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Entangled two-photon absorption for plasma spectroscopy

- Entangled two-photon absorption (ETPA) may enable ...

 Efficient pumping of an excited state population with a modest-power
CW laser

« High-bandwidth measurements of the fluorescing population

- Here, we explore the feasibility of ETPA in plasma and a plan
for proof-of-principle measurements

» Localized density measurements at MHz timescales

« CX products, partially-ionized impurities (intrinsic or injected), neutrals
(edge or beam)
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Classical vs. entangled two-photon absorption (TPA)

[
Entangled TPA (ETPA) ETPA Classical TPA Classical TPA
- Simultaneous generation and - Each photon absorption is an
arrival of entangled photon pair |£) uncorrelated random process
(EPP) » TPA cross-section scales

« EPP generation and ETPAis a quadratically with laser intensity

single random process

» Requires high power laser for
observable TPA — short-pulse
laser with broad linewidth

- Broad linewidth lacks specificity
for the target excited state

« Spurious excitation of non-target
states

- Also known as TALIF (two-

e ETPA cross-section scales |
linearly with laser intensity e)}

¢ 10%107 quantum enhancement
allows for low power CW laser

- Sum frequency (total energy)
retains linewidth (presumably
narrow) of the laser source

© Wy, = wit wy ) " | Phys. Rev. A 86, 023851 (2012) photon absorption laser induced
Schlawin et al, Phys. Rew. ,
- Avoids excitation of non-target fluorescence)
states
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ETPA and classical TPA cross sections
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Parzuchowski et al, Phys Rev Appl 15, 044012 (2021)
Villabona-Monsalve et al, J. Am. Chem. Soc. 140, 14562 (2018)
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Entangled photon pair generation and time-frequency
entanglement

* Single (decohered) photons have time and energy (frequency)
Fourier pairs and are subject to a time-energy uncertainty limit.
Entangled photons pairs (EPP) have Fourier pairs for sum and

Spontaneous parametric down-conversion (SPDC)

1 s Energy conservation : difference time and energy such that the delay time and sum
: ™= Momentum conservationi frequency are not bound by an uncertainty limit. Fourier pairs of
: W, K, k, the EPP system:
E : * Entanglement time and photon bandwidth: At- S Aw-
- w, : . ) ) ) ]
: NarinBEEE K, | EPP creation time and sum bandwidth: At+ S Aw+
i crystal I — -
(b)
) 2D Fourier
& [0}
- transform g
o« 2
7} S
=
The SPDC “type” characterizes the EPP polarization, direction, /signal frequency N signal time
and frequency. These characteristics are set by the Broadband Narrow-band Short entangle-
orientation of the probe beam and nonlinear crystal. photons sum frequency ment time

Zhang et al, Adv. Quant. Tech. 4, 2000132 (2021)
R. Burdick, Ph.D. Thesis, U. Mich., 2021
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Quantum enhancement with ETPA

— Entangled two-
photon
microscope image

Classical light TPA- microscope images
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* ETPA fluorescence is comparable to classical TPA with a factor of 10° fewer photons
* Note: The order-of-magnitude for the quantum enhancement is an active area of

debate, and estimates are in the range 10%-107. Eshun et al, Acc. Chem. Res. 55, 991 (2022)
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Classical TPA with high-intensity, pulsed laser shows the
quadratic scaling with laser intensity

Reference lines show quadratic scaling for classical TPA with laser intensity
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Laser energy (uJ)

Oxygen (O 1) TPA in flame
2x225.6 nm for 2p (gnd state) = 3p

Fluorescence at 845 nm

Ti:Sa with 100 fs pulses @ 1 kHz; pulses with 40 pJ

and irradiance ~1011 W/cm?2

Rahman et al, Applied Optics (2019)
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H TPA in dielectric barrier discharge
2x205 nm for 1s (gnd state) = 3p

Fluorescence at 656 nm

YAG pumped dye laser; 8 ns pulses at ~100 uJ

and irradiance ~1012 W/m?

Dvorak et al, Plasma Sources Sci. Technol. (2017)



Classical TPA in plasma: H/D density measurement with
ground state excitation
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ETPA with CW laser sources

Reference lines show linear scaling for ETPA with laser intensity
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Pump and fluorescence transitions for a proof-of-principle
demonstration in a ~1 eV helicon plasma

« Target pump transitions near 200-400 nm (3-6 eV)
« = 3eV (<400 nm) to minimize electron impact excitation
« = 200 nm (< 6 eV) to avoid VUV complexities
 If feasible, = 350 nm for compatibility with freq. doubled Ti:Sapphire laser, but
3f or 4f is feasible for shorter wavelength

Target visible fluorescence (400-800 nm) for detection with fast response,
low noise photodetectors

C-ll | [Hel2s2p3p O-1l | [Hel2s22p%3p Ar-ll | [Ne]3s23p“ap

I

=)

/

758.9 nm
f+f,= [He]2p? f+f,= [He]2s22p?4s f+f,= [Ne]3s23p*3d
/ c/383.6 nm c/446.6 nm c/372.9 nm
[He]2s%24p [He]2s522p23s [Ne]3s23p#4s
SPDC output
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CW laser source and SPDC

CW diode
pump laser

Tunable Ti:Sapphire
oscillator

Wavelengths for the Ar-1l scenario
on previous slide

‘ A=745.8 nm

Second harmonic
generator (SHG)
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A=372.9 nm
N

Spontaneous parametric
down-conversion (SPDC)

fi+f, =

‘ ¢/372.9 nm

Entangled
photon pairs




Summary and outlook

- Entangled two-photon absorption (ETPA) may enable ...

 Efficient pumping of an excited state population with a modest-
power CW laser

« High-bandwidth measurements of the fluorescing population

- We will attempt to demonstrate ETPA in a ~1 eV helicon
plasma

« CW pumping of an Ar-ll transition and detection of the fluorescence
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