Direct measurement of coherent light proportion from a praetieal-laserseuree
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We present a technique to estimate the proportion of coherent emission in the light emitted by

a w&eﬁeﬁ%%weﬁwmm w1th0ut spectral ﬁlterlng, ustng—interferometrie

by measuring photon

QQQQ@\Q%@\ between the hght emltted from the output ports of an asymmetrlc Mach-Zehnder inter-
ferometer. Using this technique, we determine the proportion of coherent emission of the brightest
mode in the light emitted by a laser diode, in a statistieal-mixture of light frem—stimulated-and
wmmm emission, and a statistieal-mixture of light frem-stimulated
with coherent emission at two distinguishable spectral bands.

I. INTRODUCTION

In traditional models describing macroscopic lasers,
the laser undergo a sharp transition from undergoin

spontaneous emission, to dominantl stimulated
emission [2-4]. An ensemble of light emitters undergoing

stimulated emission will emit coherent light that has a
well-defined phase, whereas an ensemble of light emitters
undergoing spontaneous emission will emit incoherent
light which is randomly phased [5].

However, experiments on small lasers have—shown
suggest that the transition from spontaneous to stimu-
lated emission is not abrupt, but extends over a range for
the-prmp-power{6-IE0—of pump powers [6/14]. Across
this range, the light emitted from the laser is a mixture
of spontaneous and stimulated emission.

In—these—experiments—Thus, observations of the
transition from spontaneous to stimulated emission
was—characterized by-require methods to_measure_the
proportion_of coherent light or incoherent light in
this_mixture. In_these experiments, the proportion
of coherent and_incoherent light emitted by the laser
were estimated by measuring the second-order photon
correlation ¢, which corresponds to the distribution
of timing separations between single photon detection
events, using the standard Hanbury-Brown and Twiss
scheme_ [I5]. The measurement result can be explained
using Glauber’s theory of optical coherence [16], where
incoherent light from spontaneous emission would exhibit
a “bunching” signature with ¢ (0) > 1, while coherent
light from stimulated emission exhibits a Poissonian dis-
tribution with ¢(® = 1.

the—The operating conditions where the laser emits
dominantly coherent light would then be estimated to
be where g®) 1.

A limitation of using second-order photon correlation
to quantify the proportion of coherent and incoherent
light emitted by the laser, is due to_ situations where
incoherent _light _exhibits _¢®) ~ 1, _indistinguishable
from_the same measurement of coherent light. For

example, when the spectral width of the light;aeccording
te—the—&%eﬁef-lﬁﬁﬂteh}ﬁe—theefem—felﬁteé—thmﬂgh—d

incoherent light is broad, the characteristic timescale
of the “bunching” signature is small , to the
extent that it may be smaller than the detector timing
resolution. As the amplitude of the “bunching” signa-
ture scales with the ratio of characteristic timescale of the
light to the timing response of the detectorsf20l—Thus;

uneertaintysecond-order photon correlatlons measurment
of incoherent light exhibits ¢® & and fails to

distinguish if the laser is emlttln coherent 1i ht inco-

herent light s
mixture of the two.

To overcome the failure to_characterise_the light
emission from ¢® due to limited detector timing
uneertaintyresolution, a narrow band of inecherent-light
can be prepared with filters from a wide eptical-speetrumm
of—an—incoherent—lieht—seureelight source with a wide
optical spectrum [21]. The narrow spectral width of a fil-
tered incoherent light has a correspondingly larger char-
acteristic coherence timescale, which may be long enough
to be resolvable by the detectors.

HeweverNevertheless, for characterising the transition
from spontaneous to stimulated emission of a laser, such
spectral filtering presents some shortcomings. First, as
spectral filtering discards light outside the transmission
window of a filter, a result would be inconclusive for
the full emission of the source. Second, spectral filter-
ing requires a priori information or an educated guess of
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the central frequency and bandwidth of stimulated emis-
sion. Third, it has been shown that spectral filtering
below the Schawlow-Townes linewidth of the laser result
in g™ (0) > 1, similar to light from spontaneous emis-

sion [22].

This—metivates—for —methods—quantifying—These
shortcomings motivate for methods that quantifies the

proportion of coherent or incoherent light emitted by a
laser source without the need for spectral filtering—#A

befere{Hl—— in order to properly characterise the

transition of laser diode emission from spontaneous to
stimulated.

In this paper, we present a method to quantify
beunds—fer—the proportion of coherent light for a con-
tinuous wave laser, without the use of spectral filters.
Specifically, we investigate the brightest mode of co-
herent emission from a semlconductor laser dlode with-
out spectral filtering, by wusing
eerre%&&em—E&ﬂ&er—meﬂ&ed&W@er

hoton correlations between the light emitted from

the output ports of an asymmetric Mach-Zehnder
interferometer. This measurement, also known as

interferometric photon correlation, was originally applied
to differentiate between incoherent light and coherent
light with amplitude fluctuations . Earlier variations

of interferometric photon correlation measurements were
used to study spectral diffusion in organic molecules
embedded in solid matrix [24, 25]. The—method—of

—In contrast to second-order photon correlations, this
method can clearly distinguish between a finite linewidth
coherent light and broadband incoherent light—[26}—We

wse—this—, _and has temporal features related to_the
features of standard second-order photon_ correlations.

We extend the use of interferometric photon correlation
as a method to extract the fraetien-proportion of coher-

ent light emitted by the laser diode over a range of pump
powers-operating currents across the lasing threshold;—.

}. ] .“ . ) } -

Using this method, we were also able to identify a
regime above the lasing threshold where the proportion
of coherent light significantly reduced over a range of
operating currents. Further investigation revealed that
the laser was emitting into two distinguishable longitudi-
nal modes —in this regime. If conventional second-order
correlation was used, this regime of multimode operation
may_have been overlooked as ¢'*) =1 even when these

two longitiudinal modes are incoherent with respect to
each other [27, 28].

delay fiber
(A~900ns)

FIG. 1. Experimental setup for measuring interferometric
photon correlations. Light from a laser diode enters an asym-
metric Mach-Zehnder Interferometer Singe photon avalanche
photodetectors (APD) & s-at each
output port of the 1nterferometer W@S‘E@
events, which are time-stamped to extract the the correla-
tions numerically.

II. INTERFEROMETRIC PHOTON
CORRELATIONS

The setup for an interferometric photon correlation
measurement ¢®>%) is shown in Fig. Light emitted
by the laser diode is sent through an asymmetric Mach-
Zehnder interferometer, with a long propagation delay A
between the two paths of the interferometer that exceeds
the coherence time of the light.

With a light field E(t) at the input, the light fields at
the output ports A, B of the interferometer are

Ban() - TS, 1)

with the relative phase shift m acquired by one of the
output fields from the beamsplitter.

¢ se SO ele : s—the-The
temporal correlation of photodetection events between
the two output ports is given by

Thereintherein, () indicates an expectation valueand/er
an-ensemble-average—. Using Eqn. g(2X)(t2 — 1) can



be grouped in several terms:
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The first two terms have the form of conventional second-
order photon correlation functions ¢(®)(t, —t;). The next
two terms are conventional second-order photon corre-
lation functions, time-shifted forward and backward in
their argument by the propagation delay A in the in-
terferometer. The last two terms have negative signs
and reduce ¢(2%¥) | leading to a dip at zero time difference
ty—+trtly — 11 = 0, with a width given by the coherence
time of the light.

The expectation values appearlng in Eqn. 3 I for ¢(2%)
can be evaluated by using st jeal-expressions [B] of

E(t) for incoherent light and coherent light [26].

For  incoherent  light, g% exhibits a
“bunching”  signature peaking at  time differ-
ences plus and minus the propagation delay,
gAY =1+ H4g@O (LA) =1+ (1/4). At zero-
time difference, the expected “bunching” signature from
conventional second-order photon correlation functions
in the first two terms of Eqn. [3| and the dip from the
last two terms of Eqn. [3] cancel each other, resulting in
9¥(0) =1 —(see Fig. Bl top). _

For coherent light, since the second-order photon cor-
relation function ¢(® has a constant value of 1, the ¢(2%)
will show the negative contrlbutlonb from the last two

terms of Eqn. |3 resulting in ¢(2 =1/2—
bottom).

III. EXTRACTING FRACTION OF COHERENT
LIGHT EMITTED IN A MIXTURE

In order to obtain an interpretation of the nature of the
light emitted beyond just presenting the components of
g% we consider a light field that is neither completely
coherent nor incoherent. We assume that light emitted
by the laser is a mixture of coherent light field Ecop,
and an—uneorrelated—a light field Fyy. —which-nature
uncorrelated £0 Eeay._ The nature of Fyye can be co-
herent, incoherent, or a coherent-incoherent mixture. In
the following, we try to extract quantitative information
about the components from the interferometric photon
correlations ¢(>¥), namely the fraction of eeherent-light
intensity of the brightest coherent component in the light
field, and a collective treatment of all the rest.

6 \
2 I
5
4 1
@ 05 0.75 1
&g 3
()]
2 ,,,,,
1 ,,,,,,,
0 |
0 0.5 1 1.5 2 2.5 3
9lZx0)
(2X)

FIG. 2. Combinations of gunc(()) and g,..>’(0) that correspond
to physical and real-valued p. In shaded areas, no such solu-
tion exist. Inset: Zoom into the region 1 < glﬁ)c(O) < 2, where
the uncorrelated light source is assumed to be a mixture of

coherent and completely incoherent light, and thermal light.

We model the light field mixture with an electrical field

le( ) \[Ecoh ) + V 1- pEunc(t)7 (4)

where p is the fraction of eeoherent—light inten-
sity of the brightest coherent emission, and the re-
spective light field terms are normalised such that
}Ercsl = }Ecoh} = {Euncl Enixl = |E =|E .
Evaluating photon correlation in Eqn. [3|with this light
model, and further assuming that {H-first, the propa-
gation delay in the interferometer is significantly longer
than the coherence time scale of the light source, and {2}

second, the interferometer has good visibility yields

,3L+M @ (0), (5)

(2X)
0) = 2/7
( ) 2 9 Yurc

gle

at zero time difference, with only two remaining param-
eters, p and gunC(O), the zero time difference second or-
der photon correlation of the uncorrelated field (see Ap-
pendix [A)).

The—econneetion—in—Using Eqn. [f] together with the

physical requirement—constraint 0 < p < 1 for the co-
herent light fraction limits the p0551b1e combinations

of gﬁ)c(O) and gr(fif)(O), shown as non-shaded areas in
Fig. [2} the exact expressions for the boundaries are given
in Appendix
We can now further assume that the nature of the un-
correlated light source is some mixture of coherent and
completely incoherent light (¢?(0) = 1), and thermal
light (¢ (0) = 2). This constrains the second-order pho-
ton correlation of the uncorrelated light:
1< g (0) <2. (6)

unc

We impose these bounds in Eqn. and extract the
bounds to the fraction of echerenttight-of-light intensit



in the brightest coherent emission p with an upper bound,

p<\J2—242%)(0), (7)
and a lower bound,

5+ /B 1),
P22 2429().
(8)

with gr(fif)(O) ranging from 1/2 for fully coherent light,
to 1 for fully incoherent light.

In practice, these two bounds for p are quite tight,
and allow to extract a fraction of coherent light in an
experiment with a small uncertainty.

fori < g% (0) <
for 3 < g% (0) <

IV. EXPERIMENT

In our experiment, we measure interferometric pho-
ton correlations of light emitted from a temperature-
stabilised distributed feedback laser diode with a central
wavelength around 780 nm.

The setup is shown in Fig. Interferometric pho-
ton correlations are obtained from an asymmetric Mach-
Zehnder interferometer, formed by 50-50 fibre beamsplit-
ters and a propagation delay A of about 900 ns through
a 180 m long single mode optical fibre in one of the arms.
Photoevents at each output port of the interferometer
were detected with actively quenched silicon single pho-
ton avalanche photo diodes (APD). The detected pho-
toevents were time-stamped using a timetagger with a
resolution of 2 ns for an integration time 7.

The correlation function g% is extracted through his-
togramming all time differences t5 —t1 between detection
event pairs in the inverval T numerically;—whieh—aHeovws
for-a—cleannormalization—,_The resulting correlation is
fitted to a two-sided exponentlal function,

t1)=1—A-exp (_M) )
Te

where 7. is the characteristic time constant of the coher-
ent light, and A is the amplitude of the dip. The value of
g%)(0) is the extracted from the fit as 1 — A. Examples
of measured correlation functions and corresponding fits
for different laser powers are shown in Fig.

g(2X) (tz

A. Tranisition from incoherent to coherent light

A transition from incoherent to coherent emission is
expected as the laser current is increased across the lasing
threshold of the laser. We identify the lasing threshold
of a laser diode Iy ¢, by measuring the steepest increase
of optical power with the laser current (see Fig . For
our diode, we find Iy, ;, = 37mA.
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FIG. 3. Interferometric photon correlations g(3*) for different
laser currents I1,, extracted from a histogram of photodetector
time differences (green symbols). The error range at a specific
time bin indicates an expected uncertainty according to a
Poissonian counting statistics. The black solid lines show a
fit to Eqn. EI, resulting in values for A (from top to bottom)
of —0.0006 +0.0003, 0.326 £0.008, 0.45540.002, respectively.

102

o}

101
100
1071

power (mW)

102
1073

LA AL AL AL WAL IR

\ \ \ \
60 80 100 120

104 ‘

o
N
o
AN
o

current (mA)

FIG. 4. Measured laser power against laser current I;,. The
sharpest change in current was measured at Iy, = 37mA,
indicating the threshold current (dashed line).



To observe the transition from incoherent to coherent
emisssion, we measure the fraction of esherent-light in-
tensity of the brightest coherent component in-the-tight
field—p , at different laser current I; across the lasing
threshold, extracted from ¢(*%) measurements. The in-
terferometric photon correlation measurements as a func-
tion of the laser current areund-thelasingthresheld-are
shown in Fig. [5| (top part). The amplitude of the dip is
then extracted by fitting these measurements to Eqn. [0}
from which the upper bound and lower bound of the frac-
tion of eeherent-light from the most dominant coherent
emission p is extracted (see Fig. |5, middle part).

From the fit, the fraction p of coherent emission re-
mains near 0 when operated below threshold. Above the
lasing threshold at 37 mA, p increases with I, in a phase-
transition manner, reaching p = 0.986 (90% confidence
interval: 0.982 to 0.989) at I, = 120mA. This agrees
with the expectation that the emission of the laser diode
is increasingly dominated by stimulated emission past the
lasing threshold[29] 30].

Near the lasing threshold, a tight upper and lower
bound of p is observed, in agreement with the expectation
that emission of light with a statistieal-mixture of coher-
ent and incoherent light from the laser diode is expected
when operating it near its lasing threshold [29] 30].

The coherence time of the coherent light 7. can also
be extracted from fitting ¢(>X) measurements to Eqn. EI
(bottom Fig. [5). We observe that the coherence time
increases with the current after the threshold current,
before reaching a steady value between 300 to 350mns.
The increase of coherence time correspond to a narrowing
of the emission linewidth, agrees with predictions from
laser theory, that line narrowing is expected with an in-
crease in pumping of the laser (here an increase in laser
current)[30]. An oscillation of the coherence time is also
observed starting at the-abeut-66 mA, with a periodicity
of about 6 mA.

B. Light statistics near a mode hop

Above the lasing threshold, the laser oscillates at differ-
ent longitudinal modes for different laser currents. The
technique to extract the fraction of coherent and inco-
herent light allows to investigate the behavior also in
the transition—regimebetween—regime where oscillation
on different longitudinal lasing modes is observed.

For-this;we-In_measuring the proportion of coherent
light p for different operating cwrrents, we observed a
W<Wmmﬁhm

meabured the spectrum of light emitted by the laser
diode at - 2 : 5

over this range of currents with an optical Spectrum anal-
yser based on a Michelson interferometer with a spectral

resolution of 2 GHz (Bristol 771B-NIR). Fhe-taserdiode
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FIG. 5. Top: Interferometric photon corrrelations ¢>*) for
different df'w&gpve\@givn\gvcurrents Ir,. Middle: Corresponding
upper bound of fraction p of coherent light (red) extracted via
Eqn. and the lower bound (blue) extracted via Eqn.
from g**)(0). The dip in p is a result of emission at multiple
ehep-chip modes as explained in Section The inset shows
the extracted bounds for p at finer steps of laser current near
the lasing threshold. Bottom: Coherence time of coherent
light 7. extracted from g(2X ). The dashed line indicates the
threshold current I, = 37 mA.

At laser currents between 49.0mA and 52.4 sAmA, two
distinct narrow spectral bands of light were emitted b
the laser diode with a varying power ratio, suggestin
emission in two chip modes. Outside this window, only
one of the modes was present. Below 49.0mA, the laser
emission was centered around 780.07 nm, above 52.4 mA
around 780.34 nm,

The power fractions rq, g of these two chip modes a and

[ emitting respectively at powers P, g near this transi-
tion,

Pa s
P, + P[g ’

undergo a nearly—linear—transition—transition from a
chip mode with emission wavelength centered around

T, = (10)
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FIG. 6. Different chip modes of the laser diode are excited for
different currents, resulting in a reduction of the ¢g*%) signa-
ture in a mode competition regime. Top: Power ratios r,, 3 as
a function of current for the chip modes o and 8 emitting in
narrow bands around 780.07 nm (solid squares) and 780.34 nm
(hollow circles), respectively. Bottom: Upper bound of frac-
tion p of coherent light (red) extracted via Eqn. and the
lower bound (blue) extracted via Eqn. from ¢%)(0).

780.07nm to another chip mode with centered around

We measured ¢(>%) in the same transition regime and
extract-at_finer current steps and extracted the propor-
tion of coherent light from the mest-deminant-brightest
coherent emission p as described above (see Fim
tom trace). In the transition regime, the fraction p of co-
herent emission extracted this—weay— m%decreases
when there is emission at multiple chip modes, and in-
creases again when the emission approaches a single chip
mode. Fhis—Based on our model of the light field in
Eqgn. [ this can be interpreted as the light of one emis-
sion band being uncorrelated to the light of the other
emission band, although the light in each band is coher-
ent with itself.

V. CONCLUSION

We presented a method to extract the proportion of co-
herent light emitted by a laser diode without the use of
spectral filters, using interferometric photon correlations.

As a demonstration, we measured interferometric pho-
ton correlations of light emitted from a laser diode over

a range of operating currents&eﬂi—bhe—hvﬂﬁg—bhfeﬁyhe)}dr

. and extracted the proportion of eoherent—ight—light
Wemltted from the brightest coherent emission,

showing an increase in proportion of coherent light emis-
sion as the operating current was increased past the las-
ing threshold. We also used this technique to character-
ize the coherence of emission in a transition-regime-mode
hop between longitudinal modes above the lasing thresh-
old, and find a reduction of the fraction of coherent light
there, suggesting that the two longitudinal modes can be
viewed as independent and mutually incoherent coherent
emissions. Apart from the characterisation of lasers, this
method may also be useful in practical applications of
some continuous-variable quantum key distribution pro-
tocols [311, B2], where the noise of a coherent state source
such as a laser, may need to be characterised [33H35].

Appendix A: Interferometric photon-correlation for
a mixture of light fields

We show here in further detail the derivation of Eqnl]
by calculating the interferometric photon correlation us-
ing the model light field in Eqn.

The evaluation of ¢3¥%) via Eqn. [3| requires the
conventional second-order photon correlation function

2 * *

and the last e
containing negatlve signs. For the light field mixture
Eqn. [4] its conventional second-order photon correlation
function is given by

G (ts —11) =
=0” geh(t2 = 1) + (1= p)” g2 (t2 — 1) ,
+2p(1 = p) [L+ Rlglgh (2 — 12) g0 (t2 — )]
(A1)
where ¢(1) is the first-order field correlation function for
the respective component light fields, ¢("* its complex

conjugate, and R[- - -] extracts the real part of its argu-
ment.

The last terms in Eqn. [3] can be written as

<E1t11x(t1)E:;11x(t2 + A)Emix(t2)£?mix(tl + A)>
=0 |g{ih(ts — 1) + (1 — p)2[g{L (b2 — t1) 2
+20(1 = p) Rlglgh (b2 — t1) 9GO0 (t2 — 11)] ’
+2p(1 = p) Rlgioh (D) gl (A)

(A2)

where g()(A) = 0 for our experimental situation of the
propagation delay A significantly larger than the coher-
ence times of the respective light sources. Note that all
terms in Eqn. are real-valued.

With this, the interferometric photon correlation at

= @)t —¢
“2)two terms in Eqn.

E



zero time difference is given by

Gumie (0) =
1
= Jlonh(A) + gk (=4

+2(p? g2 (0) + (1 — p)? gL (0) + 2p(1 — p))

=20 lgian (O + (1 = )9 (0) ).
(A3)
We make further assumptions that the propagation de-
lay in the interferometer A is significantly longer than
the coherence time scale of the light source, such that

2) (£A) =~ 1, the interferometer has good visibility,

Imix

such that ¢4{0)y~1[g)(0)| ~ 1, and for the second

order photon correlation of the coherent light field is

g(fgh(O) = 1. The evaluation of these assumptions in
Eqn. [A3] leads to the relationship shown in Eqn.

Appendix B: Boundaries of physically meaningful
combinations of interferometric correlations in a
mixture

Assuming a binary mixture of the light field as per
Eqn. [ the interferometric correlation of the mixture,
(2X)
mix
of the incoherent light, gﬁ)c(O), at zero time difference
are constrained by relation Eqn. Further assuming

the physical requirement 0 < p < 1 for the coherent light

fraction gives a lower bound for gl(i)c(O),

(0), and the conventional second order correlation

0, g (0) < 3
2X
92(0) 2 {3+ Tty g 0 €31 (BY)
20 (0) ghi (0) > 1
For gr(fif) (0) € [0, 3), there is an upper bound for gl(ﬁl)c(O)7

92.(0) < 24%9(0).

unc mix

(B2)

Appendix C: Error propagation from fitting of g%

measurement

Standard techniques in propagation of uncertainties
are not used, as the expressions in Eqn. would lead to
indefinite values of uncertainties at some values of A. We
thus extract the upper and lower bounds of p by perform-
ing a change in variables from the probability density of

A.

The probability density of A is assumed to be a normal
distribution with a mean value and standard deviation re-
spectively the value and uncertainty of A extracted from
the curve fitting of g% to Eqn. Iﬁ

The probability densities describing the upper and
lower bounds of p is obtained from a change of variable
from A by rewriting Eqn. in terms of A. The trans-
fomation of the upper bound is

p= V24, (C1)
and the lower bound,
24, for0< A< 2
p{1+1\/4,4 I fortcacis (D
272 - rg=az=j3

We exclude non-physical values of p by setting the
probability density outside the domain 0 < p < 1 to 05
t6-0—. The probability density is renormalised by divid-
ing over its integral. From these probability densities of
the upper bound and lower bound of p, we compute the
expectation of p and its 90% confidence interval, which
would be reported respectively as the data points and
errorbars in plots which contains measurements of p.
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