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Controlling the spectrum of light with a phase has received intensive interest of researchers recently.
Here, we study the phase control of the spectral line shape of the output from an optical March-Zehnder
interferometer (MZI) with one arm involving a high quality Fabry-Perot cavity. Due to the interaction of
the narrow-band light transmitted through the cavity with the broadband light, the spectrum can be
tuned from Lorentzian to Fano-like profile with a phase shifter in MZI.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Fano resonance corresponding to Fano absorption line shapes is
a result of the quantum interference originated from the coupling
of a discrete energy state (discrete light mode) to continuum of
states (lights with continuous spectrum) [1,2]. Typical asymmetric
Fano absorption line shapes have been widely studied throughout
atomic ionization [3], classical harmonic oscillators [4], light pro-
pagation in photonic devices [5,6] and optomechanical system
recently [7]. Since Lorentzian profile is the natural line shape due
to the quantum system decay, the transition from symmetric
Lorentzian (Fano parameter Iql — o) to asymmetric Fano profile
(finite Fano parameter q) is of interest in fundamental physics and
also promises important applications [8,9]. Fano spectrum can be
engineered by tuning the coupling strength between a discrete
state and a continua [10,11]. More interestingly, tuning spectrum
between Lorentzian and Fano line shapes via a phase shift
[3,12,13] reveals deep physics in quantum mechanics, which at-
tracts much interests recently.

In this paper, we present a simple, all-optical MZI configuration
for demonstrating the phase control of the spectra between Lor-
entzian and Fano profiles. The narrow-band transmission (discrete
mode) of a high-quality Fabry-Perot (FP) cavity interferes with the
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broadband laser beam on the second beam splitter of March-
Zehnder interferometer (MZI). This quantum interference results
in a spectral line shape dependent on the relative phase shift be-
tween the light beams.

2. Setup and model

The system under our consideration is plotted in Fig. 1, where a
coherent laser beam incidents into a highly reflective beam splitter
(BS1) [14] and is split into two beams with one beam passing
through a high-Q optical cavity and the other experiencing a phase
shift 6. Then the two output beams are mixed at the second BS2,
and we monitor one of the outputs from the BS2.

Let us consider the line shape of the beam a4 detected by the
detector D1. We assume the input laser beam dy with frequency
Wi, and the BS1 with the reflection 4% ~ 0. The other input a is a
vacuum field, and hence its normally ordered correlation is zero,
ie. (& (= @)&i(@)) = 277n 5(2 + ) with the thermal excitation
ftn ~ 0. Thus the upper and lower beams output from the BS1 are,
respectively, given by

2=1y1 —l’]ztll\]+r](/1\0, (1a)
(1\3 = i]&] +iy1 - ,12(’1\0_ (1b)
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Fig. 1. Setup for tuning the output spectral profile with phase shift. A laser beam do
is split by the first BS into the upper and lower beams. Another input @1 of this BS is
vacuum field. The phase of the lower one is shifted by 9, while the upper one passes
through an optical cavity with a negligible intrinsic loss x ~ 0. Then the two beams
are mixed via the second BS to beams @4 and ds, and then detected by detectors
1 and 2. The first beam splitter is highly reflective such that the reflection 52 ~ 0.

The upper beam @, drives an optical cavity mode 4. with a cou-
pling strength ., and the cavity mode leaks out to the MZI with
two identical rates k., from two sides. For the cavity with a re-
sonance frequency w. and a total decay rate x = 2xx, the dynamics
of the cavity field is governed by

b = (= iox — O8 + 2k b, 2)

According to the input-output relation, we have the output field in
the steady state [15]

—2kex |1 = 2 81(0) + 2ikex nllo (@)
(@ — ax) + ix ' A3)

A
az,out(w) =

On the other hand, the lower beam going through the tunable
phase shifter becomes

3,00 (@) = €9 (1 (@) + iy1 = n2do(@)). @)

The two beams are mixed at a 50:50 beam splitter (BS2), yielding
the output
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Fig. 3. Output of the power spectra for different phase shift
0 = {0, n/4, n/2, 374, z} corresponding to q =~ {4/3e%57, 1.26e044, 105040,
0.8e0407i, 2/3¢0.571} | shown by (solid blue line, dashed red line, dotted-dashed
green line, dotted purple line and thin cyan line). 5, = 25«. (For interpretation of
the references to color in this figure caption, the reader is referred to the web
version of this paper.)
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MZI, we consider the case of a strong input,
n(l (@)80(@))»27 (1 — )7 that
A 1 (. . 21Kex A
a ~—=|iJ1 — 2l — — = |dg(w).
4(w) ﬁ( n (w—a)c)+lk) o(w) ®)

Therefore, to a good approximation, the detected spectrum S4(w)
only depends on the coherent input spectrum (do( — 2)do(w))=
2750 @)8(w + 2) . We obtain S4(w) = 37(@ — ax)Sn (@) with the

transmission 7 = liy/1 — 72 — 2nkex [((@ — @) + ix)2  yielding a
standard Fano resonance [1,3]

Iq + € I
T =gt =
"Tre @

with 60 = (1 - #?), q@) =1+ i(2kex/x)
/1 — y*)e" . Throughout our investigations below, we are in-

€=(-a)lx and

i 2
V2 84(w) = @30t (@) + 12,00t (@) = | nei® — Zikex 1 — L P terested in the critical coupling such that x = 2y, and subse-
' ' (@ —aox) + Ik quently q(@) = nsin@+ i(1 + n cos §). Clearly, Fano parameter ¢
representing the line shape is crucially dependent on the phase
shift 6. Further decomposing Eq. (6), we have
. i 21kex A
_ 12pi0 _ M
+|iy1 - 52e o) i do(w), = 7 =To+ T + Tiorentz + Trano, €))
whose spectrum is defined as (G4( — 2)A4(w)) = 2754 (@) (@ + 2). where
Note that the vacuum field @; only adds small noise of a level of T—d )
vacuum fluctuation to the output spectrum S4(w). For our optical o= =n9 )
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Fig. 2. Phase control of the scaled power spectral profiles for different linewidths of the input laser beam (a) 4, = 0.05x, (a) 5, = , (C) #n = 25«. Spectra with different phase
shifts are shown by {solid blue lines, red dashed lines, dotted-dashed green lines, dotted purple lines and thin solid lines} for = { — z/2, — z/4, 0, z/4, z/2} corresponding to
q ~ {1.054e067, 12580567, 43¢0-57i 1260447, 1,054¢0407i} (For interpretation of the references to color in this figure caption, the reader is referred to the web version of

this paper.)
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Fig. 4. Output of the power spectra for different input laser frequencies with a narrow linewidth y, = 0.05%x. (a) =0, (b) § = — z/2. The thick dashed lines are the envelope
of the amplitude of the output spectra for different input frequencies w;,. From left to right, 5 increases from —2.5« to 2.5«.
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where the first term Ty is trivial and the second term T, is negli-
gible for 2 ~ 0. Only the latter two terms, involving the phase shift
0, are of interest. T orent, indicates a Lorentzian line shape, and Tgano
crucially contributes to Fano profile. The weight of these two
contributions can be tuned from 0 to 1 by changing the phase shift
6 from O to z/2. The input laser spectrum modulated by this phase-
controllable transmission yields the output line shape. From now
on, we assume that the input laser beam is initially of Lorentzian
profile, i.e., Sy (w) = y,-ﬁ/((w —wn )+ y,ﬁ) with a linewidth of y;,, and
the detuning between the cavity and the input laser is given by
8 = ax — wim. We show below the possibility to control the output
spectral profile by tuning the phase shift € based on Egs. (8) and

(9).

3. Results

Now we go to investigate how the phase shift & modify the
output power spectrum between the Lorentzian and Fano profiles.

Fig. 2 plots some output spectral profile of port 4 for on-re-
sonance excitation 6=0. In Fig. 2(a), the input laser spectrum is
much narrower than the linewidth (x) of the cavity, i.e., 5, = 0.05«.
In this case, the detuning € is negligibly small over the input laser
spectrum. The transmission coefficient 7~ only modulates the
amplitude of the output spectrum. As a result, the spectrum line
shape is mainly determined by the input laser spectrum and re-
mains Lorentzian with its amplitude modulated by cos(#). It can be
clearly seen from Fig. 2(a) that the spectrum for =0 has the
maximum amplitude, while the spectra for § = — z/2, — z/4 over-
lap with those for 6 = z/2, z/4, respectively. When the input laser
spectrum increases to be comparable to the linewidth of the
cavity, e.g. 5, = « as shown in Fig. 2(b), the output spectrum starts
to deform from Lorentzian shape. Except the change in the am-
plitude of spectra as the phase shift € increasing, the peaks also
shift.

Further considering the input laser with the band much
broader than that of the cavity, we find that the output spectrum
can transit from Lorentzian to Fano profile controlled by the phase
shift 6, see Fig. 2(c). In the case of , = 25«, the spectral line shape
varies from the Fano to the Lorentzian with 6 = — z/2 — 0, and

then turns back to the Fano when @ is tuned to z/2. Interestingly,
besides the profile change, the peak of the output spectrum shifts
accordingly when the phase € changes. For example, when =0
corresponding to q = 4/3i, the spectrum is a Lorentzian profile
located at w = o but offset by ~0.45. For ¢ = — z/2(x/2) corre-
sponding to q = 1.054e%67(1.054¢04), the spectral peak shifts left
(right) by ~2«/3. At the same time, the spectral profile becomes
Fano. This amount of spectral shift is large enough to be detected.

So far, we have studied the output spectral profile as the Fano
contribution Tgape varies from maximal negative value to maximal
positive. We now investigate how the spectral profile changes
when the Lorentzian contribution changes from maximal negative
value to maximal positive. As shown in Fig. 3, the phase @ is tuned
from O to m&. As a result, the spectral profile is modified from a
normal Lorentzian profile, =0, to Fano, 6 = z/2, and then to a
reversed Lorentzian, 6=r.

Note that the output power spectra are Lorentzian or Fano
profile overlapping on the broadband power spectrum of the input
laser. This phase tunable spectrum attributes to the quantum in-
terference between a narrow band field and a broadband field.
Such phase dependent transition of the spectral profile has been
demonstrated in ionization of atoms by a ultrastrong laser [3] and
in deformed optical cavity [12,16] as well. In contrast, we can tune
the profile between the Fano and the Lorentzian by means of
phase shift even though the absolute of Fano parameter q is small.
More interestingly, the change in the relative phase € can shift the
peaks of the output spectra. If the phase shifter is inserted be-
tween two highly reflective mirrors as in [17], which cause a
N-fold enhanced total phase shift N9 with N>1, our scheme pro-
vides a novel way to measure the small phase shift by monitoring
the position of spectral peaks (Fig. 4).

For a more general case, i.e., § # 0, the situation is more com-
plicated, but more interesting. For example, starting from y, <«
with =0, the output spectrum is always a Lorentzian profile. But,
by scanning the input laser in the vicinity of the cavity resonance
frequency, the spectrum amplitude follows an envelope, which is
phase tunable. As shown in Fig. 4, the modulation of the spectral
amplitude at different detuning & can be switched between Lor-
entzian and Fano profiles.

4. Conclusion

In summary, we have demonstrated an all-optical version of
phase control of the spectral line shape between Fano and Lor-
entzian profiles. Our system involves a simple MZI in which one of
the arms includes an optical cavity. To observe the phase tunable
spectral line shapes, the first BS1 need to be highly reflective and
the spectrum of the input laser is required to span a band much
broader than the linewidth of the cavity. Moreover, we found that
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the position output spectrum is dependent on the phase shift.
Thus, our findings opens a way to detect a small phase shift by
monitoring the position of the output spectrum.
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