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ABSTRACT

Nonlinear optical microscopy techniques have emerged as a set of successful tools for biological imaging. Stimulated emission microscopy
belongs to a small subset of pump–probe techniques, which can image non-fluorescent samples without requiring fluorescent labeling. However,
its sensitivity has been shown to be ultimately limited by the quantum fluctuations in the probe beam. We propose and experimentally implement
sub-shot-noise limited stimulated emission microscopy by preparing the probe pulse in an intensity-squeezed state. This technique paves the way
for imaging delicate biological samples that have no detectable fluorescence with sensitivity beyond standard quantum fluctuations.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0009681

Fluorescence is a backbone of optical microscopy of biological
systems, underlying the spectacular advances in super-resolution
microscopy over the past two decades.1–3 However, several important
proteins, such as hemoglobin and cytochromes, cannot be detected by
fluorescence because their spontaneous emission is dominated by
rapid non-radiative decay. To overcome this challenge, many methods
begin by labeling a sample of interest with fluorescent proteins. This
allows for the imaging of the sample, although at the risk of interfering
with its biochemical properties. To avoid this unwanted side effect,
Min et al.4 developed stimulated emission microscopy (SEM), a non-
linear microscopy technique able to image chromophores with unde-
tectable fluorescence. However, it was shown that the sensitivity of
SEM is practically limited by the shot noise of the stimulation beam,
which is reflected in the lowest detectable concentrations for a given
light dose or acquisition time. The measurement sensitivity can be
improved by increasing either or both of the latter, but at the cost of
the fast photobleaching and formation of chemical radicals.5

Quantum physics has opened a new paradigm for optical sensing
by leveraging non-classical correlations in either the probe light, the

interaction with the sample, or the detection stage. The achievements
of quantum metrology include demonstrations of imaging with sensi-
tivity surpassing the shot-noise limit,6–8 enhanced resolution beyond
the diffraction limit using quantum correlations,9 tracking of motion,
such as the movement of lipid granules diffusing through cells,10 and
improving the sensitivity of Raman scattering spectroscopy11 and
microscopy.12

Here, we propose to improve the sensitivity of SEM by using an
intensity-squeezed coherent state of light13 in the stimulation beam.
This optical state exhibits sub-Poissonian photon statistics, i.e., the var-
iance of the photon flux is smaller than its mean. As a consequence of
the reduced intensity fluctuations in the measurement signal, the small
amplification induced by the sample can be resolved more precisely.
We prepare an ultrafast intensity-squeezed probe, suitable for this
nonlinear microscopy technique, via the deamplification of coherent
seed pulses in a single-pass optical parametric amplifier (OPA). In
addition, we perform the shot-noise-limited direct detection of the
intensity-squeezed light and observe reduced quantum fluctuations in
the SEM signal.
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Many chromophores have very short-lived excited states with
much faster non-radiative decay rates than their spontaneous emission
rates. As a result, their feeble fluorescence is overwhelmed by the back-
ground and detector dark counts. Nevertheless, an excited molecule
can be stimulated down to the ground state by an incident light field
with a frequency corresponding to the energy of a transition in the
molecule, which results in the creation of a new coherent photon.
SEM uses this optical amplification phenomenon as a contrast mecha-
nism for imaging chromophores with undetectable fluorescence.4

In SEM, an excitation beam with intensity IE, incident on a
collection of chromophores, promotes them to an excited state [level 1
in Fig. 1(a)]. Subsequently, a stimulation beam with a longer wave-
length probes the sample, resulting in the emission of light in the
mode of the impinging stimulation beam. As a consequence, optical
amplification takes place [Fig. 1(b)]. Assuming that the intensity of the
stimulation beam is IS, the intensity of the generated stimulated emis-
sion, dIS, is

4 dIS ¼ ISN2rs=A / ISIEN0rsra=A2, where Nk is the pop-
ulation in the kth energy level [Fig. 1(a)], A represents the waist area of
the beam, and ra and rs are the absorption (0! 1 transition) and
stimulation (2! 3 transition) cross sections, respectively. Here, it is
assumed that under a non-saturating regime of the dynamics, the pop-
ulation of the excited state satisfies N2 / N0IEra. The goal of SEM is
to detect the small variations in GSE ¼ ð1þ dIs=IsÞ as the beams are
scanned across a sample, which provides an estimation of the number
of molecules in the ground state, N0. Given that the stimulated emis-
sion gain is proportional to the overlap of the excitation and stimula-
tion fields, this method offers an intrinsic three-dimensional
sectioning at the foci of the beams, as well as a finer spatial resolution
than absorption imaging.

However, due to the weakness of the SEM signal, its measure-
ment is hindered by the low-frequency technical noise of the laser and

electronics. In order to mitigate this technical noise, Min et al.4 imple-
mented a modulation of the excitation beam at a few MHz, such that
the stimulation emission signal is moved to a sideband frequency
beyond the technical noise in the system and can be separated using
microwave filters. In this regime, the predominant limitation to the
measurement of GSE is the wideband shot noise in the stimulation
beam.4

In a standard SEM experiment, the stimulation laser is well
described as a train of ultrafast optical pulses in a coherent state.
After traversing a sample together with a suitable excitation beam,
and thereby picking up a time-dependent gain, these pulses are
detected with a photodiode. In order to distinguish the small peri-
odic amplification from the background noise, the resulting photo-
current is measured at the modulation frequency of the gain, e.g.,
by means of a spectrum analyzer (SA). We will now summarize the
theoretical model of this measurement that we develop in the
supplementary material (equations therein will be cited here with
the prefix S), which suggests that the fundamental sensitivity limit
set by the shot noise (that is, the quantum intensity fluctuations
associated with the coherent states of light) can be overcome using
squeezed light.

We model the optical gain in SEM as a phase-independent linear
amplification mechanism and assume that the amplification noise can
be ignored in the weak gain regime (S4). We allow the intensity gain
to evolve in time according to GSEðtÞ ¼ G0 þ ðG0 � 1Þ cos ðX0tÞ,
where the gain parameter G0 is close to unity and X0 is an RF modula-
tion frequency. As a result, the power spectral density (PSD) measured
in the SA contains a narrowband component at X0. The amplitude of
this signal is proportional to SoutðX0Þ ¼ ðG0 � 1Þ2P2

0=16 [Eq. (S17)],
where P0 is the average optical power in the probe beam before the
amplification process.

However, in addition to this narrowband signal, the measured
PSD also contains noise of various origins. In the first place, the quan-
tum fluctuations in the intensity of the probe field appear as a white
(frequency-independent) noise contribution around the signal peak.
According to a simple description of the optical quantum noise, and
neglecting SEM amplification for the moment, the noise spectral den-
sity of quantum origin is N q

in ¼ jP0F [Eq. (S13)]. The constant j
accounts for the particularities of the experimental implementation,
and F is analogous to the Fano factor of a random variable F¼ 1 for a
coherent beam (Poissonian statistics), and F< 1 or F> 1 for light
fields with sub-Poissonian and super-Poissonian photon statistics,
respectively. In the presence of the modulated SEM gain, the quantum
noise spectral density is amplified to N q

out ¼ N
q
in G0 [Eq. (S19)]. We

consider a second source of noise: low-frequency intensity fluctuations
of classical origin.15 In the absence of SEM amplification, the contribu-
tion of the classical technical noise,N t

inðXÞ, is assumed to be non-zero
only at frequencies well below X0. However, in the presence of gain, a
fraction of this noise is modulated up in frequency, yielding a noise
spectral density contribution N t

outðXÞ ¼ ðG0 � 1Þ2N t
inðXþ X0Þ=16

[Eq. (S20)].
The signal to noise ratio (SNR) of the SEM measurement, taken

as the ratio between the signal and noise components of the measured
PDF at the modulation frequency X0, is then [Eq. (S21)]

SNR ¼ SoutðX0Þ
N q

outðX0Þ þ N t
outðX0Þ

¼ ðG0 � 1Þ2P0=j
16FG0 þ ðG0 � 1Þ2qt

; (1)
FIG. 1. (a) Energy level diagram for the stimulated emission-based pump–probe
microscopy.4,14 (b) Amplification of the stimulation beam synchronized with the
modulated excitation beam.
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where we have defined qt ¼ N
t
inð0Þ=ðP0jÞ, which corresponds to the

ratio between the spectral density of the low-frequency technical noise
and the quantum shot noise in a coherent state (F¼ 1). It can be seen
that, by increasing the power of the stimulation beam, P0, the SNR
improves but only at the risk of damaging the imaged sample. We,
instead, propose to probe the sample with an intensity-squeezed
coherent state of light.16 Such a state exhibits sub-Poissonian intensity
statistics, i.e., F< 1, yielding a higher SNR in the estimation of GSE

without increasing the intensity of the probe. While a lower F immedi-
ately implies a greater SNR, it is worth noting that the enhancement
will be largest when the technical noise is small compared to the quan-
tum fluctuations. This condition is met in the low-gain regime that we
are interested in, since technical noise contribution to the SNR is qua-
dratic on G0, while the quantum shot-noise contribution is linear.

A squeezed coherent state can be generated via the optical para-
metric amplification (OPA) of a seed coherent state.13 After an interac-
tion with a suitable pump field, mediated by a nonlinear medium, the
seed experiences a phase-sensitive amplification/deamplification,
which renders its fluctuations quantum-correlated. We will here sum-
marize the simple model of OPA developed in the supplementary
material. Considering a pump and seed fields with average powers Pp
and Pin

s , respectively, the maximum/minimum powers of the ampli-
fied/deamplified seed, obtained for the corresponding extreme phase
offsets between the seed and the pump, are [Eq. (S26)]

Pout
s ¼ 1� vþ v exp 6b

ffiffiffiffiffi
Pp

p� �� �
g Pin

s ; (2)

where b is an effective nonlinearity, v 2 ½0; 1� is a coefficient that
characterizes the mode overlap between the two interacting fields, and
g 2 ½0; 1� is an efficiency that compounds the propagation loss and
the detection efficiency.

In this situation, our model predicts the following maximum/
minimum intensity Fano factor for the amplified/deamplified seed
[Eq. (S27)]:

F � 1� gþ g
1� vþ v exp 64

ffiffiffiffiffi
Pp

p
b

� �

1� vþ v exp 62
ffiffiffiffiffi
Pp

p
b

� � : (3)

This simple model offers an interesting insight: while single-pass OPA
allows us to achieve sub-Poissonian photon statistics in the seed field
(F< 1), in the presence of a modal mismatch (v < 1), the degree of
intensity squeezing measured by the direct detection does not mono-
tonically grow with the pump power. Instead, the dependence of the
sub-Poissonian Fano factor on the pump power shows a turning point,
beyond which it asymptotically approaches F ! 1.

The model presented here is meant to provide some physical
intuition without being fully rigorous. A full account of the parametric
deamplification of a pulsed coherent beam with a finite transverse pro-
file must incorporate a number of phenomena that have not been con-
sidered here (e.g., group velocity mismatch between the pump and
seed pulses, beam divergence, spatial walk-off, or spatiotemporal cou-
pling in the parametric gain). This will be the subject of a future
publication.17

Our experimental setup can be divided into two parts: an
intensity-squeezing setup and an imaging apparatus (see Fig. 2). Our
sub-Poissonian light source is implemented in a single-pass degenerate
OPA process, where the pump and seed fields are provided by a

femtosecond Ti:sapphire laser with a repetition rate of 80MHz, a cen-
tral wavelength of kS ¼ 820 nm, a pulse duration of 180 fs, and a max-
imum power of 2.8W. The fundamental Ti:Saph is spatially filtered
and split into strong and weak beams, where the first is frequency-
doubled in a second-harmonic generation (SHG) setup (0.4mm-long
type-I BiBO) and the latter will act as the seed beam in the OPA. After
temporally and spatially overlapping them, the high-intensity pump
and low-power seed interact inside a 0.3mm-long, degenerate, type-I
BBO optical parametric amplifier, after which the pump is filtered out
using a low-loss dichroic mirror. This leads to the amplification/deam-
plification of the seed depending on its phase relative to the pump. We
set this phase to yield the maximum deamplification and squeezing
using a piezo-controlled mirror in a feedback control loop configura-
tion. The resulting field has a similar pulse shape as the incoming seed
while exhibiting reduced intensity fluctuations.17 To implement the
feedback, the phase of the signal field is very weakly dithered, yielding
an error signal proportional to the phase difference between the pump
and seed fields when mixed down at the sideband frequency. We veri-
fied that this phase modulation of the seed did not introduce a signifi-
cant mixing of the noise in its squeezed and antisqueezed quadratures.

In a first characterization step, this signal can be directly sent to a
photodetector in order to evaluate the degree of intensity squeezing.
We employ a custom-made photodetector that achieves a shot-noise-
limited direct detection of the deamplified seed in the RF sideband
where we place the SEM signal (�4MHz). Our detector employs a
Hamamatsu S5971 silicon PIN photodiode with an 85% quantum effi-
ciency at 820nm and has a bandwidth of 100MHz when reverse-
biased at 30V. The photocurrent is measured in the frequency domain
using a high dynamic range signal analyzer.

The SEM imaging stage involves two fields, the excitation beam
and the sub-Poissonian stimulation beam, which interact inside the
imaged sample. The stimulation beam is prepared in the intensity-
squeezing stage described above. The excitation beam is provided by a
continuous-wave (CW) He–Ne laser with kE ¼ 632:8 nm. This field is
intensity-modulated with an acousto-optical modulator in order to
move the stimulated emission gain to an RF sideband at 4MHz. Note
that, ideally, one would excite the sample with ultrafast pulses to maxi-
mize the field intensity while minimizing the average power, allow for
temporal suppression of additional processes, and avoid deleterious
nonlinear effects.4 Here, we assume that these considerations can be

FIG. 2. Experimental setup for the intensity-squeezed light generation (top) and
SEM stage (bottom). PD: photodiode; SA: spectrum analyzer.
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neglected and use a modulated CW laser with low enough intensity
not to saturate the absorption transition, so that repumping takes place
on a timescale much longer than the probe pulse duration. The imaged
sample is a diluted triphenyl methane (TMP) dye, Brilliant Blue FCF,
with a strong absorption band near kE, which is well separated from
the spectrum of the stimulation beam. The probe is sufficiently weak
to ensure that it does not saturate the gain, even though the relaxation
time of the ground state is likely longer than the probe pulse dura-
tion.18 The excitation and stimulation beams are combined on a
dichroic mirror and focused onto the sample using an objective with a
numerical aperture of 0.4, achieving a beam waist of approximately
50lm. After the interaction, the excitation beam is filtered out from
the stimulation beam by means of two spectral filters. The intensity in
the stimulation beam is measured with the photodetector þ RF spec-
trum analyzer arrangement described above.

Let us begin by reporting the performance of our sub-Poissonian
light source in the absence of the SEM imaging stage. The degree of
intensity squeezing achieved in a single-pass OPA is correlated
with the amount of the classical intensity deamplification (see the
supplementary material). Figure 3(a) shows the average power of the
output signal as the relative phase between the pump and the seed is
scanned. A fit of our measurements to the simple model presented in
Eq. (2) is shown in Fig. 3(b), where the best fit is obtained for a mode
overlap parameter v ¼ 0:58.

The intensity fluctuations of the deamplified seed are expected to
be smaller than those of a coherent field of the same average power.
Figure 4(a) shows the noise power of our deamplified seed in the fre-
quency range of interest (red). This is compared with the noise power

of the same field in the absence of parametric deamplification (black).
The average power of the amplified and non-amplified fields is
matched using a waveplate þ polarizer power control stage. The
electronic noise (gray) is almost an order of magnitude below the shot
noise, and we have verified that, beyond an analysis frequency of
2MHz, the shot noise exhibits the flat frequency dependence charac-
teristic of quantum fluctuations. The gap between the noise power of
the deamplified and non-deamplified seeds clearly signals a Fano
factor F< 1 of the former, proving its sub-Poissonian statistics.

The degree of intensity squeezing is expected to increase with the
pump power, similarly to the amount of the classical intensity deam-
plification. In Fig. 4(b), the Fano factor of the deamplified seed is plot-
ted as a function of the classical intensity deamplification. In contrast
to the classical intensity deamplification, the amount of intensity
squeezing approaches a plateau. The discrepancy between the squeez-
ing and classical deamplification can be attributed to propagation
losses, inefficient detection, and an imperfect mode overlap between
the pump and seed beams (e.g., spatial or temporal). We determine
the propagation efficiency to be gp ¼ 0:85 and the detector efficiency
to be gd ¼ 0:85. Using the effective nonlinear parameter and mode
overlap obtained in the previous classical deamplification fit, and add-
ing the effect of propagation loss and detection inefficiency, we com-
pute the expected Fano factor using Eq. (3). While this calculation fits
the experimental data for the low values of the classical deamplifica-
tion, it breaks down at higher gains. To understand this discrepancy, a
more accurate model of OPA of a pulsed coherent beam is needed.17

We now proceed to evaluate the performance of our squeezing-
enhanced SEM setup. First, we quantify the degradation of squeezing
due to the non-ideal transmission efficiency (75%) of the microscope
objective and the dye. As can be seen in Fig. 5, a residual squeezing of
0.3 dB is measured. Next, we assess the impact of this quantum
enhancement on the SEM measurement. The light-red and gray traces
in Fig. 5 correspond to the measured noise power for squeezed and
classical probes in the presence of an excitation beam that allows the
stimulated emission to occur. The average power of the stimulation
and excitation beams is set, respectively, to 2 mW and 30lW to avoid
excessive photobleaching.19 The appearance of a spectral peak at the
frequency of modulation of the excitation beam, and its absence when
the stimulation beam is blocked, signals the presence of the stimulated

FIG. 3. (a) Amplification/deamplification of the signal as its phase is linearly
scanned in time. (b) Maximum amplification (red dots) and deamplification (black
dots) as a function of the pump power. The fitted curves (dashed lines) take into
account the imperfect mode overlap between the pump and the signal [Eq. (2)].

FIG. 4. (a) Noise power of the classical (black) and deamplified seed (red) beams
of matching mean intensity and electronic noise of the SA (gray). The resolution
bandwidth is 1 kHz, and the video bandwidth is 10 Hz. b) Fano factor vs
mean intensity deamplification for different pump powers. The dashed line is a fit
to Eq. (3).

FIG. 5. Stimulated emission microscopy signals for an intensity-squeezed probe
(light red) and coherent beam of the same average power (gray). The shot-noise
limit is shown in black and the noise power of the squeezed probe is shown in red.
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emission, as well as the absence of the spontaneous emission. As is evi-
dent, the shot noise is reduced, and the signal is of comparable magni-
tude, which signals an improvement in the signal to noise ratio.
However, residual photobleaching caused the SEM signal to decay
over the measurement time, which made the direct comparison of
measurements using squeezed and coherent probes unreliable.
Nevertheless, the SNR enhancement, achievable with this technique,
can be estimated by assuming that the SEM signal remains constant
over the measurements, as suggested by the similar integrated signal
powers at the modulation sideband. Under this assumption, Eq. (1)
gives the fractional improvement as SNRsqueezed=SNRcoherent

¼ ð1þ ðG0 � 1Þ2qt=ð16G0ÞÞ=ðF þ ðG0 � 1Þ2qt=ð16G0ÞÞ. This is
always larger than unity for F< 1, no matter how much technical
noise is present. The quantitative improvement of the course depends
on the latter, and in the present case, this can be estimated. We esti-
mate the sideband stimulated emission gain ðG0 � 1Þ to be smaller
than 1%, on the grounds that a greater amplification would have been
resolved by our photodetection setup in the absence of gain modula-
tion. The value of qt is harder to gauge and is not simple to measure
directly. A reasonable commercial laser would have a ratio of qt < 1.
Allowing for additional noise due to, for example, mode overlap fluc-
tuations, the sample motion and photobleaching would increase this,
but it would not be excessive to put an upper bound of qt � 1. This
implies that the contribution of the technical noise to the SNR is
minor. Therefore, the observed reduction of the shot noise provides
evidence that, according to the theoretical model of SEM that we have
presented, the average SNR of the measurement was improved by at
most 0.3 dB.

In summary, we have proposed and implemented a quantum-
enhanced nonlinear microscopy technique that employs the stimu-
lated emission to remove the requirement for labeling biological
samples. We have identified that shot-noise fluctuations in the
stimulation beam currently pose a real limitation in the sensitivity
of SEM and have reduced these by preparing an ultrafast probe
beam in an intensity-squeezed state. Using a single-pass degener-
ate OPA, we have achieved the direct observation of the macro-
scopic light with a Fano factor of –0.4 dB. Further noise reduction
has been prevented by the spatiotemporal mode mismatch and
mode mixing in the OPA pump and seed pulses, as well as by the
imperfect detection efficiency. We have used this non-classical
source of light in conjunction with an SEM imaging setup, observ-
ing that sub-Poissonian statistics persist in the measurement sig-
nal. Following the theoretical model of SEM that we have

developed, this reduction of the shot noise implies an improve-
ment of the SNR of the measurement.

See the supplementary material for our model of signal and noise
in stimulated emission measurements, as well as of intensity squeezing
in the parametric amplification of coherent states.
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