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The application of quantum states of light such as entangled photons, created e.g.

by parametric downconversion, has experienced tremendous progress in the almost 40

years since their first experimental realization. Initially, they were employed in the

investigation of the foundations of quantum physics, such as the violation of Bell’s in-

equalities and studies of quantum entanglement. They later emerged as basic platforms
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for quantum communication protocols, and, in the recent experiments on single-photon

interactions, in photonic quantum computation. These applications aim at the con-

trolled manipulation of the photonic degrees of freedom, and therefore rely on simple

models of matter, where the analysis is simpler. Furthermore, quantum imaging with

entangled light can achieve enhanced resolution, and quantum metrology can overcome

the shot noise limit for classical light.

This account focuses on an entirely different emerging class of applications using

quantum light as a powerful spectroscopic tool to reveal novel information about com-

plex molecules. These applications utilize two appealing properties of quantum light -

its distinct intensity fluctuations, and its nonclassical bandwidth properties. As will

be discussed in this account, these give rise to new and surprising behavior of nonlin-

ear optical signals. Nonclassical intensity fluctuations can enhance nonlinear optical

signals relative to linear absorption. For instance, the two-photon absorption of en-

tangled photon pairs scales linearly (rather than quadratically) in the photon flux -

just like a single photon absorption. This enables nonlinear quantum spectroscopy of

photosensitive, e.g. biological, samples at low light intensities. We will discuss how the

two-photon absorption cross section becomes a function of the photonic quantum state,

which can be manipulated by properties of the entangled photon pairs. In addition,

the quantum correlations in entangled photon states further influence the nonlinear sig-

nals in a variety of ways. Apart from affecting the signal’s scaling with intensity, they

also constitute an entirely new approach to shaping and controlling excitation path-

ways in molecular aggregates in a way that cannot be achieved with shaped classical

pulses. This is because in between the two absorption events in entangled two-photon

absorption, the light and material system are entangled. Classical constraints for the

simultaneous time and frequency resolution can thus be circumvented, since the two

are not Fourier conjugates.

Here we review the simplest manifestation of quantum light spectroscopy, two-

photon absorption spectroscopy with entangled photons. This will allow us to discuss

exemplarily the impact of quantum properties of light on a nonlinear optical signal,
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and explore the opportunities for future applications.

1 Introduction

Quantum entanglement refers to a curious property of the Hilbert space geometry of many-

body systems: It is associated with many-body quantum states which cannot be written as

the products of the constituents’ wavefunctions, and consequently the particles are strongly

correlated in a distinct quantum-mechanical way as we describe below. The concept of entan-

glement, and the non-local correlations associated with it, was first pointed out in the famous

paper by Einstein, Podolsky and Rosen,1 who used it to question the foundations of quantum

mechanics. Its implications for our understanding of the nonlocality of quantum mechanics

are hard to underestimate. But besides, as later formalised by Bell,2 its main corollary for

possible applications consists in the insight that there are quantum states featuring strong

correlations in any measurement basis - as opposed to classical correlations which are basis-

dependent. For instance, a two-spin Bell state such as |Φ+〉 =(| ↑1↑2〉 + | ↓1↓2〉)/
√

2 shows

perfect correlations between the two spins, regardless of whether one measures correlations

in the up-/down-basis |↑1〉, |↓1〉 or in the plus-/minus-basis |±1〉 = (|↑1〉 ± |↓1〉)/
√

2 of spin

no. 1: In the latter basis, the Bell state retains its structure, |Φ+〉 = (|+1+2〉+|−1−2〉)/
√

2.

Therefore, the measurement of spin 1 determines the state of spin 2. If the result is | ↑1〉, we

know that spin 2 is in the state | ↑2〉 (likewise for | ↓1〉). Also, if the result is |+1〉, we know

that spin 2 is in the state |+2〉 (and likewise for |−1〉, of course). In contrast, classically

correlated states [e.g. ρ = (|↑1↑2〉〈↑1↑2| + |↓1↓2〉〈↓1↓2|)/2 which is obtained from |Φ+〉〈Φ+|

by removing its off-diagonal matrix elements in the up-/down-basis] can only show perfect

correlations in a specific basis. Measuring ρ in the up-/down-basis of spin no. 1, we obtain

the reduced density matrix ρred = 〈↑1 |ρ| ↑1〉 = | ↑2〉〈↑2 |, so this measurement determines

the state of the second spin as shown above. Yet measuring ρ in the plus-/minus-basis, we

obtain ρred = (|+2〉〈+2| + |−2〉〈−2|)/2 which leaves spin no. 2 undetermined. This feature
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will be important in spectroscopy, where entangled photon states can simultaneously feature

strong correlations in time and frequency domains, while classical correlations only show up

in one domain.

Photons can be entangled in different degrees of freedom: their wavevectors, frequency,

time, or polarizations. It was with polarization-entangled photons that the violation of Bell’s

inequalities was first demonstrated conclusively.3–5 These experiments paved the way for the

currently most intensive field of research in the application of entangled photons - quantum

cryptography.6 Further proposals aim at employing entangled photons in imaging,7 lithog-

raphy,8 or phase estimation,9 where frequency correlations increase the spatial resolution.

These proposals can, however, often be realized with classical correlations as well.10–12

The interest in employing entangled photons as spectroscopic tools was first raised in

Refs.,13–15 where the authors theoretically predicted a linear rather than quadratic scaling

of the two-photon absorption (TPA) rate with the pump photon intensity. The experimen-

tal verification of this effect in atomic16–18 and molecular samples19–22 established entangled

photons as interesting light sources for nonlinear spectroscopy with low photon fluxes. Sub-

sequent theoretical proposals for entangled virtual state spectroscopy,23 or entanglement-

induced two-photon transparency24 pointed out the highly unusual bandwidth properties of

entangled photons, which will be discussed below. They also form the basis for pump-probe

spectroscopy schemes,25,26 or two-dimensional spectroscopy27,28 involving entangled photons.

Here we focus on experimentally relevant aspects of entangled photon absorption, while

keeping the theoretical background to a necessary minimum. More comprehensive reviews

can be found in Refs.29,30 We will discuss the interrelation between the photon flux produced

by an entangled photon source, the inherent quantum correlations, and the induced TPA

signal in atomic and molecular samples. This is followed by a discussion of TPA in molecular

aggregates, where many excitation pathways interfere, and nonradiative relaxation processes

reshuffle populations.
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2 Multimode quantum light - generation and detection
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<latexit sha1_base64="5504PyENCsQMEAzMHEvRwhYKTIQ=">AAAB93icdVDJSgNBEO2JW4xLRj16aQyCF4fOmMXcgnrwGMFoIBmGnk4ladKz0N0jxJAv8eJBxau/4s2/sbMIKvqg4PFeFVX1gkRwpQn5sDJLyyura9n13Mbm1nbe3tm9UXEqGTRZLGLZCqgCwSNoaq4FtBIJNAwE3AbD86l/ewdS8Ti61qMEvJD2I97jjGoj+Xa+cwFCU9yJQ+hT/9i3C8RxaxVSrWHinBRJxS3PSLVUdnHRITMU0AIN337vdGOWhhBpJqhS7SJJtDemUnMmYJLrpAoSyoa0D21DIxqC8sazwyf40Chd3IulqUjjmfp9YkxDpUZhYDpDqgfqtzcV//Laqe6demMeJamGiM0X9VKBdYynKeAul8C0GBlCmeTmVswGVFKmTVY5E8LXp/h/0nSdmkOuSoX62SKNLNpHB+gIFVEV1dElaqAmYihFD+gJPVv31qP1Yr3OWzPWYmYP/YD19gm85JKz</latexit><latexit sha1_base64="5504PyENCsQMEAzMHEvRwhYKTIQ=">AAAB93icdVDJSgNBEO2JW4xLRj16aQyCF4fOmMXcgnrwGMFoIBmGnk4ladKz0N0jxJAv8eJBxau/4s2/sbMIKvqg4PFeFVX1gkRwpQn5sDJLyyura9n13Mbm1nbe3tm9UXEqGTRZLGLZCqgCwSNoaq4FtBIJNAwE3AbD86l/ewdS8Ti61qMEvJD2I97jjGoj+Xa+cwFCU9yJQ+hT/9i3C8RxaxVSrWHinBRJxS3PSLVUdnHRITMU0AIN337vdGOWhhBpJqhS7SJJtDemUnMmYJLrpAoSyoa0D21DIxqC8sazwyf40Chd3IulqUjjmfp9YkxDpUZhYDpDqgfqtzcV//Laqe6demMeJamGiM0X9VKBdYynKeAul8C0GBlCmeTmVswGVFKmTVY5E8LXp/h/0nSdmkOuSoX62SKNLNpHB+gIFVEV1dElaqAmYihFD+gJPVv31qP1Yr3OWzPWYmYP/YD19gm85JKz</latexit><latexit sha1_base64="5504PyENCsQMEAzMHEvRwhYKTIQ=">AAAB93icdVDJSgNBEO2JW4xLRj16aQyCF4fOmMXcgnrwGMFoIBmGnk4ladKz0N0jxJAv8eJBxau/4s2/sbMIKvqg4PFeFVX1gkRwpQn5sDJLyyura9n13Mbm1nbe3tm9UXEqGTRZLGLZCqgCwSNoaq4FtBIJNAwE3AbD86l/ewdS8Ti61qMEvJD2I97jjGoj+Xa+cwFCU9yJQ+hT/9i3C8RxaxVSrWHinBRJxS3PSLVUdnHRITMU0AIN337vdGOWhhBpJqhS7SJJtDemUnMmYJLrpAoSyoa0D21DIxqC8sazwyf40Chd3IulqUjjmfp9YkxDpUZhYDpDqgfqtzcV//Laqe6demMeJamGiM0X9VKBdYynKeAul8C0GBlCmeTmVswGVFKmTVY5E8LXp/h/0nSdmkOuSoX62SKNLNpHB+gIFVEV1dElaqAmYihFD+gJPVv31qP1Yr3OWzPWYmYP/YD19gm85JKz</latexit>

!1
<latexit sha1_base64="dAg0WlBOiQkPggESPMbrD3eHzuw=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSaxD7srunFZwdhCG8pkOmmHziRxZiKU0J9w40LFrd/jzr9xmlZQ0QMXDufcy733BAlnSiP0YRVWVtfWN4qbpa3tnd298v7BrYpTSahHYh7LboAV5Syinmaa024iKRYBp51gcjn3O/dUKhZHN3qaUF/gUcRCRrA2UrcfCzrCA2dQriDbbdZRowmRfeagulvLSaNac6FjoxwVsER7UH7vD2OSChppwrFSPQcl2s+w1IxwOiv1U0UTTCZ4RHuGRlhQ5Wf5vTN4YpQhDGNpKtIwV79PZFgoNRWB6RRYj9Vvby7+5fVSHZ77GYuSVNOILBaFKYc6hvPn4ZBJSjSfGoKJZOZWSMZYYqJNRCUTwten8H/iuXbTRtfVSutimUYRHIFjcAoc0AAtcAXawAMEcPAAnsCzdWc9Wi/W66K1YC1nDsEPWG+fjU+P2g==</latexit><latexit sha1_base64="dAg0WlBOiQkPggESPMbrD3eHzuw=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSaxD7srunFZwdhCG8pkOmmHziRxZiKU0J9w40LFrd/jzr9xmlZQ0QMXDufcy733BAlnSiP0YRVWVtfWN4qbpa3tnd298v7BrYpTSahHYh7LboAV5Syinmaa024iKRYBp51gcjn3O/dUKhZHN3qaUF/gUcRCRrA2UrcfCzrCA2dQriDbbdZRowmRfeagulvLSaNac6FjoxwVsER7UH7vD2OSChppwrFSPQcl2s+w1IxwOiv1U0UTTCZ4RHuGRlhQ5Wf5vTN4YpQhDGNpKtIwV79PZFgoNRWB6RRYj9Vvby7+5fVSHZ77GYuSVNOILBaFKYc6hvPn4ZBJSjSfGoKJZOZWSMZYYqJNRCUTwten8H/iuXbTRtfVSutimUYRHIFjcAoc0AAtcAXawAMEcPAAnsCzdWc9Wi/W66K1YC1nDsEPWG+fjU+P2g==</latexit><latexit sha1_base64="dAg0WlBOiQkPggESPMbrD3eHzuw=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSaxD7srunFZwdhCG8pkOmmHziRxZiKU0J9w40LFrd/jzr9xmlZQ0QMXDufcy733BAlnSiP0YRVWVtfWN4qbpa3tnd298v7BrYpTSahHYh7LboAV5Syinmaa024iKRYBp51gcjn3O/dUKhZHN3qaUF/gUcRCRrA2UrcfCzrCA2dQriDbbdZRowmRfeagulvLSaNac6FjoxwVsER7UH7vD2OSChppwrFSPQcl2s+w1IxwOiv1U0UTTCZ4RHuGRlhQ5Wf5vTN4YpQhDGNpKtIwV79PZFgoNRWB6RRYj9Vvby7+5fVSHZ77GYuSVNOILBaFKYc6hvPn4ZBJSjSfGoKJZOZWSMZYYqJNRCUTwten8H/iuXbTRtfVSutimUYRHIFjcAoc0AAtcAXawAMEcPAAnsCzdWc9Wi/W66K1YC1nDsEPWG+fjU+P2g==</latexit>

!
2

<latexit sha1_base64="rPoK24jvCO8zdtlOFAtkQvRhW/M=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSaxD7srunFZwdhCG8pkOmmHziRxZiKU0J9w40LFrd/jzr9xmlZQ0QMXDufcy733BAlnSiP0YRVWVtfWN4qbpa3tnd298v7BrYpTSahHYh7LboAV5Syinmaa024iKRYBp51gcjn3O/dUKhZHN3qaUF/gUcRCRrA2UrcfCzrCA3dQriDbbdZRowmRfeagulvLSaNac6FjoxwVsER7UH7vD2OSChppwrFSPQcl2s+w1IxwOiv1U0UTTCZ4RHuGRlhQ5Wf5vTN4YpQhDGNpKtIwV79PZFgoNRWB6RRYj9Vvby7+5fVSHZ77GYuSVNOILBaFKYc6hvPn4ZBJSjSfGoKJZOZWSMZYYqJNRCUTwten8H/iuXbTRtfVSutimUYRHIFjcAoc0AAtcAXawAMEcPAAnsCzdWc9Wi/W66K1YC1nDsEPWG+fjtKP2w==</latexit><latexit sha1_base64="rPoK24jvCO8zdtlOFAtkQvRhW/M=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSaxD7srunFZwdhCG8pkOmmHziRxZiKU0J9w40LFrd/jzr9xmlZQ0QMXDufcy733BAlnSiP0YRVWVtfWN4qbpa3tnd298v7BrYpTSahHYh7LboAV5Syinmaa024iKRYBp51gcjn3O/dUKhZHN3qaUF/gUcRCRrA2UrcfCzrCA3dQriDbbdZRowmRfeagulvLSaNac6FjoxwVsER7UH7vD2OSChppwrFSPQcl2s+w1IxwOiv1U0UTTCZ4RHuGRlhQ5Wf5vTN4YpQhDGNpKtIwV79PZFgoNRWB6RRYj9Vvby7+5fVSHZ77GYuSVNOILBaFKYc6hvPn4ZBJSjSfGoKJZOZWSMZYYqJNRCUTwten8H/iuXbTRtfVSutimUYRHIFjcAoc0AAtcAXawAMEcPAAnsCzdWc9Wi/W66K1YC1nDsEPWG+fjtKP2w==</latexit><latexit sha1_base64="rPoK24jvCO8zdtlOFAtkQvRhW/M=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSaxD7srunFZwdhCG8pkOmmHziRxZiKU0J9w40LFrd/jzr9xmlZQ0QMXDufcy733BAlnSiP0YRVWVtfWN4qbpa3tnd298v7BrYpTSahHYh7LboAV5Syinmaa024iKRYBp51gcjn3O/dUKhZHN3qaUF/gUcRCRrA2UrcfCzrCA3dQriDbbdZRowmRfeagulvLSaNac6FjoxwVsER7UH7vD2OSChppwrFSPQcl2s+w1IxwOiv1U0UTTCZ4RHuGRlhQ5Wf5vTN4YpQhDGNpKtIwV79PZFgoNRWB6RRYj9Vvby7+5fVSHZ77GYuSVNOILBaFKYc6hvPn4ZBJSjSfGoKJZOZWSMZYYqJNRCUTwten8H/iuXbTRtfVSutimUYRHIFjcAoc0AAtcAXawAMEcPAAnsCzdWc9Wi/W66K1YC1nDsEPWG+fjtKP2w==</latexit>

�
t+

<latexit sha1_base64="bQx8dNgk8zMQVjr5q9MpDW0iB94=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoMgCMsk5mFuQT14jOCaYBLC7GSSDJmdXWZ6hbDkL7x4UPHq53jzb5w8BBUtaCiquunu8iMpDBDy4aSWlldW19LrmY3Nre2d7O7erQljzbjHQhnqpk8Nl0JxDwRI3ow0p4EvecMfXUz9xj3XRoTqBsYR7wR0oERfMApWumtfcgkUQ/ekm80Rt1Atk0oVE/c0T8qF0oxUiqUCzrtkhhxaoN7Nvrd7IYsDroBJakwrTyLoJFSDYJJPMu3Y8IiyER3wlqWKBtx0ktnFE3xklR7uh9qWAjxTv08kNDBmHPi2M6AwNL+9qfiX14qhf9ZJhIpi4IrNF/VjiSHE0/dxT2jOQI4toUwLeytmQ6opAxtSxobw9Sn+n3gFt+qS62Kudr5II40O0CE6RnlUQTV0herIQwwp9ICe0LNjnEfnxXmdt6acxcw++gHn7ROD/JBd</latexit><latexit sha1_base64="bQx8dNgk8zMQVjr5q9MpDW0iB94=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoMgCMsk5mFuQT14jOCaYBLC7GSSDJmdXWZ6hbDkL7x4UPHq53jzb5w8BBUtaCiquunu8iMpDBDy4aSWlldW19LrmY3Nre2d7O7erQljzbjHQhnqpk8Nl0JxDwRI3ow0p4EvecMfXUz9xj3XRoTqBsYR7wR0oERfMApWumtfcgkUQ/ekm80Rt1Atk0oVE/c0T8qF0oxUiqUCzrtkhhxaoN7Nvrd7IYsDroBJakwrTyLoJFSDYJJPMu3Y8IiyER3wlqWKBtx0ktnFE3xklR7uh9qWAjxTv08kNDBmHPi2M6AwNL+9qfiX14qhf9ZJhIpi4IrNF/VjiSHE0/dxT2jOQI4toUwLeytmQ6opAxtSxobw9Sn+n3gFt+qS62Kudr5II40O0CE6RnlUQTV0herIQwwp9ICe0LNjnEfnxXmdt6acxcw++gHn7ROD/JBd</latexit><latexit sha1_base64="bQx8dNgk8zMQVjr5q9MpDW0iB94=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoMgCMsk5mFuQT14jOCaYBLC7GSSDJmdXWZ6hbDkL7x4UPHq53jzb5w8BBUtaCiquunu8iMpDBDy4aSWlldW19LrmY3Nre2d7O7erQljzbjHQhnqpk8Nl0JxDwRI3ow0p4EvecMfXUz9xj3XRoTqBsYR7wR0oERfMApWumtfcgkUQ/ekm80Rt1Atk0oVE/c0T8qF0oxUiqUCzrtkhhxaoN7Nvrd7IYsDroBJakwrTyLoJFSDYJJPMu3Y8IiyER3wlqWKBtx0ktnFE3xklR7uh9qWAjxTv08kNDBmHPi2M6AwNL+9qfiX14qhf9ZJhIpi4IrNF/VjiSHE0/dxT2jOQI4toUwLeytmQ6opAxtSxobw9Sn+n3gFt+qS62Kudr5II40O0CE6RnlUQTV0herIQwwp9ICe0LNjnEfnxXmdt6acxcw++gHn7ROD/JBd</latexit>

�
t�

<latexit sha1_base64="NC6oSKb5vm28fGw9m71AyC+BmTA=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgxWUS8zC3oB48RnBNMAlhdjJJhszOLjO9QljyF148qHj1c7z5N04egooWNBRV3XR3+ZEUBgj5cFJLyyura+n1zMbm1vZOdnfv1oSxZtxjoQx106eGS6G4BwIkb0aa08CXvOGPLqZ+455rI0J1A+OIdwI6UKIvGAUr3bUvuQSKoXvSzeaIW6iWSaWKiXuaJ+VCaUYqxVIB510yQw4tUO9m39u9kMUBV8AkNaaVJxF0EqpBMMknmXZseETZiA54y1JFA246yeziCT6ySg/3Q21LAZ6p3ycSGhgzDnzbGVAYmt/eVPzLa8XQP+skQkUxcMXmi/qxxBDi6fu4JzRnIMeWUKaFvRWzIdWUgQ0pY0P4+hT/T7yCW3XJdTFXO1+kkUYH6BAdozyqoBq6QnXkIYYUekBP6NkxzqPz4rzOW1POYmYf/YDz9gmHApBf</latexit><latexit sha1_base64="NC6oSKb5vm28fGw9m71AyC+BmTA=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgxWUS8zC3oB48RnBNMAlhdjJJhszOLjO9QljyF148qHj1c7z5N04egooWNBRV3XR3+ZEUBgj5cFJLyyura+n1zMbm1vZOdnfv1oSxZtxjoQx106eGS6G4BwIkb0aa08CXvOGPLqZ+455rI0J1A+OIdwI6UKIvGAUr3bUvuQSKoXvSzeaIW6iWSaWKiXuaJ+VCaUYqxVIB510yQw4tUO9m39u9kMUBV8AkNaaVJxF0EqpBMMknmXZseETZiA54y1JFA246yeziCT6ySg/3Q21LAZ6p3ycSGhgzDnzbGVAYmt/eVPzLa8XQP+skQkUxcMXmi/qxxBDi6fu4JzRnIMeWUKaFvRWzIdWUgQ0pY0P4+hT/T7yCW3XJdTFXO1+kkUYH6BAdozyqoBq6QnXkIYYUekBP6NkxzqPz4rzOW1POYmYf/YDz9gmHApBf</latexit><latexit sha1_base64="NC6oSKb5vm28fGw9m71AyC+BmTA=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPgxWUS8zC3oB48RnBNMAlhdjJJhszOLjO9QljyF148qHj1c7z5N04egooWNBRV3XR3+ZEUBgj5cFJLyyura+n1zMbm1vZOdnfv1oSxZtxjoQx106eGS6G4BwIkb0aa08CXvOGPLqZ+455rI0J1A+OIdwI6UKIvGAUr3bUvuQSKoXvSzeaIW6iWSaWKiXuaJ+VCaUYqxVIB510yQw4tUO9m39u9kMUBV8AkNaaVJxF0EqpBMMknmXZseETZiA54y1JFA246yeziCT6ySg/3Q21LAZ6p3ycSGhgzDnzbGVAYmt/eVPzLa8XQP+skQkUxcMXmi/qxxBDi6fu4JzRnIMeWUKaFvRWzIdWUgQ0pY0P4+hT/T7yCW3XJdTFXO1+kkUYH6BAdozyqoBq6QnXkIYYUekBP6NkxzqPz4rzOW1POYmYf/YDz9gmHApBf</latexit>

!1
<latexit sha1_base64="dAg0WlBOiQkPggESPMbrD3eHzuw=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSaxD7srunFZwdhCG8pkOmmHziRxZiKU0J9w40LFrd/jzr9xmlZQ0QMXDufcy733BAlnSiP0YRVWVtfWN4qbpa3tnd298v7BrYpTSahHYh7LboAV5Syinmaa024iKRYBp51gcjn3O/dUKhZHN3qaUF/gUcRCRrA2UrcfCzrCA2dQriDbbdZRowmRfeagulvLSaNac6FjoxwVsER7UH7vD2OSChppwrFSPQcl2s+w1IxwOiv1U0UTTCZ4RHuGRlhQ5Wf5vTN4YpQhDGNpKtIwV79PZFgoNRWB6RRYj9Vvby7+5fVSHZ77GYuSVNOILBaFKYc6hvPn4ZBJSjSfGoKJZOZWSMZYYqJNRCUTwten8H/iuXbTRtfVSutimUYRHIFjcAoc0AAtcAXawAMEcPAAnsCzdWc9Wi/W66K1YC1nDsEPWG+fjU+P2g==</latexit><latexit sha1_base64="dAg0WlBOiQkPggESPMbrD3eHzuw=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSaxD7srunFZwdhCG8pkOmmHziRxZiKU0J9w40LFrd/jzr9xmlZQ0QMXDufcy733BAlnSiP0YRVWVtfWN4qbpa3tnd298v7BrYpTSahHYh7LboAV5Syinmaa024iKRYBp51gcjn3O/dUKhZHN3qaUF/gUcRCRrA2UrcfCzrCA2dQriDbbdZRowmRfeagulvLSaNac6FjoxwVsER7UH7vD2OSChppwrFSPQcl2s+w1IxwOiv1U0UTTCZ4RHuGRlhQ5Wf5vTN4YpQhDGNpKtIwV79PZFgoNRWB6RRYj9Vvby7+5fVSHZ77GYuSVNOILBaFKYc6hvPn4ZBJSjSfGoKJZOZWSMZYYqJNRCUTwten8H/iuXbTRtfVSutimUYRHIFjcAoc0AAtcAXawAMEcPAAnsCzdWc9Wi/W66K1YC1nDsEPWG+fjU+P2g==</latexit><latexit sha1_base64="dAg0WlBOiQkPggESPMbrD3eHzuw=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSaxD7srunFZwdhCG8pkOmmHziRxZiKU0J9w40LFrd/jzr9xmlZQ0QMXDufcy733BAlnSiP0YRVWVtfWN4qbpa3tnd298v7BrYpTSahHYh7LboAV5Syinmaa024iKRYBp51gcjn3O/dUKhZHN3qaUF/gUcRCRrA2UrcfCzrCA2dQriDbbdZRowmRfeagulvLSaNac6FjoxwVsER7UH7vD2OSChppwrFSPQcl2s+w1IxwOiv1U0UTTCZ4RHuGRlhQ5Wf5vTN4YpQhDGNpKtIwV79PZFgoNRWB6RRYj9Vvby7+5fVSHZ77GYuSVNOILBaFKYc6hvPn4ZBJSjSfGoKJZOZWSMZYYqJNRCUTwten8H/iuXbTRtfVSutimUYRHIFjcAoc0AAtcAXawAMEcPAAnsCzdWc9Wi/W66K1YC1nDsEPWG+fjU+P2g==</latexit>

!2
<latexit sha1_base64="rPoK24jvCO8zdtlOFAtkQvRhW/M=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSaxD7srunFZwdhCG8pkOmmHziRxZiKU0J9w40LFrd/jzr9xmlZQ0QMXDufcy733BAlnSiP0YRVWVtfWN4qbpa3tnd298v7BrYpTSahHYh7LboAV5Syinmaa024iKRYBp51gcjn3O/dUKhZHN3qaUF/gUcRCRrA2UrcfCzrCA3dQriDbbdZRowmRfeagulvLSaNac6FjoxwVsER7UH7vD2OSChppwrFSPQcl2s+w1IxwOiv1U0UTTCZ4RHuGRlhQ5Wf5vTN4YpQhDGNpKtIwV79PZFgoNRWB6RRYj9Vvby7+5fVSHZ77GYuSVNOILBaFKYc6hvPn4ZBJSjSfGoKJZOZWSMZYYqJNRCUTwten8H/iuXbTRtfVSutimUYRHIFjcAoc0AAtcAXawAMEcPAAnsCzdWc9Wi/W66K1YC1nDsEPWG+fjtKP2w==</latexit><latexit sha1_base64="rPoK24jvCO8zdtlOFAtkQvRhW/M=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSaxD7srunFZwdhCG8pkOmmHziRxZiKU0J9w40LFrd/jzr9xmlZQ0QMXDufcy733BAlnSiP0YRVWVtfWN4qbpa3tnd298v7BrYpTSahHYh7LboAV5Syinmaa024iKRYBp51gcjn3O/dUKhZHN3qaUF/gUcRCRrA2UrcfCzrCA3dQriDbbdZRowmRfeagulvLSaNac6FjoxwVsER7UH7vD2OSChppwrFSPQcl2s+w1IxwOiv1U0UTTCZ4RHuGRlhQ5Wf5vTN4YpQhDGNpKtIwV79PZFgoNRWB6RRYj9Vvby7+5fVSHZ77GYuSVNOILBaFKYc6hvPn4ZBJSjSfGoKJZOZWSMZYYqJNRCUTwten8H/iuXbTRtfVSutimUYRHIFjcAoc0AAtcAXawAMEcPAAnsCzdWc9Wi/W66K1YC1nDsEPWG+fjtKP2w==</latexit><latexit sha1_base64="rPoK24jvCO8zdtlOFAtkQvRhW/M=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSaxD7srunFZwdhCG8pkOmmHziRxZiKU0J9w40LFrd/jzr9xmlZQ0QMXDufcy733BAlnSiP0YRVWVtfWN4qbpa3tnd298v7BrYpTSahHYh7LboAV5Syinmaa024iKRYBp51gcjn3O/dUKhZHN3qaUF/gUcRCRrA2UrcfCzrCA3dQriDbbdZRowmRfeagulvLSaNac6FjoxwVsER7UH7vD2OSChppwrFSPQcl2s+w1IxwOiv1U0UTTCZ4RHuGRlhQ5Wf5vTN4YpQhDGNpKtIwV79PZFgoNRWB6RRYj9Vvby7+5fVSHZ77GYuSVNOILBaFKYc6hvPn4ZBJSjSfGoKJZOZWSMZYYqJNRCUTwten8H/iuXbTRtfVSutimUYRHIFjcAoc0AAtcAXawAMEcPAAnsCzdWc9Wi/W66K1YC1nDsEPWG+fjtKP2w==</latexit>

!p
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Figure 1: (a) In parametric downconversion, a photon from a strong pump beam with fre-
quency ωp (black) splits into an entangled pair of photons with frequencies ω1 and ω2. Here
we depict non-collinear downconversion, but in this review we only focus on the bandwidth
properties of entangled photons, and do not discuss their spatial properties. (b) Left panel:
Schematic sketch of the absolute value of a typical two-photon wavefunction in frequency
domain, Ψ(ω1, ω2). Right panel: The absolute value of the corresponding wavefunction in
time domain, Ψ̃(t1, t2).

Before discussing the signatures of quantum properties of light in spectroscopic signals,

we first briefly survey the quantum theory of the detection and characterisation of light, and

the creation of entangled photon pairs.

2.1 Parametric downconversion

Parametric downconversion (Fig. 1(a)) is a stimulated nonlinear optical process induced by

the interaction of a pump laser with a nonlinear medium. A high-frequency pump photon

is split into into a pair of entangled photons - historically denoted signal and idler, respec-

tively. Generally, one distinguishes collinear downconversion, where the entangled photons
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are created with the same propagation direction as the pump beam, and non-collinear down-

conversion (as sketched in Fig. 1(a)), where they are generated in cones around the pump

beam. Even though by now entangled photons have been created in a broad variety of

systems, the creation of time-frequency entanglement always relies on the interplay between

the conservation of energy and momentum. Denoting the frequency of the pump photon

ωp, and those of signal and idler photons ω1 and ω2, respectively, the process must conserve

energy,

ωp = ω1 + ω2, (1)

and momentum

kp(ωp) = k1(ω1) + k2(ω2). (2)

The downconversion event can happen at any point along the propagation of the pump

pulse through the nonlinear crystal, and the created two-photon state |Ψ〉 is, in general,

a superposition of all photon states |ω1,k1; ω2,k2〉, for which Eqs. (1) and (2) are both

satisfied. The entangled two-photon state then reads

|Ψ〉 =

∫
dk1

∫
dk2Ψ(k1,k2)|ω1,k1; ω2,k2〉. (3)

In the following, we neglect the spatial variation of the two-photon wavefunction (for a

review, see e.g. Ref.31), and assume that the spatial propagation direction is selected, e.g.,

by small slits24 or by collinear downconversion.

A typical representation of the resulting wavefunction in frequency domain Ψ(ω1, ω2) is

sketched in the left panel of Fig. 1(b), which shows the absolute value of the amplitude vs.

the photon frequencies ω1 and ω2. The width along the diagonal, ∆ω+, is determined by

the pump bandwidth, due to energy conservation in Eq. (1). The anti-diagonal width ∆ω−
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is determined by the momentum phase matching, Eq. (2), and can be much broader than

∆ω+.

The corresponding time domain wavefunction Ψ̃(t1, t2) obtained by a double Fourier

transform is shown in the right panel of Fig. 1(b). The small uncertainty ∆ω+ translates

into a large uncertainty ∆t+. Hence, the photon pair arrival time is limited by the pump

duration. Yet the large uncertainty ∆ω− implies a strong correlation of the photon arrival

times ∆t−. Once the first photon is absorbed e.g. in a detector, its twin must arrive within

a very narrow time window, known as the entanglement time T . When ∆ω+ = 0, this time

window is solely determined by the group velocity mismatch within the crystal, and can be

controlled by the crystal length,32 as we shall examine below.

Taking only the two emerging propagation directions into account, a typical form for

such an entangled state is given by the twin photon state24

|Ψtwin〉 =
1√
N

∫
dω1

∫
dω2 exp

(
−(ω1 + ω2 − ωp)2/∆ω2

+

)
×sinc

(
`

2π
(k1(ω1) + k2(ω2)− kp(ω1 + ω2))

)
|ω1, ω2〉, (4)

where ` is the crystal length, and the normalization constant N = ∆ω+π
3/2/(2T ). The first

exponential stems from the pump pulse bandwidth, and the sinc-function33 arises from the

phase matching inside the crystal, and gives rise to the entanglement time T .32

Strong correlations in both the time and frequency domains are a hallmark of entangle-

ment in the pure quantum state |Ψ〉. If we were to replace the superposition state by a classi-

cally correlated mixture of states, where the density matrix looks like %∼∑ω1,ω2
pω1,ω2|ω1, ω2〉〈ω1, ω2|,

we would only reproduce the frequency but not the time correlations (see e.g. Ref.34).

2.2 Photon counting

We now consider a setup, where the entangled photons can be detected individually. Ac-

cording to the standard theory of photodetection, the average number of photons in beam i
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is given by28

ni = η

∫ tw/2

−tw/2
dτ 〈Ψ|a†i (τ)ai(τ)|Ψ〉 (5)

≡ ηtwAdΦ,

where tw denotes the detection window, η the detector efficiency, Ad the detector area, and

ai(τ) the photon annihilation operator at time τ , with the commutation relation [ai(t), a
†
i (t
′)] =

δ(t− t′). The expectation value is taken with respect to the photon field which in our case

is the entangled two-photon state |Ψ〉, e.g. Eq. (4). In the second line, we have defined the

photon flux density Φ - the number of detector clicks per unit time and area. The prefactor

ηAd can be interpreted as the detector’s single photon absorption cross section associated

with |Ψ〉. In the case of the twin state (4), if the time window tw is much longer than the

temporal length of the photon wavepacket but small enough such that only a single photon

pair is measured, we obtain ni ' ηAd/Aq, where Aq is the quantisation area (the beam area

perpendicular to its propagation direction35), and hence Φ ' 1/(twAq).

The detection probability of two photons from the two beams, where the second photon

is detected with a time delay t, is given by

G(2)(t) = η2
∫ tw/2

−tw/2
dτ 〈Ψ|a†1(τ)a†2(τ + t)a2(τ + t)a1(τ)|Ψ〉 (6)

≡ η2f(t)twAd1Ad2Φ + . . .

This coincidence signal peaks at t = 0, with a temporal width determined by ∆t− (see

Fig. 1(b)). Since the expectation value is taken with respect to the same two-photon state

|Ψ〉 as in Eq. (5), it also depends linearly the photon flux density Φ to leading order. This

is again shown in the second line, where we write the coincidence signal as the product

of the delay dependence f(t), the detector efficiency η2, the detection window tw and the

two detector areas Ad1 and Ad2. Hence, at zero delay t = 0, η2Ad1Ad2 can be seen as
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the detector’s entangled two-photon absorption cross section. When the photon flux is

high, different photon pairs can overlap temporally, creating an incoherent background of

uncorrelated coincidences which scales quadratically with Φ and only depends on the the

temporal width ∆t+ in Fig. 1(b).

3 Entangled two-photon absorption

(a)
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<latexit sha1_base64="FmgJfbMdF9B9d7DP9v08cUE5RiQ=">AAAB+HicbVBNS8NAFNz4WetX1KOXxSJ6KqkI6q3oxWMFYwtNKJvta7t0swm7L4US+k+8eFDx6k/x5r9x2+agrQMLw8w83tuJUikMet63s7K6tr6xWdoqb+/s7u27B4dPJsk0B58nMtGtiBmQQoGPAiW0Ug0sjiQ0o+Hd1G+OQBuRqEccpxDGrK9ET3CGVuq4biCZ6kugcEYDG8SOW/Gq3gx0mdQKUiEFGh33K+gmPItBIZfMmHbNSzHMmUbBJUzKQWYgZXzI+tC2VLEYTJjPLp/QU6t0aS/R9imkM/X3RM5iY8ZxZJMxw4FZ9Kbif147w951mAuVZgiKzxf1MkkxodMaaFdo4CjHljCuhb2V8gHTjKMtq2xLqC1+eZn4F9WbqvdwWanfFm2UyDE5IeekRq5IndyTBvEJJyPyTF7Jm5M7L8678zGPrjjFzBH5A+fzBxF0ktY=</latexit><latexit sha1_base64="FmgJfbMdF9B9d7DP9v08cUE5RiQ=">AAAB+HicbVBNS8NAFNz4WetX1KOXxSJ6KqkI6q3oxWMFYwtNKJvta7t0swm7L4US+k+8eFDx6k/x5r9x2+agrQMLw8w83tuJUikMet63s7K6tr6xWdoqb+/s7u27B4dPJsk0B58nMtGtiBmQQoGPAiW0Ug0sjiQ0o+Hd1G+OQBuRqEccpxDGrK9ET3CGVuq4biCZ6kugcEYDG8SOW/Gq3gx0mdQKUiEFGh33K+gmPItBIZfMmHbNSzHMmUbBJUzKQWYgZXzI+tC2VLEYTJjPLp/QU6t0aS/R9imkM/X3RM5iY8ZxZJMxw4FZ9Kbif147w951mAuVZgiKzxf1MkkxodMaaFdo4CjHljCuhb2V8gHTjKMtq2xLqC1+eZn4F9WbqvdwWanfFm2UyDE5IeekRq5IndyTBvEJJyPyTF7Jm5M7L8678zGPrjjFzBH5A+fzBxF0ktY=</latexit><latexit sha1_base64="FmgJfbMdF9B9d7DP9v08cUE5RiQ=">AAAB+HicbVBNS8NAFNz4WetX1KOXxSJ6KqkI6q3oxWMFYwtNKJvta7t0swm7L4US+k+8eFDx6k/x5r9x2+agrQMLw8w83tuJUikMet63s7K6tr6xWdoqb+/s7u27B4dPJsk0B58nMtGtiBmQQoGPAiW0Ug0sjiQ0o+Hd1G+OQBuRqEccpxDGrK9ET3CGVuq4biCZ6kugcEYDG8SOW/Gq3gx0mdQKUiEFGh33K+gmPItBIZfMmHbNSzHMmUbBJUzKQWYgZXzI+tC2VLEYTJjPLp/QU6t0aS/R9imkM/X3RM5iY8ZxZJMxw4FZ9Kbif147w951mAuVZgiKzxf1MkkxodMaaFdo4CjHljCuhb2V8gHTjKMtq2xLqC1+eZn4F9WbqvdwWanfFm2UyDE5IeekRq5IndyTBvEJJyPyTF7Jm5M7L8678zGPrjjFzBH5A+fzBxF0ktY=</latexit>

hg|
<latexit sha1_base64="jkleDrgzkbhoy7TNii/f6cpkEZk=">AAAB93icbVBNS8NAFHypX7V+tOrRy2IRPJVEBPVW9OKxgtFCE8pm+5ou3WzC7kaopb/EiwcVr/4Vb/4bt20O2jqwMMzM472dKBNcG9f9dkorq2vrG+XNytb2zm61trd/r9NcMfRZKlLVjqhGwSX6hhuB7UwhTSKBD9Hweuo/PKLSPJV3ZpRhmNBY8j5n1FipW6sGgspYIIlJYHOmW6u7DXcGsky8gtShQKtb+wp6KcsTlIYJqnXHczMTjqkynAmcVIJcY0bZkMbYsVTSBHU4nh0+IcdW6ZF+quyThszU3xNjmmg9SiKbTKgZ6EVvKv7ndXLTvwjHXGa5Qcnmi/q5ICYl0xZIjytkRowsoUxxeythA6ooM7arii3BW/zyMvFPG5cN9/as3rwq2ijDIRzBCXhwDk24gRb4wCCHZ3iFN+fJeXHenY95tOQUMwfwB87nD7Amkqc=</latexit><latexit sha1_base64="jkleDrgzkbhoy7TNii/f6cpkEZk=">AAAB93icbVBNS8NAFHypX7V+tOrRy2IRPJVEBPVW9OKxgtFCE8pm+5ou3WzC7kaopb/EiwcVr/4Vb/4bt20O2jqwMMzM472dKBNcG9f9dkorq2vrG+XNytb2zm61trd/r9NcMfRZKlLVjqhGwSX6hhuB7UwhTSKBD9Hweuo/PKLSPJV3ZpRhmNBY8j5n1FipW6sGgspYIIlJYHOmW6u7DXcGsky8gtShQKtb+wp6KcsTlIYJqnXHczMTjqkynAmcVIJcY0bZkMbYsVTSBHU4nh0+IcdW6ZF+quyThszU3xNjmmg9SiKbTKgZ6EVvKv7ndXLTvwjHXGa5Qcnmi/q5ICYl0xZIjytkRowsoUxxeythA6ooM7arii3BW/zyMvFPG5cN9/as3rwq2ijDIRzBCXhwDk24gRb4wCCHZ3iFN+fJeXHenY95tOQUMwfwB87nD7Amkqc=</latexit><latexit sha1_base64="jkleDrgzkbhoy7TNii/f6cpkEZk=">AAAB93icbVBNS8NAFHypX7V+tOrRy2IRPJVEBPVW9OKxgtFCE8pm+5ou3WzC7kaopb/EiwcVr/4Vb/4bt20O2jqwMMzM472dKBNcG9f9dkorq2vrG+XNytb2zm61trd/r9NcMfRZKlLVjqhGwSX6hhuB7UwhTSKBD9Hweuo/PKLSPJV3ZpRhmNBY8j5n1FipW6sGgspYIIlJYHOmW6u7DXcGsky8gtShQKtb+wp6KcsTlIYJqnXHczMTjqkynAmcVIJcY0bZkMbYsVTSBHU4nh0+IcdW6ZF+quyThszU3xNjmmg9SiKbTKgZ6EVvKv7ndXLTvwjHXGa5Qcnmi/q5ICYl0xZIjytkRowsoUxxeythA6ooM7arii3BW/zyMvFPG5cN9/as3rwq2ijDIRzBCXhwDk24gRb4wCCHZ3iFN+fJeXHenY95tOQUMwfwB87nD7Amkqc=</latexit>

|gi
<latexit sha1_base64="jyg3nBC3vki1njj+r1sQWrhhwmA=">AAAB93icbVBNS8NAEN3Ur1o/WvXoZbEInkoignorevFYwWihCWWznaZLN5uwOxFq6S/x4kHFq3/Fm//GbZuDtj4YeLw3w8y8KJPCoOt+O6WV1bX1jfJmZWt7Z7da29u/N2muOfg8laluR8yAFAp8FCihnWlgSSThIRpeT/2HR9BGpOoORxmECYuV6AvO0ErdWjWwLtKYBpqpWEK3Vncb7gx0mXgFqZMCrW7tK+ilPE9AIZfMmI7nZhiOmUbBJUwqQW4gY3zIYuhYqlgCJhzPDp/QY6v0aD/VthTSmfp7YswSY0ZJZDsThgOz6E3F/7xOjv2LcCxUliMoPl/UzyXFlE5ToD2hgaMcWcK4FvZWygdMM442q4oNwVt8eZn4p43Lhnt7Vm9eFWmUySE5IifEI+ekSW5Ii/iEk5w8k1fy5jw5L8678zFvLTnFzAH5A+fzB7lOkq0=</latexit><latexit sha1_base64="jyg3nBC3vki1njj+r1sQWrhhwmA=">AAAB93icbVBNS8NAEN3Ur1o/WvXoZbEInkoignorevFYwWihCWWznaZLN5uwOxFq6S/x4kHFq3/Fm//GbZuDtj4YeLw3w8y8KJPCoOt+O6WV1bX1jfJmZWt7Z7da29u/N2muOfg8laluR8yAFAp8FCihnWlgSSThIRpeT/2HR9BGpOoORxmECYuV6AvO0ErdWjWwLtKYBpqpWEK3Vncb7gx0mXgFqZMCrW7tK+ilPE9AIZfMmI7nZhiOmUbBJUwqQW4gY3zIYuhYqlgCJhzPDp/QY6v0aD/VthTSmfp7YswSY0ZJZDsThgOz6E3F/7xOjv2LcCxUliMoPl/UzyXFlE5ToD2hgaMcWcK4FvZWygdMM442q4oNwVt8eZn4p43Lhnt7Vm9eFWmUySE5IifEI+ekSW5Ii/iEk5w8k1fy5jw5L8678zFvLTnFzAH5A+fzB7lOkq0=</latexit><latexit sha1_base64="jyg3nBC3vki1njj+r1sQWrhhwmA=">AAAB93icbVBNS8NAEN3Ur1o/WvXoZbEInkoignorevFYwWihCWWznaZLN5uwOxFq6S/x4kHFq3/Fm//GbZuDtj4YeLw3w8y8KJPCoOt+O6WV1bX1jfJmZWt7Z7da29u/N2muOfg8laluR8yAFAp8FCihnWlgSSThIRpeT/2HR9BGpOoORxmECYuV6AvO0ErdWjWwLtKYBpqpWEK3Vncb7gx0mXgFqZMCrW7tK+ilPE9AIZfMmI7nZhiOmUbBJUwqQW4gY3zIYuhYqlgCJhzPDp/QY6v0aD/VthTSmfp7YswSY0ZJZDsThgOz6E3F/7xOjv2LcCxUliMoPl/UzyXFlE5ToD2hgaMcWcK4FvZWygdMM442q4oNwVt8eZn4p43Lhnt7Vm9eFWmUySE5IifEI+ekSW5Ii/iEk5w8k1fy5jw5L8678zFvLTnFzAH5A+fzB7lOkq0=</latexit>|gi

<latexit sha1_base64="vR3ptEugPoo1wP2MLGMDB+Ab8NA=">AAAB+HicbVBNS8NAEN34WetHqx69LBbBU0lE0GPRi8cK9gOaUDbbSbt0swm7E6GG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTKUw6Lrfztr6xubWdmmnvLu3f1CpHh61TZJpDi2eyER3Q2ZACgUtFCihm2pgcSihE45vZ37nEbQRiXrASQpBzIZKRIIztFK/WvGti3RIfc3UUEK/WnPr7hx0lXgFqZECzX71yx8kPItBIZfMmJ7nphjkTKPgEqZlPzOQMj5mQ+hZqlgMJsjnh0/pmVUGNEq0LYV0rv6eyFlszCQObWfMcGSWvZn4n9fLMLoOcqHSDEHxxaIokxQTOkuBDoQGjnJiCeNa2FspHzHNONqsyjYEb/nlVdK+qHtu3bu/rDVuijhK5IScknPikSvSIHekSVqEk4w8k1fy5jw5L86787FoXXOKmWPyB87nD1CXkto=</latexit><latexit sha1_base64="vR3ptEugPoo1wP2MLGMDB+Ab8NA=">AAAB+HicbVBNS8NAEN34WetHqx69LBbBU0lE0GPRi8cK9gOaUDbbSbt0swm7E6GG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTKUw6Lrfztr6xubWdmmnvLu3f1CpHh61TZJpDi2eyER3Q2ZACgUtFCihm2pgcSihE45vZ37nEbQRiXrASQpBzIZKRIIztFK/WvGti3RIfc3UUEK/WnPr7hx0lXgFqZECzX71yx8kPItBIZfMmJ7nphjkTKPgEqZlPzOQMj5mQ+hZqlgMJsjnh0/pmVUGNEq0LYV0rv6eyFlszCQObWfMcGSWvZn4n9fLMLoOcqHSDEHxxaIokxQTOkuBDoQGjnJiCeNa2FspHzHNONqsyjYEb/nlVdK+qHtu3bu/rDVuijhK5IScknPikSvSIHekSVqEk4w8k1fy5jw5L86787FoXXOKmWPyB87nD1CXkto=</latexit><latexit sha1_base64="vR3ptEugPoo1wP2MLGMDB+Ab8NA=">AAAB+HicbVBNS8NAEN34WetHqx69LBbBU0lE0GPRi8cK9gOaUDbbSbt0swm7E6GG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTKUw6Lrfztr6xubWdmmnvLu3f1CpHh61TZJpDi2eyER3Q2ZACgUtFCihm2pgcSihE45vZ37nEbQRiXrASQpBzIZKRIIztFK/WvGti3RIfc3UUEK/WnPr7hx0lXgFqZECzX71yx8kPItBIZfMmJ7nphjkTKPgEqZlPzOQMj5mQ+hZqlgMJsjnh0/pmVUGNEq0LYV0rv6eyFlszCQObWfMcGSWvZn4n9fLMLoOcqHSDEHxxaIokxQTOkuBDoQGjnJiCeNa2FspHzHNONqsyjYEb/nlVdK+qHtu3bu/rDVuijhK5IScknPikSvSIHekSVqEk4w8k1fy5jw5L86787FoXXOKmWPyB87nD1CXkto=</latexit><latexit sha1_base64="vR3ptEugPoo1wP2MLGMDB+Ab8NA=">AAAB+HicbVBNS8NAEN34WetHqx69LBbBU0lE0GPRi8cK9gOaUDbbSbt0swm7E6GG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTKUw6Lrfztr6xubWdmmnvLu3f1CpHh61TZJpDi2eyER3Q2ZACgUtFCihm2pgcSihE45vZ37nEbQRiXrASQpBzIZKRIIztFK/WvGti3RIfc3UUEK/WnPr7hx0lXgFqZECzX71yx8kPItBIZfMmJ7nphjkTKPgEqZlPzOQMj5mQ+hZqlgMJsjnh0/pmVUGNEq0LYV0rv6eyFlszCQObWfMcGSWvZn4n9fLMLoOcqHSDEHxxaIokxQTOkuBDoQGjnJiCeNa2FspHzHNONqsyjYEb/nlVdK+qHtu3bu/rDVuijhK5IScknPikSvSIHekSVqEk4w8k1fy5jw5L86787FoXXOKmWPyB87nD1CXkto=</latexit>

|ei
<latexit sha1_base64="GoT1c8FA/+c4ZQq9sYsvVw/4wvA=">AAAB+HicbVBNS8NAEJ34WetHqx69LBbBU0lE0GPRi8cK9gOaUDbbSbt0swm7G6GG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7dJOeXdv/6BSPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7j6g0T+SDmaQYxHQoecQZNVbqVyu+dQ1B4isqhwL71Zpbd+cgq8QrSA0KNPvVL3+QsCxGaZigWvc8NzVBTpXhTOC07GcaU8rGdIg9SyWNUQf5/PApObPKgESJsiUNmau/J3Iaaz2JQ9sZUzPSy95M/M/rZSa6DnIu08ygZItFUSaIScgsBTLgCpkRE0soU9zeStiIKsqMzapsQ/CWX14l7Yu659a9+8ta46aIowQncArn4MEVNOAOmtACBhk8wyu8OU/Oi/PufCxa15xi5hj+wPn8AU1/ktg=</latexit><latexit sha1_base64="GoT1c8FA/+c4ZQq9sYsvVw/4wvA=">AAAB+HicbVBNS8NAEJ34WetHqx69LBbBU0lE0GPRi8cK9gOaUDbbSbt0swm7G6GG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7dJOeXdv/6BSPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7j6g0T+SDmaQYxHQoecQZNVbqVyu+dQ1B4isqhwL71Zpbd+cgq8QrSA0KNPvVL3+QsCxGaZigWvc8NzVBTpXhTOC07GcaU8rGdIg9SyWNUQf5/PApObPKgESJsiUNmau/J3Iaaz2JQ9sZUzPSy95M/M/rZSa6DnIu08ygZItFUSaIScgsBTLgCpkRE0soU9zeStiIKsqMzapsQ/CWX14l7Yu659a9+8ta46aIowQncArn4MEVNOAOmtACBhk8wyu8OU/Oi/PufCxa15xi5hj+wPn8AU1/ktg=</latexit><latexit sha1_base64="GoT1c8FA/+c4ZQq9sYsvVw/4wvA=">AAAB+HicbVBNS8NAEJ34WetHqx69LBbBU0lE0GPRi8cK9gOaUDbbSbt0swm7G6GG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7dJOeXdv/6BSPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7j6g0T+SDmaQYxHQoecQZNVbqVyu+dQ1B4isqhwL71Zpbd+cgq8QrSA0KNPvVL3+QsCxGaZigWvc8NzVBTpXhTOC07GcaU8rGdIg9SyWNUQf5/PApObPKgESJsiUNmau/J3Iaaz2JQ9sZUzPSy95M/M/rZSa6DnIu08ygZItFUSaIScgsBTLgCpkRE0soU9zeStiIKsqMzapsQ/CWX14l7Yu659a9+8ta46aIowQncArn4MEVNOAOmtACBhk8wyu8OU/Oi/PufCxa15xi5hj+wPn8AU1/ktg=</latexit><latexit sha1_base64="GoT1c8FA/+c4ZQq9sYsvVw/4wvA=">AAAB+HicbVBNS8NAEJ34WetHqx69LBbBU0lE0GPRi8cK9gOaUDbbSbt0swm7G6GG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7dJOeXdv/6BSPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7j6g0T+SDmaQYxHQoecQZNVbqVyu+dQ1B4isqhwL71Zpbd+cgq8QrSA0KNPvVL3+QsCxGaZigWvc8NzVBTpXhTOC07GcaU8rGdIg9SyWNUQf5/PApObPKgESJsiUNmau/J3Iaaz2JQ9sZUzPSy95M/M/rZSa6DnIu08ygZItFUSaIScgsBTLgCpkRE0soU9zeStiIKsqMzapsQ/CWX14l7Yu659a9+8ta46aIowQncArn4MEVNOAOmtACBhk8wyu8OU/Oi/PufCxa15xi5hj+wPn8AU1/ktg=</latexit>

|fi
<latexit sha1_base64="icQhDjDf5anOFG+3ZeP8qG5207g=">AAAB+HicbVBNS8NAEJ34WetHqx69LBbBU0lE0GPRi8cK9gOaUDbbSbt0swm7G6GG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7dJOeXdv/6BSPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7j6g0T+SDmaQYxHQoecQZNVbqVyu+dQ2JiK+oHArsV2tu3Z2DrBKvIDUo0OxXv/xBwrIYpWGCat3z3NQEOVWGM4HTsp9pTCkb0yH2LJU0Rh3k88On5MwqAxIlypY0ZK7+nshprPUkDm1nTM1IL3sz8T+vl5noOsi5TDODki0WRZkgJiGzFMiAK2RGTCyhTHF7K2EjqigzNquyDcFbfnmVtC/qnlv37i9rjZsijhKcwCmcgwdX0IA7aEILGGTwDK/w5jw5L86787FoXXOKmWP4A+fzB08Lktk=</latexit><latexit sha1_base64="icQhDjDf5anOFG+3ZeP8qG5207g=">AAAB+HicbVBNS8NAEJ34WetHqx69LBbBU0lE0GPRi8cK9gOaUDbbSbt0swm7G6GG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7dJOeXdv/6BSPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7j6g0T+SDmaQYxHQoecQZNVbqVyu+dQ2JiK+oHArsV2tu3Z2DrBKvIDUo0OxXv/xBwrIYpWGCat3z3NQEOVWGM4HTsp9pTCkb0yH2LJU0Rh3k88On5MwqAxIlypY0ZK7+nshprPUkDm1nTM1IL3sz8T+vl5noOsi5TDODki0WRZkgJiGzFMiAK2RGTCyhTHF7K2EjqigzNquyDcFbfnmVtC/qnlv37i9rjZsijhKcwCmcgwdX0IA7aEILGGTwDK/w5jw5L86787FoXXOKmWP4A+fzB08Lktk=</latexit><latexit sha1_base64="icQhDjDf5anOFG+3ZeP8qG5207g=">AAAB+HicbVBNS8NAEJ34WetHqx69LBbBU0lE0GPRi8cK9gOaUDbbSbt0swm7G6GG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7dJOeXdv/6BSPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7j6g0T+SDmaQYxHQoecQZNVbqVyu+dQ2JiK+oHArsV2tu3Z2DrBKvIDUo0OxXv/xBwrIYpWGCat3z3NQEOVWGM4HTsp9pTCkb0yH2LJU0Rh3k88On5MwqAxIlypY0ZK7+nshprPUkDm1nTM1IL3sz8T+vl5noOsi5TDODki0WRZkgJiGzFMiAK2RGTCyhTHF7K2EjqigzNquyDcFbfnmVtC/qnlv37i9rjZsijhKcwCmcgwdX0IA7aEILGGTwDK/w5jw5L86787FoXXOKmWP4A+fzB08Lktk=</latexit><latexit sha1_base64="icQhDjDf5anOFG+3ZeP8qG5207g=">AAAB+HicbVBNS8NAEJ34WetHqx69LBbBU0lE0GPRi8cK9gOaUDbbSbt0swm7G6GG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7dJOeXdv/6BSPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7j6g0T+SDmaQYxHQoecQZNVbqVyu+dQ2JiK+oHArsV2tu3Z2DrBKvIDUo0OxXv/xBwrIYpWGCat3z3NQEOVWGM4HTsp9pTCkb0yH2LJU0Rh3k88On5MwqAxIlypY0ZK7+nshprPUkDm1nTM1IL3sz8T+vl5noOsi5TDODki0WRZkgJiGzFMiAK2RGTCyhTHF7K2EjqigzNquyDcFbfnmVtC/qnlv37i9rjZsijhKcwCmcgwdX0IA7aEILGGTwDK/w5jw5L86787FoXXOKmWP4A+fzB08Lktk=</latexit>

Figure 2: (a) The level scheme and the Feynman diagram for the leading contribution to
the final state population, Eq. (9). For an introduction to the diagrammatic technique,
see e.g.36,37. Linear scaling of the TPA rate in (b) an atomic sample,16 and (c) in a molec-
ular sample.19 Reproduced with permission from ref.,16 Copyright 1995 American Physical
Society, and ref.,19 Copyright 2006 American Chemical Society.

Two-photon absorption (TPA) experiments with entangled photons were first carried in

atomic,16–18 and more recently, in molecular samples.19–22,38,39 These simplest nonlinear op-

tical experiments detect the probability of excitation of the final state f , where ω1+ω2 = ωfg

(see the level scheme in Fig. 2(a)). This probability can be detected e.g by characteristic

fluorescence. Formally, a TPA experiment is very similar to a photon coincidence measure-

ment, when the two detectors are replaced by the sample system. Hence, much of what

was discussed in the previous section applies to TPA as well. The TPA signal RTPA (s−1)

contains two contributions

RTPA = σeΦ + δrΦ
2, (7)

9



where the prefactors are the correlated absorption cross section σe, and the classical absorp-

tion cross section δr, respectively. The first term stems from the absorption of an entangled

pair, and is hence linear in the photon flux, and the second quadratic contribution originates

from the absorption of two uncorrelated photons from different photon pairs, so that the ef-

fect of entanglement is eliminated, and the standard classical quadratic scaling is recovered.

A TPA measurement with classical laser light would also measure δr. This scaling was

detected in both atomic and molecular samples, as shown in Fig. 2(b) and (c), respectively.

In both cases, the signal can only be fitted accurately by including a linear and a quadratic

contribution. The crossover between the linear and the quadratic regime depends on prop-

erties of the entangled states. As pointed out in Ref.,18 the maximal photon flux at which

the light can be considered as composed of individual photon pairs is given by the photon

pair bandwidth. If this flux is exceeded, different pairs start to overlap. Hence, the larger

the photon bandwidth, the better the linear regime can be observed. In broadband down-

conversion of a narrowband pump pulse, where the two-photon wavefunction is sketched in

Fig. 1(b), this means that a short entanglement time T (strong entanglement) is beneficial.

The entangled two-photon absorption cross section can be calculated as24,36,40

σe =
A2
q

Ae

∫ ∞
−∞
dt

d

dt
pf (t), (8)

where Ae is the entanglement area (the area perpendicular to the propagation direction in

which the entangled pair was created), and pf (t) denotes the population in the final state

at time t. Typically, it is equivalent to calculating pf (t), and then taking the limit t → ∞.

In the limit ∆ω+ = 0 (i.e. in the cw pump limit), one simply calculates the steady-state

population pf .

The corresponding Feynman diagram for the population in f , shown in Fig. 2(a), trans-

10



lates into the following expression

pf (t) =

(
− i
h̄

)4 ∫ t

t0

dτ2

∫ τ2

t0

dτ1

∫ t

t0

dτ ′2

∫ τ ′2

t0

dτ ′1
〈
V (τ ′1)V (τ ′2)V

†(τ2)V
†(τ1)

〉
×〈Ψ|E†(τ ′1)E†(τ ′2)E(τ2)E(τ1)|Ψ〉, (9)

where V and V † denote the positive- (negative-) frequency component of the dipole operator,

respectively. V destroys an excitation, whereas V † creates one. The expectation value 〈. . .〉

is taken with respect to the initial density matrix of the sample. Likewise, E and E† denote

the positive- (negative-) frequency components of the electric field operator. Eq. (9) can

be interpreted as follows: the spectroscopic information is contained in 〈V V V †V †〉, and the

field correlation 〈E†E†EE〉 serves as an observation window.

Eq. (9) is a time-ordered convolution of the matter and the field correlation functions,

and disentangling the impact of quantum correlations and fluctuations, and of quantum

dynamics within the material is not an easy task. It implies that the entangled two-photon

absorption cross sections defined in Eqs. (7) and (8) depend on the incident photonic state,

σe = σe(Ψ), (10)

and quantum correlations influence the absorption cross section. In contrast, the semiclassi-

cal limit of Eq. (9) is obtained by replacing the field correlation function in the second line by

a product of classical field amplitudes. It is then possible to define the classical cross section

δr without reference to the classical field amplitude, and by only evaluating the material

correlation function 〈V V V †V †〉.

A clear picture for the impact of quantum correlations emerges for a monochromatic

pump driving the downconversion process (∆ω+ = 0), where the steady state pf is given

by the product of two transition amplitudes.24,26,40,41 Using Eq. (4) in this limit, we obtain

11



pf = |Tfg|2 with the transition amplitudes

Tfg ∝
∑
e

µgeµef
ξpf

1√
T

(
eiξ1eT − 1

ξ1e
+
eiξ2eT − 1

ξ2e

)
. (11)

Here, the summation runs over all intermediate states e, µge and µef denote the dipole

moments of the g → e and e→ f transitions, respectively. ξie = ω
(0)
i −ωeg + iγe is a complex

phase which is composed of the detuning between the central frequency of the i-th photon’s

wavepacket ω(0)
i from the intermediate state’s frequency ωeg, and the excited state lifetime

γe. Similarly, ξpf = ωp−ωfg+ iγf is composed of the detuning between pump frequency and

the final state, and the final state lifetime γf . The first factor in Eq. (11) is simply the normal

Lorentzian resonance of the two-photon transition, ∼ 1/ξpf . The second term combines the

entanglement time T with the single-photon transition resonances ξie: The second photon

must arrive within the entanglement time T , thus broadening the resonance of the g → e

transition like a sinc-function. When T−1 � |ω(0)
i − ωeg| and T−1 � γe, we can expand the

exponential to obtain Tfg ∝
√
T (hence σe ∝ T ), and the two-photon transition no longer

depends on the detuning ω(0)
i − ωe between the photon and intermediate state frequencies,

since the photon bandwidth is much larger. In the opposite limit, when T−1 � γe, the

exponential vanishes due to the finite γe, and the remaining expression becomes a normal

single-photon resonance. We thus recover the classical two-photon absorption resonance,

and Tfg ∝ 1/
√
T .

As discussed in the previous section, in the high photon-flux regime, when different

photon pairs overlap temporally, incoherent contributions have to be added,42,43 giving rise to

the second term δrΦ
2 in Eq. (7), recovering an essentially classical regime in which quantum

correlations do not affect the signal.

One intriguing question originallly raised in44 concerns the possibility of a collective

response of many sample molecules: Can entanglement be employed to induce collective res-

onances in the optical response, where the signal would be created by two or more molecules?

12



It turns out, however, that two-photon excitation of a collection of noninteracting two-level

atoms does not result in collective resonance due to destructive interference of excitation

pathways. Nevertheless, they may be observed in photon statistics (Hanbury-Brown-Twiss)

measurements through the attenuation of two-time intensity correlations.45

4 Population dynamics

In the case of a multilevel system such as a molecular photosynthetic aggregate, the time-

energy entanglement can control the excited state distributions, and suppress energy relax-

ation,41,46 or control vibronic states in a molecule.47,48 As a minimal example to illustrate

this, we depict simulations of a five-level toy model from Ref.29 in the left panel of Fig. 3(a),

where the intermediate states |e1〉 and |e2〉 undergo rapid incoherent relaxation |e2〉 → |e1〉.

The goal is to suppress relaxation, which always drives the population towards the same

low-energy state. This is possible with short pulses in classical spectroscopy. At the same

time, we want to keep the spectral resolution, which would require narrow bandwidth pulses.

Both goals can be achieved with entangled photons. In Fig. 3(a), the relative population in

|f1〉 and |f2〉 (the ratio of population deposited in either state) after excitation by entangled

photons is contrasted with the excitation by classical laser pulses (shown as a function of

twice their center frequency ω0). The classical pulses have bandwidths ∆ω+ or ∆ω−, respec-

tively, such that they reproduce either the diagonal or the anti-diagonal of the entangled

photon two-photon wavefunction in Fig. 1. This means, these pulses reproduce either the

frequency resolution or the time resolution in the arrival time of the entangled photon pairs.

While entangled photons can be designed to move almost the entire population into one of

the two states, this is not possible with laser pulses. Either the broad bandwidth of tem-

porally short pulses inhibits a targeted excitation, or, when using narrow bandwidth light,

the intermediate relaxation drives the e-population towards a thermal state, thus creating

the similar f -state distributions regardless of their central laser frequency. The reason for

13
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Figure 3: (a) 5-level model system and the f -state population excited by entangled photons
(solid lines), and by classical pulses matching either the bandwidth ∆ω+ (dashed line) or ∆ω−
(dot-dashed line) in Fig. 1. Each line indicates the ratio of population in f1 at a given pump
frequency. E.g. at ωp = 21800 cm−1, entangled photons excite ca. 95 % f1, and 5 % f2, while
short classical pulses (dot-dashed) excite ca. 70 % f1 and 30 % f2. (b) The fluorescence
signal collected from the populations in (a). Top: entangled photons. Bottom: classical
pulses with bandwidth ∆ω+. The dashed, and dot-dashed lines indicate the signal created
by emission from the f1 or f2, respectively. (c) Relative contributions of the coherent and
the incoherent absorption of photons in a three-level system, where the intermediate state is
either resonant (solid blue line) or off-resonant (dashed red line), are plotted vs. the mean
photon number of the incoming light field. The insets show extrapolations of the signal with
off-resonant intermediate state to larger photon numbers.
Reproduced with permission from Ref.29 Copyright 2016 American Physical Society

this advantage of entangled photons can be traced back to the classical Fourier uncertainty,

which has to be satisfied for every single absorption event. Consequently, for a two-photon
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transition, it restricts the simultaneous time and frequency resolution,28,46

∆ωcl ×∆tcl ≥ 1, (12)

where ∆ωcl denotes the uncertainty in the frequency resolution, and ∆tcl the uncertainty

in the time delay between the two absorption events. Thus, the larger we make the pulse

bandwidth to minimize ∆tcl, the larger ∆ωcl becomes, and we lose in frequency resolution.

In two-photon absorption of entangled photons, the photonic and the material systems are

entangled in between absorption events. The uncertainties are determined by frequency

width ∆ω+ and the time delay ∆t− in Fig. 1(b). These are not Fourier conjugates, and can

thus violate the inequality (12).

The TPA signal based on the distributions in Fig. 3(a) is shown in Fig. 3(b). The

entangled photon signal has two resonances of equal magnitude, each can be attributed to

the signal from one of the f -states, respectively (as indicated by the dashed lines below).

The signal created by laser pulses below only features one strong resonance, with the other

one merely visible as a weak shoulder. It is impossible to efficiently excite |f2〉, and hence

it can be difficult to detect this state. So on top of the lack of control over the excited

f -state distribution, the overall excitation efficiency is also dramatically reduced. Entangled

photons offer a distinct advantage in such a situation stemming from the simultaneous time

and frequency correlations of the entangled quantum state of light. It cannot be reproduced

by classical correlations.

This advantage of entangled photons can persist even for high photon numbers. In

Fig. 3(c), we show the relative contribution of the coherent excitation [the linear term in

Eq. (7)] and the incoherent excitation (the quadratic term) as a function of the mean photon

number n in the initial photonic state in a three-level system. If the intermediate state is

off-resonant, the quantum correlations are essential for the efficient excitation, and hence the

coherent contribution can dominate the signal up to very large photon numbers. In resonant
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excitation, they are not as important, and the coherent signal is more easily degraded.
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Figure 4: (a) Relative doubly excited f -state population distribution in a model of the
bacterial reaction center of B. viridis excited by entangled photons with entanglement time
T = 10 fs. The interpretation of the figure is identical to Fig. 3(a). (b) The two-photon
induced fluorescence (TPIF) signal of the distribution in (a). (c) Same as (a) with entangle-
ment time T = 100 fs. (d) TPIF signal of the distribution in (c).
Adapted from Ref.49 Copyright 2016 Springer Publishing.

The unique properties of entangled photons outlined above also persist in realistic models

of photosynthetic complexes. In Fig. 4 we present simulations of entangled two-photon

absorption in a bacterial reaction center with six chlorophyll molecules, described by a tight-

binding model with 12 single-exciton, and 41 two-exciton states. As in Fig. 3(a), the left panel

in the top row shows the relative excitation of the individual f -states created by strongly

entangled photon pairs with entanglement time T = 10 fs, and the right panel shows the two-

photon induced fluorescence signal (which contains the same information as the TPA signal)

created by these f -state distributions. The TPIF signal peaks whenever the pump frequency

is on resonance with a two-exciton energy. The bottom row depicts the same simulation with

entangled pairs with T = 100 fs. The intermediate energy relaxation has greatly reshuffled

the population distributions, and the emerging TPIF signal has changed almost completely.
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Thus, it is possible to detect ultrafast relaxation processes using entangled photons without

the need for phase-stabilized detection or ultrafast laser pulses.

5 Conclusions and Outlook

We have reviewed how the two-photon absorption signal can be manipulated by entangled

photon pairs. The entangled absorption cross section depends on the initial photonic quan-

tum state, and may not be defined without reference to this state. Instead, the signal depends

on a multidimensional convolution of the sample and field correlation functions. This prop-

erty was not covered in this review, yet it opens the possibility of shaping two-photon states

in order to maximize the cross section.50–53

If the sample consists of a multilevel system with complex internal dynamics, the convo-

lution of field and matter response strongly affects the excitation pathways, as well as the

time and frequency resolution of the information that can be extracted from the sample.

It may be used to suppress population transport, control excited state distributions, and

thereby enhance otherwise very weak signals, or examine ultrafast relaxation dynamics.

The physics reviewed in this paper could be combined with established methods to extract

phase-dependent multidimensional signals, as proposed in.28 These developments promise to

establish entangled photon spectroscopy a new, highly versatile tool for nonlinear spec-

troscopy in the near future.
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