as in[11]:
7S (t) = —s;(t)[(n;)/P7{]8n;(t), with a self-saturation pa-
(5) rameters; , the pumping rat®, and the photon number fluc-

B wlwg & 1+ ar(wi— w))
260N nghyey Ci 1+[m(wi—w))]? tuation &n;(t)=n;(t)—(n;) around the mean value®;).

sij
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The termsG;(t), g;(t), and f;(t) are the Langevin noise
terms due to stimulated emission, internal losses, and output
coupling, respectively. Correspondingly,(t), I's(t), and

I'(t) are the Langevin noise terms for pump noise, sponta-
neous emission noise, and stimulated emission noise, respec:
tively. The correlation functions for the Langevin terms are
defined in[4]. The first term in the expressiaf®) for the
nonlinear coupling factos;; , determining the strength of the
nonlinearity, contains the transition dipole moment the
mode lasing frequencies;, the refractive index, and the

group indexny. The intraband carrier relaxation rajg is

defined asy.= v.v,/(y:.t v,), with the intraband energy
relaxation rates for the conduction and valence bampgand

v, , respectively, which are the inverses of the corresponding
relaxation timesr. and r,. The polarization relaxation rate

is y=1/7,,, with the polarization relaxation time;,. The
factor C;; /C; accounts for a spatial mode overlap factor, FIG. 4. Average photon numbers of the main and 8@ and
which we set approximately equal to 1 for the longitudinalLW) side modes, calculated as a function of the side mode loss
modes in the diode laser waveguide, thereby neglecting spgarameter, for the free-running and the injection-locked diode laser.
tial inhomogeneities. There exists some controveisy]  Also shown is the side mode suppressi@MS) ratio. TraceA,
about the correct values for the parameterand 7 in Eq.  Photon number of the main mode; traBe photon number of the
(5). From a comparison of our experimental results with thelW side mode; trac€, photon number of the SW side mode; trace
predictions of our model, we find that we have to identify D, SMS of the SW side mode; traég SMS of the LW side mode.
with the linewidth enhancement factor amdvith the polar- 1€ parameters are=6 andm=0.9997. All other values are given
ization relaxation timer;, to obtain a realistic magnitude for " the text

the nonlinearity. Thus the experimentally observed asymmet-

ric nonlinear gain has to arise from a pulsation of the excited10ton numbe(traceA) remains constant for all values pf
electron population rather than from intraband effects. whereas the side mode photon numbgiracesB and C)

For our calculations we used the following numerical pa-decrease with increasing side mode losses. Our model pre-
rameter values, which have been used elsewhere to modgicts very WeII_ the asymmetric intensity distribution for the
Al,Ga _,As diode lasergthe corresponding references are SW and LW side modes and the values for the S(M&ces
given): Bo=2.7x10"% [11], 7°P=5%10"9 s, r,=r,= D an_d E) that were measured for_ the free-running and
5x10~ 1 5[22], r;,=1.2x10" ¥ s (7, can change within injection-locked lasers. By a comparison of the SMS values

one order of magnitude depending on the wavelength an@ Fig. 4 with the experimentally obtained SMS ratios, one

i _ - _ identify the corresponding values of {gd — p), which
electron density; sg@3]), u=4.8x10 2°C m,[24], n=3.6, &! _
ng=4, anda=3[19]. Typical values for the facet reflectivity 2¢ less than-3.5 (FR) and —3.5 to —2 (L), respectively.

of the SDL 5410-C diode laser are 3—6%. Correspondingly:tn Olﬁr §imu|atior|1 trll(edv?lues of Ilc?ghl_p): ~8510 _ﬁ .
the decay time due to output coupling was chos@f= 0f the injection-locked laser yield the same SMS as the in-

7x10~'2's. In order to obtain the experimentally observedjeCtion of 15-500uW of master laser light into the diode

guantum efficiency of 68%, we assumed a decay time due gser cavity, respectively._The experimentally measureq mas-
internal losses 0f2°=1.5x10 11 s. The pumping rate ter laser power of 1 mW in front of the slave laser collimat-
0 - . .

=1 pump/lth Was set to the values used in the experiments for'9 lens[16] is in good agreement with those predicted val-

the free-runnina and iniection-locked | 6 th ues if one considers the imperfect mode matching of master
s ga jection-locked laser=(6) or © and slave laser radiation. A calculation of the SMS for the
grating feedback laser €9). A value of the self-saturation rating feedback laser with parametars 9. m=0.9996
parametess;=0.01 led to theoretical predictions that agreedg 9 P ’ : '

; ) . . . and logy(1—p)> —2 reveals qualitatively similar results to
best with the experimentally observed intensity noise. those in Fig. 4, but the theoretically obtained difference in

the SMS of the SW and the LW side modgs0.5-dB dif-
IV. THEORETICAL RESULTS ference fo_r a SMS of 45 dB and a 0-dB differ_ence for a _SMS
of 55 dB) is too small compared to the experiméapproxi-
Before we used the theoretical model to simulate the dimately a 2-dB differenge From this we conclude that in the
ode laser intensity noise characteristics we first calculated thease of grating feedback one has to consider a stronger non-
average values for the photon number by neglecting thénearity that is not accounted for by the above values of the
Langevin noise terms in Egél) and(2) and setting the time parameters that contribute to the nonlinear coupling factor.
derivatives to zero. The relative gain parametewas cho-  This stronger nonlinearity arises due to the fact that in the
sen such that the resulting photon numbers agree with thgresence of an external resonator the diode laser spectrum
experimentally observed values. Figure 4 shows the calcuwzonsists of the diode laser longitudinal modes, with a mode
lated mean photon numbers and the side mode suppressispacing of approximately equal to 50 GHz, superimposed by
of both the side modes vs the loss parametey{dg-p) for  the modes of the external resonator, which have a much
r=6 andm=0.9997, corresponding to the cases of the freesmaller spacingapproximately equal to 4 GHizThe excited
running and injection-locked diode lasers. The main modeelectron population can react to the mode beating with the

Photon Number
[gr] oney uoisssiddng spojy spIS

Loss Parameter log,, (1-p)
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Normalized Intensity Noise [dB]
Normalized Intensity Noise [dB]

Loss Parameter log,, (1-p) Loss Parameter log,, (1-p)

FIG. 5. Intensity noise at 30 MHz for various mode combina-  FIG. 6. Intensity noise at 30 MHz for various mode combina-
tions of the free-running and injection-locked diode laser, calcu+ions of the grating feedback diode laser, calculated as a function of
lated as a function of the side mode loss parameter. TAaceain the side mode loss parameter. Tragemain mode only; trac®,
mode only; traceB, main mode with the SW side mode; traC¢  main mode with the SW side mode; traGe main mode with the
main mode with the LW side mode; tradk total diode laser in- LW side mode; trac®, total diode laser intensity. The parameters
tensity; traceE, LW side mode; tracé, SW side mode. The pa- arer=9 andm=0.9996. All other values are given in the text. The
rameters are=6 andm=0.9997. All other values are given in the shaded regions indicate the side mode loss parameter ranges for the
text. The shaded regions indicate the side mode loss parametgrating feedback diode laser with different SMS ratios, as discussed
ranges for the free-running and the injection-locked diode laserin the text.

respectively. L . .
the injection-locked laser. The exact value of this total inten-

time constant of the relaxation oscillation frequency approxi-sity noise is found to depend strongly on the values of the
mately equal to 2.5 GHz. Thus the nonlinearity is muchself-saturation parametes and the strength of the cross-
stronger for a beat frequency due to external cavity modemode gain saturation parameter . These parameters, on
than for the beat frequency due to diode laser longitudinathe other hand, are subject to material parameters of the
modes. semiconductor lasing medium, such as carrier-carrier and
With the calculated mean photon numbers one can nowarrier-phonon scattering times, which influence the typical
obtain the frequency-dependent intensity noise spectra faklaxation times. We note that the contribution of both the
the individual modes and arbitrary mode combinations. Foself-saturation and the cross-mode gain saturation to the non-
that purpose the standard linearization and Fourier transfordinear gain are necessary to predict the experimentally ob-
procedure[4] is performed. Figure 5 displays the intensity tained total intensity noise and asymmetry. This clearly indi-
noise, calculated for different combinations of simulta-cates that the total intensity noise depends strongly on the
neously detected modes at a noise frequency of 30 MHz, viaihomogeneous contributions to the gain saturation in the
the loss parametey, for the case of the free-running and the diode laser, which change the asymmetric mode anticorrela-
injection-locked laserr(=6 andm=0.9997). The noise lev- tion and in turn depend on the ratio of the side mode sup-
els are each normalized to the respective SQL, employingression.
the accompanying average photon number of each mode. The range in Fig. 5 with values of lggl—p)>—-2
The asymmetric intensity noise characteristics experimenwould in fact represent a grating feedback laser with a pump
tally determined for the free-running and the injection-lockedrate ofr =6. For a comparison of the experimentally mea-
laser are well reproduced for values of {gld—p) of less  sured noise values with the predicted asymmetric intensity
than —3.5 (FR) and approximately equal te-2.9 (IL), re-  noise characteristics of the investigated grating feedback di-
spectively, indicated by the shaded regions in Fig. 5. In bottode laser, Fig. 6 shows a detailed diagram, calculated with
cases the main mode intensity noig&ceA) is well above r=9 andm=0.9996. The experimentally observed SMS ra-
the SQL. The noise level of the main mode detected togethaios of 45 and 55 dB are reproduced for values of;§6t
with the SW side modétrace B) is slightly lower and the —p)=-1.55 and —1.45, respectively, indicated by the
main mode plus the LW side mode noideaceC) is evi-  shaded regions in Fig. 6. In our simulation the values of
dently lower than the noise of the main mode only. The siddog,;(1—p)=—1.55 to —1.45 correspond to a back reflec-
mode intensitiegtracesE andF) exhibit very large fluctua- tion of 1.5—-2.0 mW from the external grating into the diode
tions despite their low photon numbers. The total intensitylaser cavity. From the measured free running power and the
noise(traceD) is much lower due to the anticorrelation be- known grating efficiency we estimate that the reflected
tween the main mode fluctuations and the side mode fluctuggower from the grating was approximately 20 mW in front
tions. It depends strongly on the value pfand is slightly  of the collimating lens. The theoretical and experimental val-
above the SQL for the free-running laser and squeezed fares are in reasonable agreement if the imperfect coupling of
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frequency because the damping is enhanced by the nonlinear
gain[15]. Due to the anticorrelation of the main mode with
the side modes, the main mode intensity ngtseceC) also
shows a large low-frequency enhancement, falling off to-
wards higher frequencies and rising again at the main mode
relaxation oscillation frequency of 2.5 GHz. The model pre-
dicts correctly the amplitude squeezing of the total intensity
(traceD) for noise frequencies from 10 to 100 MHz and also
the increase of the total intensity noise towards lower fre-
quencies to values slightly above the SQL, as was found
experimentally(compare to Fig. B This increase is caused

by an imperfect anticorrelation of the side modes and the
main mode due to the above-discussed gain inhomogeneities.
A perfectly homogeneous broadened gain medium would ex-
hibit amplitude squeezing over the complete frequency range
below the relaxation oscillation resonance, as can be simu-
lated with the theoretical model for values §=0 andeg;;

=0. The strength of the low-frequency noise enhancement
again depends largely on the strength of the self-mode and

FIG. 7. Intensity noise spectra of the injection-locked diode la-CrOSS-mode gain saturation and may vary between different
ser, calculated as a function of the noise frequency. TAadeng- ~ diode lasers. We note once more that both contributions to
wavelength side mode; trad short-wavelength side mode; trace the nonlinear gain are necessary to predict the experimen-
C, main mode; trac®, total diode laser intensity. The parameters tally obtained total intensity noise and asymmetry.
arer=6, m=0.9997, and log(1—p)=—2.9. All other values are

given in the text.
V. CONCLUSIONS

back-reflected light into the active region of the diode laseris We have presented spectrally resolved measurements of
considered, such as caused by uncompensated astigmatisiie intensity noise of pump-noise-suppressed, single-mode
and back reflection under a slight angle. In both cases thquantum-well diode lasers in different configurations. The
total intensity noisdtraceD) is well below the SQL due to results revealed a strong asymmetry between the intensity
the strong mode anticorrelation, which in turn is subject tonoise of the weakly excited short- and long-wavelength side
the high SMS. In the first case the asymmetric intensity noisenodes and their contribution to the total diode laser intensity
values of Fig. 2 for the grating feedback laser are clearlynoise. Thus our investigations show that the anticorrelation
predicted. The main mode intensity noideaceA) is a few  of the side modes with the main mode is spectrally asymmet-
decibels above the SQL, the main mode plus the SW sideic. Our experimental results are in good agreement with the
mode noisdtraceB) is only slightly above the SQL, and the predictions of a three-mode Langevin rate equation model
main mode plus the LW side mode noigmceC) exhibits a  including gain inhomogeneities due to self-mode gain satu-
modest squeezing. In the second case the main mode interation and cross-mode gain saturation. In particular, we find
sity noise is at the SQL, whereas any other combination ofhat asymmetric nonlinear gain is the origin of the experi-
detected modes shows amplitude squeezing. This again is mentally observed asymmetry of the mode anticorrelation.
good agreement with the experimental observations. For th€he diode laser total intensity noise depends strongly on the
case of the grating feedback laser, single-mode squeezirighomogeneous contributions to the gain saturation, which
should be obtainable for values of Igfl—p)=—1.4, as change the asymmetric mode anticorrelation and in turn de-
was reported previously11]. We note, however, that the pend on the ratio of the side mode suppression. The total
exact value of the main mode noise depends strongly on thiatensity noise and the low-frequency intensity noise en-
strength of the gain nonlinearity and might be different forhancement, which limits the range of noise frequencies for
the various types of diode lasers. which amplitude squeezing is obtainable, result from an im-
Our model can also predict the above-reported low-perfect cancellation among the main and side mode fluctua-
frequency intensity noise enhancemésee Fig. 3, limiting  tions and are reproduced correctly by the model. The predic-
the range of noise frequencies for which amplitude squeezions of our model for the absolute value of the total intensity
ing can be generated. Figure 7 shows the calculated noig®ise, for the possibility to generate single-mode squeezing,
spectra for different modes and the total intensity of theand for the low-frequency intensity noise enhancement de-
injection-locked laser, calculated with the parameterss,  pend critically on the strength of the self-mode and cross-
m=0.9997, and log(1—p)=—2.9. The LW and SW side mode gain saturation. Since these contributions are subject to
modes(tracesAandB) exhibit a very large intensity noise at material properties of the semiconductor lasing medium,
low frequencies that rapidly decreases towards higher fresuch as relaxation times, they should change considerably for
guencies. This low-frequency side mode noise is due to thdifferent types of diode lasers. This critical dependence
relaxation oscillations of the weakly excited side modes. Be<could thus explain why different diode lasers exhibit a com-
cause of the weak excitation of the side modes, their relaxpletely different intensity noise characteristic and why some
ation oscillations occur at low frequencies. The strength obf them fail to produce amplitude squeezing even though the
the relaxation oscillations damps out strongly with increasingexperimental requirements for that are fulfilled. The investi-
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gation and the modeling of asymmetric effects in diode laseas high-sensitivity spectroscopg5,26 or the investigation
intensity noise may thus contribute to the understanding obf quantum noise properties of diode pumped solid-state la-
the generation of amplitude squeezed light with diode laserssers[16] and diode pumped continuous-wave optical para-
Additionally, a systematic study of the dependence of diodénetric oscillatorg27].

laser intensity noise characteristics on semiconductor mate-

rial properties, such as relaxation times, could lead to the ACKNOWLEDGMENTS
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