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Abstract The control of light scattering is essential in

many quantum optical experiments. Wavefront shaping is a

technique used for ultimate control over wave propagation

through multiple-scattering media by adaptive manipula-

tion of incident waves. We control the propagation of

single-photon Fock states through opaque scattering media

by spatial phase modulation of the incident wavefront. We

enhance the probability that a single photon arrives in a

target output mode with a factor 30. Our proof-of-principle

experiment shows that the propagation of quantum light

through multiple-scattering media can be controlled, with

prospective applications in quantum communication and

quantum cryptography.

1 Introduction

Wavefront shaping is an adaptive technique for classical

light that provides control over light propagation in

multiple-scattering media. This technique transforms opa-

que scattering media to a versatile platform for creating

programmable speckle patterns with correlations similar to

transport through linear optical elements [1–3]. Although

adaptive techniques have been introduced to quantum light

[4–8], such a versatile platform as wavefront shaping is still

missing for quantum light.

Light transport in a multiple-scattering medium can be

considered as a linear transformation of a multi-mode

system by a scattering matrix, which results generally in a

speckle pattern [9–11]. Each far-field speckle spot repre-

sents a single output mode of the system. In wavefront

shaping, the incident wavefront is typically phase modu-

lated with a spatial light modulator that controls many of

thousands of individual elements. In this way, the degree of

mode-mixing of all scattered waves that contribute to the

target speckle spots is controlled. Recent wavefront-shap-

ing experiments have transformed opaque media in

equivalents of waveguides and lenses [2], optical pulse

compressors [12, 13], and programmable waveplates [14]

that are inherently flexible in performance.

Multiple scattering is also an exciting platform for

quantum optical experiments [15–20]. Non-classical cor-

relations are observed, even for opaque scattering media

[15, 20–22]. We have started a series of experiments to

control quantum interference in multiple-scattering mate-

rials by wavefront shaping. Controlling single-photon

propagation opens unique opportunities for quantum pat-

terning [23], secure key generation [24], or addressing

quantum transport through disordered media [22].

In this article, we report the first experimental demon-

stration of optimizing the propagation of quantum light

through a random scattering medium by wavefront shap-

ing. We control light propagation of single-photon Fock

states j1i through a layer of white paint. We observe that
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the probability that a single-photon Fock state arrives in a

target speckle spot is enhanced by a factor of 30.

2 Experimental setup for creating single-photon Fock

states

A schematic of our quantum-light source is shown in

Fig. 1. The quantum-light source is based on earlier work

reported by Refs. [25, 26], which gives the opportunity to

engineer quantum states up to the two-photon level. A

mode-locked Ti:Sapphire laser (Spectra-Physics, Tsunami)

emits transform-limited pulses at a repetition rate of

80 MHz with a pulse duration of (0.30 ± 0.02) ps (FWHM

of the intensity envelope) and a center wavelength of

790.0 nm. Typically, 600 mW is incident on a 5-mm-long

BBO nonlinear crystal cut for type I frequency doubling.

After spectral and spatial filtering, about 70 mW of the

frequency-doubled light pulses is focused in a 2-mm-long

periodically poled KTP (PPKTP) crystal cut for type II

spontaneous parametric down-conversion (SPDC) in a

single-pass configuration. The polarization-entangled out-

put state can be approximated by:

jWi �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1� c2Þ
p

j0; 0i þ cj1; 1i; ð1Þ

where states beyond the single-photon level are omitted.

The kets are labeled by the photon numbers in the separate

polarization modes, and the constant c� 1 is proportional

to the pump field amplitude and the effective nonlinear

susceptibility of the PPKTP crystal. The produced light

generated by SPDC is filtered with a bandpass filter with a

bandwidth of approximately 1.5 nm. The modes are sepa-

rated with a polarizing beam splitter cube (PBS) from

which the reflection is used as trigger mode and the

transmission as signal mode. Both modes are coupled to

single-mode fibers, and the fiber of the trigger mode is

connected to a single-photon counting module (SPCM1).

Click rates were detected up to 8� 105 s�1. Coincidence

measurements with two detectors and a beam splitter in one

of the output arms confirmed that a detection event corre-

sponds to a detection of state j1i with a probability of

(98 ± 1) %. A Hong-Ou-Mandel (HOM) dip was observed

with a visibility of 38 %, where the visibility is limited

because of the broad single-photon spectrum produced with

type II SPDC. Strictly speaking, a visibility over 50 % is

required to prove the existence of single-photon states. The

mere presence of the dip which has a visibility close to

what we expect [27], the ease of obtaining it, and since this

type of quantum-light source is used as a standard method

to produce single-photon Fock states provides sufficient

indication that we are dealing with single photons. The dip

visibility was independent of the incident pump power,

indicating that states beyond the single-photon level can

indeed be ignored in our experiment. Further character-

ization of the source can be found in Ref. [28]. The fiber-

coupled signal mode is directed to different types of spatial

modulation setups, as will be discussed in consecutive

sections.

3 Spatial light modulation of single-photon Fock states

We first demonstrate in Fig. 2 the capability of program-

ming the wavefront of single photons using spatial phase

modulation. For this purpose, we use the diffraction setup

presented in Fig. 2(a), in which single-photon states can

enter through the single-mode fiber on the left in the figure.

This mode is incident on a spatial light modulator (SLM,

Hamamatsu LCOS-SLM), enabling to program the spatial

phase pattern of this mode. Using a flip mirror and a

250-mm lens, the SLM pattern is either Fourier-trans-

formed imaged onto a CCD camera or onto a multi-mode

fiber connected to SPCM2. Figure 2b shows the intended

diffraction pattern, consisting of three bright bars. Fig-

ure 2c shows the Fourier-transformed SLM pattern on a

CCD camera using a lens for incident laser pulses that act

as an alignment field for the single photons. The three bars

are clearly visible, where the software from the company

Holoeye used to determine the diffraction patterns written

to the SLM, gives rise to a spatially fluctuating intensity

distribution of the bars. After we stored the corresponding

phase pattern on the SLM for each of the three bars sep-

arately, the incident classical laser pulses are replaced with

single photons, and the CCD camera is replaced with a

multi-mode fiber with a 62.5 lm core diameter connected

with SPCM2. The fiber is scanned over the line indicated in

Fig. 2(c) to detect the coincidence count rate as a function

of position. The results are shown in Fig. 2(d). Each

measurement is performed with a different SLM pattern

corresponding to one of the three bars only, in order to

demonstrate the ability to program the pattern, and to

Fig. 1 Used quantum-light source. Entangled photon pairs generated

in the PPKTP crystal are separated by a polarizing beam splitter cube

(PBS). One photon is fiber coupled to a single-photon counting

module (SPCM1). The conjugate photon is fiber coupled to different

types of spatial modulation setups, as shown in consecutive figures
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improve the observed coincidence count rate per bar by

roughly a factor three. The coincidence count rate is clearly

highest in the intended regions and shows similar spatial

intensity fluctuations as observed for laser light.

4 Wavefront shaping of single-photon Fock states

through white paint

Figure 3 shows the main result of this article: spatial

control of single-photon propagation through a multiple-

scattering medium by wavefront shaping. For this result,

we used the setup as presented in Fig. 3a, in which single-

photon states enter through the single-mode fiber on the

left. This mode is incident on a SLM and focused on a layer

of white paint with an objective (NA = 0.95). The

modulated wavefront propagates freely between the SLM

and the objective over a distance of approximately 0.8

meter. The layer of white paint consists of ZnO powder

with a scattering mean free path of (0.7 ± 0.2) lm. The

reflected speckle pattern is collected with the same objec-

tive and polarization filtered with a polarizing beam splitter

cube to select multiple-scattered light, making the detec-

tion mainly sensitive for light that went through the med-

ium. One of the speckle spots is coupled to a single-mode

fiber that is connected to SPCM2. The wavefront-shaping

setup is based on the configuration described in Ref. [2],

with the main difference that we use a reflection configu-

ration. The reflection configuration is expected to give a

higher collection efficiency of the scattered modes [24].

The results presented in this article have been reproduced

(a)

(b)

(d)

(c)

Fig. 2 Programmable single-photon diffraction patterns. a A diffrac-

tion setup was used in order to demonstrate spatial control over

single-photon states. b Target diffraction pattern consisting of 3 bars.

c Measured diffraction pattern imaged on a CCD camera for laser

pulses. d Measured coincidence count rate for single-photon diffrac-

tion when a multi-mode fiber is scanned over the line indicated in

c. Each bar is imaged separately (black, red, gray dashed)

(a)

(b)

(d)

(c)

Fig. 3 Wavefront-shaped single-photon speckle. a A wavefront-

shaping setup was used in order to control the propagation of single-

photon states through multiple-scattering media. b Speckle pattern

imaged on a CCD camera for classical laser pulses with a random

phase pattern. The circle indicates the target for optimization.

c Speckle pattern with a single enhanced mode for an optimized

phase pattern. d Measured coincidence count rate at the position of

the bright speckle spot in c for an optimized (red), constant (gray),

and random phase patterns (white). The blue dashed line represents

the average coincidence rate measured for random phase patterns. The

errors are taken as 2 times the standard deviations
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by us in a transmission configuration (not shown), which

indeed resulted in a collection efficiency reduced by more

than an order of magnitude compared to the reflection

configuration.

We first use laser pulses to create an optimized classical

speckle pattern with a single enhanced speckle spot. The

beam is phase modulated by approximately 500 segments

consisting of 20 9 20 pixels. Each segment is sequentially

addressed with a random phase. Only if the intensity

increased, this new phase was accepted. One such mea-

surements took about 0.5 s. This algorithm was repeated

approximately 5 times for all segments, with an approxi-

mate total duration of half an hour to obtain a single

enhanced speckle spot. Figure 3(b) shows the speckle

pattern for a constant phase pattern, and Fig. 3c shows the

pattern after optimization. These camera images were

taken by putting a CCD camera in the focal length of a

200-mm lens, while the speckles propagated over more

than 20 cm before reaching this 200-mm lens or the single-

mode fiber. A clear enhanced speckle spot is visible in the

center of the image, which decreases less than 10 % in

intensity in 24 h, indicating the high stability of our setup.

Figure 3(d) shows the result with incident single pho-

tons for the same realization. The camera was removed,

and the target mode is coupled to a single-mode fiber that is

connected with SPCM2. Figure 3(d) presents the coinci-

dence count rate for different phase patterns; optimized

(red), random (white), and constant (gray). Twenty sub-

sequent measurements of 1 second integration time were

performed for each bar. From the optimized phase pattern,

we obtain a coincidence count rate which is 30 ± 10 times

higher than the average coincidence count rate for random

phase patterns. This value is in good agreement with the

measured intensity enhancement for incident laser pulses

extracted from the CCD image in Fig. 3(c). This is in line

with our expectation, since both single-photon states and

classical light have been redistributed in the wavefront-

shaping process similar to the diffraction patterns we

showed in the previous section, which appeared to be

identical for both single-photon states and classical light.

Since the SLM surface is not imaged directly on the back

aperture of the objective, the spot size illuminating the

sample may likely to be smaller for a constant phase pat-

tern than for structured phase patterns, resulting into a

lower intensity for structured phase patterns. However, the

main difference in coincidence rate between constant and

random phase patterns is the result of initially choosing a

bright speckle spot to enhance. The optimized phase pat-

tern provides a reproducible coincidence rate as indicated

by the second red bar in Fig. 3(d), showing again the high

stability of our setup. We have, hence, increased the

probability for a single photon to appear in a desired mode

30-fold, demonstrating the capability of coupling quantum

light to a desired mode after propagation through a random

scattering material by wavefront shaping. This corresponds

to an overall mode transmission of the order of 1 %, based

on the total number of speckle spots of order 103 and the

30-fold enhancement. The total number of speckle spots

was estimated from the amount of observed speckle spots

collected by the objective. By taking into account the

numerical aperture of the objective and that only a single

linear polarization state is detected, we extrapolated the

total number of speckle spots that are emitted in 4p sr. solid

angle. Based on energy conservation and the high purity of

our photon source, the detected coincidences occur when

the incident wavefront and the optimized target speckle

spot contained a single photon.

5 Conclusions

In summary, we have controlled single-photon propagation

through opaque scattering media with spatial phase mod-

ulation of the incident light. This opens new opportunities

to address elements of the scattering matrix to obtain

desired quantum interference. We anticipate that our

methods and findings are not limited to single-photon Fock

states, but can be applied to non-classical light in general,

providing new ways to perform quantum optical

experiments.
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