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Supplementary Note 1: Lidar equation
Lidar obtains the distance, morphology, reflectivity and other information of the target by transmitting brightness and a coherent laser and detecting the scattered photons. In addition to the detection ability of the detector, the most fundamental factor limiting the acquisition distance of the lidar is the intensity of the laser returned and received by the optical system. Therefore, it is necessary to establish an equation to describe the echo intensity. In the ideal case, it can be considered that the natural targets are Lambertian, which have the same diffuse reflectance characteristics. Therefore, there is a negative correlation between the echo intensity and the square of the distance. The influence of atmospheric attenuation and optical systems should also be considered. Therefore, the lidar equation we established can be expressed as follows:

The distance between the target and the lidar is L, while  is the diffusion angle of the laser and FOV is the field of view of the receiver. The angle between the normal of the target’s surface and the laser’s optical axis is . The optical aperture of the receiver is D.  is the transmittance of the laser in air, which can be calculated by . σ is the atmospheric attenuation coefficient, which is closely related to atmospheric visibility and laser wavelength. When atmospheric scattering is mainly considered the attenuation factor, the atmospheric attenuation factor can be calculated as , where q is a parameter related to visibility V and λ is the wavelength of the laser.  is the transmittance of the laser in the optical system, and  is the efficiency of coupling. α is the reflectivity of the target. I(t-2 L/c) represents the laser pulse, which has a temporal Gaussian distribution, while t is the flight time. The average signal photon number can be calculated by , where h and c are the Planck constant and the speed of light in a vacuum, respectively.


Supplementary Note 2: Improvement of dynamic range with PNR detection
Compared with the standard quantum limit (SQL, indicated by quantum Fisher information), Fig. S1 shows attenuation of Fisher information with detectors that can resolve up to 1, 4, 8, 12 and 16 photons. Taking the point 3 dB lower than SQL as a reference, the dynamic range of AT16 is 11.87 dB larger than that of AT1, which means that photon-number-resolving detection has a larger dynamic range than on/off detection.
[image: ]
Fig. S1. Attenuation of Fisher Information compared with the standard quantum limit when assuming different maximum resolvable photon numbers. AT1, AT4, AT8, AT12 and AT16 represent attenuation with detectors that can resolve up to 1, 4, 8, 12 and 16 photons, respectively.


Supplementary Note 3: Effects of active photon number filter
For photon-number-resolving (PNR) detection, the detected photon cluster consists of signal photons and noise photons. When assuming signal photons follow a Poisson distribution and noise photons come from single mode blackbody radiation (1), the probability of detecting k photons can be expressed as follows:

while x=μn/(μn+1).
The time-domain distribution diagram of the average photon number and detection probability of each photon number is given below.
[image: ]
Fig. S2. Schematic diagram of the detection probability model of the active photon number filter. (a) Time domain distribution of noise level. (b) Time domain distribution of the signal level. (c) Temporal probability density function of the detected three-photon. (d) Temporal density probability function of the detected two-photon. (e) Temporal probability density function of the detected one-photon. (f) Normalized result of combining the probability density function from one photon to three photons.

Here, we assume that noise is uniformly distributed in the time domain while the signal is a Gaussian pulse, as shown in Fig. S2(a) and (b). Fig. S2(c)-(e) shows the temporal detection probability density functions of the three-photon, two-photon and one-photon detectors, respectively. When combining them, that is, p(1|t)×p(2|t)×p(3|t), a low noise and time jitter result can be obtained, as shown in Fig. S2(f).
Supplementary Note 4: Fisher information of photon number threshold detection
For photon-number threshold detection, the detection probability model can be expressed as:

Thus, we can calculate the Fisher information according to formula (1) in the manuscript. The result is displayed in Fig. S3. In this figure, F1 to F16 represent Fisher information using one-photon to 16-photon threshold detection. Fmax represents Fisher information when using the best threshold under any condition. Compared with PNR detection (shown as Fig. 1(a) in the manuscript), the Fisher information of photon-number threshold detection can only approach quantum Fisher information (SQL) in a short range for each threshold. If we use the optimum threshold at any time, we can reach the max Fisher information (Fmax), which is still 1.91 dB lower than QFI when μp is 10.
[image: ]
Fig. S3. Fisher information of different photon number threshold detection. F1 to F16 represent Fisher information using one-photon to 16-photon threshold detection. Fmax represents Fisher information when using the best threshold under any condition.


Supplementary Note 5: ASE noise
       In the experiment, since we use a laser source with an optical amplifier and coaxial optical system, the amplifier spontaneous emission (ASE) noise inside the laser can easily enter the detector through backscattering, as shown in Fig. S4(a) and (b). The introduction of ASE noise will interfere with the detection and reduce the signal background ratio (SBR) of the final result. In previous work, some researchers proposed using an acousto-optic modulator to block ASE noise and achieved excellent results. In the experiment, we found that the influence of ASE noise can be ignored in multi-photon detection, as shown in Fig. S4(c) and (d). Therefore, it is possible to improve SBR by using multi-photon information.
As the ASE noise is Poisson, it can be linearly superimposed with the signal, so it does not affect the estimation of reflectivity.
[image: ]
Fig. S4. ASE noise in the experimental results. (a)-(b): Histogram of on/off detection data. (c)-(d): Histogram of three-photon detection data.


Supplementary Note 6: Intensity estimation
Fig. S5 gives images of the estimated mean signal photon number μp obtained by Bayesian estimation with different PNRs. PNR = 1 to PNR = 4 indicates that the detector can resolve up to 1 to 4 photons. The height and color represent the value of the mean signal photon number (μp). The standard deviation of the estimation corresponds to Fig. 3(b)-(e) in the manuscript.
[image: ]
Fig. S5. Results of intensity estimation. The results of intensity estimation: PNR = 1 to PNR = 4 indicates that the detector can resolve up to 1 to 4 photons. The height and color represent the value of the mean signal photon number (μp).


Supplementary Note 7: First-photon imaging using different photon number thresholds
Instead of on/off detection, we use photon number threshold detection (1) to achieve a larger SBR and then reconstruct reflectivity and depth images of the target based on first-photon imaging (2). With the increase in the photon number threshold, the quality of reconstruction gradually improves, especially for reflectivity images. Due to the relatively small number of three photon signals, the reconstruction of depth images has not achieved ideal results. However, it can still provide us with information about the target.
[image: ]
Fig. S6. Results of first-photon imaging using the results of different photon number threshold detections.


Supplementary Note 8: Convex optimal deconvolution imaging using different photon number thresholds
Similar to Supplementary Note 7, we use photon number threshold detection to obtain reflected photons but reconstruct the reflectivity and depth image of the target based on convex optimal deconvolution imaging (3, 4). With the increase in the photon number threshold, the influence of noise on reconstruction is significantly reduced, and the quality of images is greatly improved compared with on/off detection. Due to the increase in SBR, there is almost no noise in the reconstruction results of three-photon detection. However, since three photons are not the global optimal threshold, some details will be lost. However, the information it provides is still reliable.
[image: ]
Fig. S7. Results of convex optimal deconvolution imaging using the results of different photon number threshold detections.


Supplementary Note 9: Processing point cloud based on active photon number filter
Fig. S8 shows a schematic diagram of point cloud processing based on an active photon number filter (APNF). Using PNR detection, we can obtain point clouds of different photon numbers. Since the point cloud of a larger photon number has less noise, that is, has a higher confidence level, it is possible to use it to filter out the noise in the point cloud of a smaller photon number.
As Fig. S8(a) shows, we use all three-photon events as the center to construct a sub-gate and finally result in a gate with a duration about 100 ns (orange dashed box). This gate is used as a global gate to filter out noise in the point cloud of two photons. As shown in Fig. S8(a), the two green arrows represent the time series of two pixels (indicated by c and e) in the point cloud of two photons. The two-photon events are distributed along the time series, and only those within the gate (orange dashed box) are considered as signals, while others are considered as noise. The mean flight time of clustered two-photon events is then used as the center of a pixelwise gate whose duration time is 1 ns (black dashed box). To avoid signal loss, we need to combine the gates of multiple pixels to filter the point cloud of one-photon. As Fig. S8(b) shows, a pixel of one-photon is filtered by surrounding pixels corresponding to two photons. The size of the mask can be changed.
[image: ]
Fig. S8. Schematic diagram of point cloud processing based on active photon number detection. (a) By taking the flight time of all clustered three-photons of all pixels, a global gate with a duration time of 60 ns is constructed (orange dashed box). Two-photon events are then filtered by the gate. Finally, the one-photon signal is filtered according to the gate generated by clustered two-photon events in its surrounding pixels (black dashed box). (b) One-photon events are filtered according to the two-photon events in the surrounding pixels.


Supplementary Note 10: Parameters of the optical system
The system used in this paper is a common optical axis scanning system, and its specific parameters are as follows:
Table. S1. Main parameters of the optical system
	Laser

	Index
	Min
	Typical
	Max

	Wavelength (nm)
	1549
	1550
	1551

	Pulse Width (ns)
	1
	-
	7

	Repetition Frequency (kHz)
	1
	10
	100

	Pulse Energy ()
	-
	14
	-

	Beam Quality (M2)
	-
	-
	1.2

	Collimator

	Index
	Parameter

	Wavelength
	1550 nm

	Spot Diameter
	3.6 mm

	Divergence Angle
	0.032°

	NA
	0.15

	Focal Length
	18.75 mm

	Transmitter

	Magnification
	Input Aperture
	Output Aperture
	Input Angle
	Output Angle

	10×
	3.6 mm
	36 mm
	0.032°
	0.01 mrad

	Receiver

	Index
	Parameter

	Receiving Angle
	0.094 mrad

	Focal Length of Objective Lens
	320 mm

	Diameter of Fiber
	0.003 mm

	Fast Steering Mirror

	Index
	Parameter

	Reflectivity (@ 800 nm)
	98%

	Effective Aperture
	60 mm

	Deflection Angle
	1.5°

	Angular Resolution
	2
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