Direct measurement of coherent light proportion from a practical laser source
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We present a technique to estimate the proportion of coherent emission in the light emitted by
a practical laser source without spectral filtering, using interferometric photon correlation measure-
ments, where photon correlations are measured between the light emitted from the output ports
of an asymmetric Mach-Zehnder interferometer. Using this technique, we measured the proportion
of coherent emission in the light emitted by a laser diode, in a statistical mixture of light from
stimulated and spontaneous emission, and a statistical mixture of light from stimulated emission at

two distinguishable spectral bands.

I. INTRODUCTION

The theories that lead to the invention of lasers can be
traced to the papers describing the emission process of
the light from an atom to be spontaneous or stimulated
[1]. 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 [2].

In traditional models of macroscopic lasers [3H5], the
light emitted from a laser is modeled to originate domi-
nantly from stimulated emission. These models also pre-
dict a phase transition of the nature of emission at the
lasing threshold of the laser, separating two operating
regimes where light emitted is either spontaneous or stim-
ulated.

However, experiments on small lasers have shown that
the transition from spontaneous to stimulated emission is
not abrupt, but extends over a range for the pump power
[6HIO]. Across this range the light emitted from the laser
is a mixture of spontaneous and stimulated emission.

In these experiments, the transition from spontaneous
to stimulated emission was characterized by measur-
ing the second-order photon correlation ¢(?), which cor-
responds to the distribution of timing separations be-
tween single photon detection events, using the standard
Hanbury-Brown and Twiss scheme [I1I]. The measure-
ment result can be explained using Glauber’s theory of
optical coherence [12], where incoherent light from spon-
taneous emission would exhibit a “bunching” signature
with ¢ (0) > 1, while coherent light from stimulated
emission exhibits a Poissonian distribution with g(® = 1.

The “bunching” signature associated with incoherent
light has a characteristic timescale inversely related to
the spectral width of the hght accordmg to the Wlener—
Khmtchlne theorem s—als

eﬁeugh—%related throu ha Fourler transform In

a practical measurement, the amplitude of the “bunch—
ing” signature scales With the ratio of characteristic
timescale of the light to the timing response of the detec-
tors [16]. Thus, when the spectral width of the incoher-

ent light is broad, to the extent that the characteristic
timescale of the “bunching” signature is smaller than the
detector timing uncertainty, incoherent light may exhibit
g = 1, like coherent light.

To overcome the limited detector timing uncertainty,
a narrow band of incoherent light can be prepared with
filters from a wide optical spectrum of an incoherent licht
source [I7]. The narrow spectral width of a filtered in-
coherent light has a correspondingly larger characteristic
coherence timescale, which may be long enough to be
resolvable by the detectors.

However, for characterising the transition from spon-
taneous 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 emis-
sion of the source. Second, spectral filtering requires a
priori information or an educated guess of the central
frequency and bandwidth of stimulated emission. Third,
it has been demonstrated that spectral filtering below the
Schawlow-Townes linewidth of the laser would result in
g (0) > 1 similar to light from spontaneous emission

This motivates for methods which quantify the pro-
portion of coherent light emitted from the light source
without the need for spectral filtering. A method to char-
acterise the stimulated and spontaneous emission from a
pulsed laser has been demonstrated before [19], which
prompts for a method applicable to lasers in continuous
wave operation.

In this paper, we present a method of using inter-
ferometric photon correlations to quantify bounds for
the proportion of coherent light emfﬁted—ojvtvhvevl)vrlgjltvegg
nmode of coherent emission from a semiconductor laser
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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) generate photodetection events at each
output port of the interferometer, which are time-stamped to
extract the the correlations numerically.

diode without spectral filtering. Interferometric photon
correlation measurements were initially used to study
spectral diffusion in organic molecules embedded in solid
matrix [25] 26], and were also applied to differentiate be-
tween incoherent light and coherent light with amplitude
fluctuations [27]. In contrast to second-order photon cor-
relations, interferometric photon correlations can clearly
distinguish between a finite linewidth coherent light and
broadband incoherent light [28]. We use this method
to extract the fraction of coherent light emitted by the
laser diode over a range of pump powers near the las-
ing threshold, and in the lasing regime above threshold
where coherent light is emitted into two distinguishable
longitudinal modes.

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

E(t) £ E(t+ A)

EA,B(t) = \/i 3

(1)

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

Using these expressions for the electrical fields, the
temporal correlation of photodetection events between

the two output ports is given by

g% (ty — 1)
_ (EA(t)ER(t2) Ep(t2) Ea(ty)) (2)
(EA(t)Ea(t1))(Ep(ta) Ep(t2))

Therein, () indicates an expectation value and/or an en-
semble average. Using expressions in Eqn. [I} the corre-
lation g>%)(t, — ¢;) can be grouped in several terms:

gt — 1)
[(E*(t1) E* (t2) E(t2) E(t1))
H(E*(t1 + A)E*(ta + A)E(ta + A)E(t1 + A))

(E*(

(E™(

(E*(t, + A)E* (t2)E(t2) E(ty + A
(E*(t))E*(ts + A)E

—(E*( )

—(E*( )

=

- -

E*(t + A)E*(t
E*(t1)E*(ta + A)E(t2) E(t, + A

have the form of conven-
tional second-order photon correlation functions
gj—%—éz—)m The next two terms are con-
ventional second-order photon correlation functions,
time-shifted forward and backward in their argument by
the propagation delay A in the interferometer. The last
two terms have negative signs and reduce g%, leading
to a dip at zero time difference to — t1, with a width
given by the coherence time of the light.

The expectation values appearing in Eqn. |3 I for g(2%)
can be evaluated by using statistical expressions [2] of

E(t) for incoherent light —eoherentlight—and-mixtures

thereof-and coherent light [28]. 28—

For incoherent light, g®>%) exhibits a “bunching” sig-
nature peaking at time differences plus and minus the
propagation delay, g>*)(+A) = 1 4+ 1/4. At zero-time
difference, the expected “bunching” signature from con-
ventional 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
g®¥(0) = 1.

For coherent light, since the second-order photon cor-
relation function ¢(® has a constant value of 1, the g2%x)
will show the negative contributions from the last two
terms of Eqn. [3 resulting in ¢>%)(0) = 1/2.

The first two terms

1. EXTRACTING FRACTION OF COHERENT
LIGHT EMITTED IN A MIXTURE

Ea-We _consider a case where the light field is neither
completely coherent nor_incoherent. In particular, we
consider a mixture of ineoherent—and—eoherentJight—
coherent_light_field Eeoy, with an uncorrelated light
field Eupe, which nature of light emission could be

From interferometric photon correlations ¢X)weuld
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senled—pr ionalk heir_fraetion it} T8 ’
we_demonstrate_a_method to_extract information on
the fraction of coherent light intensity of the brightest
coherent emission, over the mean intensity of the

mixture.

The resultant light field of the mixture above can be

written as

le( ) fEcoh ) + V 1-— pEunc(t)a (4)
where p is the fraction of coherent light intensity of the
brightest coherent emission, over the mean intensity of
the mixture. The respective light field terms have been

normalised such that |Fres| = |Feon| = | Funcl-
It follows from Eqn. that the evaluation of
(2X)

second-order _ photon__ correlation __function g\,
(EL(L)E(ts £ D) E(t2)E(t £ 4)),  and_its _complex
conjugate.

For the light field of the mixture described above, the
second-order photon correlation function is

gr(ri)x(t2 - tl)
=02 g0l (ts — t1) + (1 = p)? g2 (t2 — t1) . (5)

+2p(1 - p) [1 + §R[Qcoh(b —t1) gl (t2 — t1)]}

where ¢(1) is the first-order field correlation function

for_the respective component light fields with g'V* its
complex conjugate, and R - .| extracts the real part of
Its argument.

The second last _term in Eqn. B}

(Ehix(t1) Eri (t2 4+ A) Enix (t2) Enix (t1 + A))

=p% |9\ (t2 — t1)? + (1 = p)2|g{L(tz — 1) 2
+20(1 — p) Rlg{L) (b2 — 1) gl (t2 — t1]) . (6)
+02 S (D)2 + (1 = p)?]glhL (D)

+2p(1 — p) Rlg\) (A) gl (A)]

where g(V(A) ~0_when_the propagation delay A is
in_the above expression are real valued, its complex
By substituting FEqn. into Eqn. we evaluate

the interferometric photon correlation at zero-time

difference, _

(2X) (O)

gle

21,2 (2 (_
4[gm1x(A)+gm1x( A) ’ (7)

+2(p? g2(0) + (1 — )% 92L(0) +2p(1 — p))
~2(p% | 5 (0)12 + (1 — p)?195%(0)12)]

Using the fact that ¢2)(0) =1 for coherent light
M) & 1 for an interferometer with good visibilit
and (2) A) ~ 1 for A longer than the characteristic

timescale of the light source, Eqn.[7] reduces to

32 1— 2
37 A=pF o

(2x)
e A VS

Imix (0) =2p —
As_we _consider the scenario where the nature of the

uncorrelated light source is coherent, incoherent light, or
a_coherent-incoherent mixture, the second-order photon
correlation of the uncorrelated light is bounded b

LS gue(0) 2 ©)

unc

We impose these bounds in Eqn. and extract the
bounds to the fraction of coherent light of the brightest
coherent emission p with an upper bound

2 —29(X(0), (10)

and a lower bound,

3 —4¢(2X)(0),

p>42t3 for 3 < g*%)(0)
2 -29%%0),

for 3 < ¢(2%)(0)

(11)
with g(%)(0) ranging from 6:5-1/2 for fully coherent
light, to 1 for fully incoherent light. Fhefraction—of

eoherenttight-in-the-mixture;
The conditional expressions of Eqn. is due to the
minimum allowed value of g$2%(0) such that the solution

of Eqn. ives a real valued p, ean—thenbe-extracted
ﬁﬁ@ﬁrﬁf—%}ﬂﬂ%

p=2 (1 - g<2x>(0)> .

when 3 < ¢2X)(0) < 1.

IV. EXPERIMENT

In this work, we perform interferometric photon cor-
relation measurements of light emitted from a tempera-
ture stabilised distributed feedback laser diode with cen-
tral wavelength at-around 780 nm at different operating
currents. The interferometric photon correlation mea-
surements were performed over a range of operating cur-
rents, which covers a region where the laser diode is ex-
pected to emit a statistical mixture of spentaneots—and
stimulated-emissioncoherent and incoherent light, and a
region above where stimulated-emission-oflight-coherent
light emission at two frequencies were observed.

We construct the asymmetric Mach-Zehnder interfer-
ometer using 50-50 fibre beamsplitters for splitting and



recombination of the beam, with a propagation delay A
of about 900 ns through a 180 m long single mode optical
fibre.

The photoevents at each output port of the interfer-
ometer were detected with actively quenched silicon sin-
gle photon avalanche photo diodes (APD) with a timing
resolution lower than 50ps. The detected photoevents
were time-stamped using a timetagger with a resolution
of 2ns.

The interferometric photon correlations ¢g%) are ex-
tracted from the time stamps through histogramming all
time differences to — t; over some integration time 7" be-
tween detection event pairs numerically, which allows for
a clean normalization. The resulting correlation is fitted
to a two-sided exponential function,

|t2_tl|) ; (12)
Te

g (ty —t)) =1— A-exp (—

where 7, is the characteristic time constant of the coher-
ent light, and A is the amplitude of the dip. The value
of g2%)(0) is the extracted from the fit as 1 — A. From

']( . ]
p=2A.

Examples of measured correlation functions and corre-
sponding fits for different laser powers are shown in
Fig.[2

We note that the expressions in Eqn {IOfLT] would lead
to indefinite values of uncertainties at some values of A if
standard techniques in propagation of uncertainties are
used. We thus extract p from A by performing a change

in variables of the probability density function of A. To
do this, we rewrite Eqn. in terms of A, with upper

bound,

P Y24 (13)

and a lower bound,

> )24 SAST gy
PN+ LVEA=T, forl<a<t

We assume the probability density function of A to be

a normal distribution with a mean value and standard
deviation respectively the value and uncertainty of A

extracted from_the _curve fitting of g®%) to Ean.[T2]
The probability density function of p is obtained from
a change of variable from A and setting the probability
density outside the domain 0 < p <1 to 0, to exclude
non-physical values of p. _ The probability density
function is renormalised by dividing over its integral.
Erom this probability density function 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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FIG. 2. Interferometric photon correlations g% for

different injection currents, extracted from a histogram
of photodetector time differences (red—green symbols);
.___The error range at a specific time bin indicates an
expeetde—expected uncertainty according to a Poissonian
counting statistics. The black solid lines show a fit to
EqnBrefeqn:fit. From the fit, the we find values for gﬁl&}—}
A (from top to bottom) of +-00034-06-06603—0.0006 +£ 0.0003,
0-727-+-0-00050.326 £ 0.008, 6-590=-0-00030.455 £ 0.002, re-
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A. Coherent-incoherent light mixture near lasing
threshold

Emission of light with a statistical mixture of
' ‘ aneots—coherent _and incoherent
Nngemlssmn from the laser diode is expected when op-
erating it near its lasing threshold current29,[30]. To
estimate this threshold, we measure the optical power
emitted by the laser diode at different currents, and find
the sharpest change &E&euﬁeﬁﬁe{t%ﬁﬁélfmm
Tith respect to current, We measure this teshold fo be

—.as shown in

Sample interferometric photon correlation measure-
ments of the emitted light for laser—operating current
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FIG. 3. Purple circles: power against current measurement of
the laser diode, taken from 1 to 120mA in steps of 1 mA.The

sharpest change in current was measured at 37 mA, shown in
dotted lines.
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FIG. 4. Top: Interferometric photon corrrelations g(2X ) mea-
sured for a range of laser currents around the lasing threshold.
Bottom: Corresponding upper bound of fraction p of coher-
ent light (red) extracted via Eqn. [[3 and the lower bound
(blue) extracted via Eqn. 2247 from ¢**)(0). The dotted
line indicates the lasing threshold of 36437 mA.

above and below the threshold are shown in Fig. [

The interferometric photon correlation measurements
as a function of the laser current around the lasing thresh-

old are shown in Fig. El (top part). The fraetion—p—of
eoherenttight-amplitude of the dip is then extracted by
fitting these measurements to Eqn. from which the
upper bound and lower bound of the fraction of coherent
light from the most dominant coherent emission p is

W (see Fig. @, bottom part). We observe an in-

creasing trend in thefraction—of-coherenttight—emitted
&e%&%h&h%er—ehedeegabove the threshold at 36437 mA

in a phase-transition manner. This agrees with the ex-

pectation that the emission of the laser diode is increas-
ingly domlnated by btlmulated emission pabt the lablng

B. Mixture of coherent light at two frequencies

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

For this, we measured the spectrum of light emitted
by the laser diode at different currents above the las-
ing threshold with an optical spectrum analyser based
on a Michelson interferometer with a spectral resolu-
tion of 42 GHz (Bristol 771B-NIR). The laser diode emit-
ted light into two distinct narrow spectral bands with a
changing power ratio in a diode current range between
46-849.0mA and 48:252.4 mA. Outside this window, only
one of the modes was present. Below 46:849.0mA,
the laser emission was centered around 779-88780.07 nm,
above 48:252.4mA around 786-45780.34 nm—(Cl+De
WG—h&VG—SOﬁ&H&G&—&bG&%—%h@—W‘I&%h—Gi—G&H—W&—ﬁ}&fH}
an—upper—bound—of—thelinewidth;—, The linewidths
of both_chip modes are measured to be about 2 GHz
suggesting that the spectral measurements were limited
by the speetrometer?jspectral resolution of 2 GHz of the

spectrum analyser.
The power fractions r, g of these two chip modes o

and [ near this transition,

P,z

—_— 1
ot (15)

Ta,p =

undergo a nearly linear transition (see top traces of
Flg'

We measured ¢>%) in the same transition regime
and extract the proportion of coherent light from the
most _dominant coherent emission p as described above
(see Fig. ' bottom trace). In the transition regime,
the fraction p of coherent emission extracted this way
decreases and—reaches—a—eonstant—valuwe—outside—the

modes, and increases again when the emission approaches
a single chip mode. This can be interpreted as the light
of one emission band being ineeherent—uncorrelated to
the light of the other emission band, although the light
in each band is coherent with itself. (CK: Presumably
the beat frequency between the two modes is too
high to be detected in the transition regime? XJ:
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FIG. 5. Different chip modes of the laser diode are excited for
different currents, resulting in a reduction of the g(2X ) signa-
ture in a mode competition regime. Top: Power ratios ra,g
as a function of current for the chip modes o and 8 emitting
in narrow bands around 779-88780.07 nm (redsolid squares)
and 780-45780.34 nm (bkaehollow circles), respectively. Bot-
tom: Fraetion-Upper bound of fraction p of coherent light »

—(red) extracted ﬁﬁeﬂf—q@%}\g@
instead [[3] and eventually-putlabelsragnext-to-the traces?

> —steps? S 53 < 88 lower
bound (blue) extracted via Equ. [ from ¢ (0).

The beat frequency appears in the ¢(?) terms and
the negative terms in ¢(>%) which cancels out each

other. )

C. Coherent emission trend below and above lasin

We investigate the general trend in_p of coherent
emission, by performing ¢**)_measurements to_cover
operating current_of the laser significantly below and
above the lasing threshold. From Fig[6] the measured p of
coherent_emission remains near ) when operated below
threshold.  When operating above the lasing threshold,

the measured p of coherent emission increases, with the
largest value of p = 0.986, with a 90% confidence interval

300
1
200
0.9
'g' 100 08
= 0 8
N 07 @
+~" 2100

from 0.982 to 0.989 measured at 120 mA.

V. CONCLUSION

In this paper, we presented a method to extract the
proportion of coherent light emitted by a laser diode
without the use of spectral filters, using interferomet-
ric photon correlations. As a demonstration, we mea-
sured interferometric photon correlations of light emit-
ted from a laser diode over a range of operating currents
near the lasing threshold, and extracted the proportion
of coherent light emitted from the brightest coherent
emission, showing an increase in proportion of coher-
ent light emission as the operating current was increased
past the lasing threshold. We also used this technique
to characterize the coherence of emission in a transi-
tion regime between longitudinal modes above the lasing
threshold, and find a reduction of the fraction of coherent
light there, suggesting that the two longitudinal modes
can be viewed as independent and mutually incoher-

ent coherent emissions. Apart from the characterisation
of lasers, this method may also be useful in practical

applications of some continuous-variable quantum ke
distribution protocols where the mnoise of a

coherent state source such as a laser, may need to be

characterised [22:24].
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