
1. PHD PROJECT DESCRIPTION (4000 characers max., including he aims and work plan)

Projec le: Ligh-maer ineracon a single phoon and single aom level

1.1. Projec goals

 Single-phoon absorpton. The improved version o he exisng conocal microscope will

be used o increase he eciency o he ineracon beween phoons and color ceners.

This seup will be ulized o invesgae he absorpon o phoon saes wih well dened

number (Fock saes) by pure diamond samples conaining single or groups o color

ceners and poenally oher sysems idened. The risk is moderae o high. While he

proo-o-principle experimen on phoon ineracon wih an ensemble o aom-like

sysems has already been done, he challenge is o do i wih only a single aom-like

sysem.

 Fluorescence microscopy wih spatal enanglemen. The SPDC pump beam seering

echnique will be used o modiy he spaal modes o he produced phoon pairs. SPDC

phoons prepared in such a way will be used in uorescence microscopy. This will allow o

improve he spaal resoluon and minimize phoon loss o his echnique. The risk is

moderae. While he heory is known, is experimenal implemenaon is challenging. The

SPDC source mus allow or inegraon o ree-space propagang phoons and a

microscope.

 Cryogenic experimens wih single phoons. The experimen on opcally deeced

magnec resonance wih single-phoon exciaon o color ceners (NV, SiV, GeV) will be

aemped. The risk is high. A similar experimen has no been repored in he lieraure so

ar. The risk will be minimized by he collaboraon wih expers in he eld o color

ceners in diamonds (rom Jagiellonian Universiy in Cracow and Ulm Universiy).

 Two-phoon absorpton enhancemen wih specral enanglemen. The source o phoon

pairs wih opmized emporal correlaon will be used in an aemp o observe he eec

o he enangled wo-phoon absorpon. The eciency o he process will be rs

characerized a he single phoon level using aenuaed pulsed laser. The risk is high. I is

sll no known wheher he wo-phoon absorpon eciency is going o be sucien o

observe he ineracon o an absorber wih pairs o phoons rom SPDC source, especially

when he chromac dispersion in he opcal seup is signican. The risk will be minimized

by using a source allowing or he bes possible phoon-pair coupling eciency. The pairs

will eaure correlaon in he emporal mode, which has already proven o be useul in

minimizing diracon problems during he ligh propagaon in dispersive media. This will

be he same or slighly modied source as used or ber based quanum communicaon

[Sedziak 2019].

1.2. Ouline

The goal o he projec is o apply he unique se o echnological skills developed a Single

Phoon Applicaons Laboraory (SPALab) o observe ineracon o quanum ligh wih quanum
sysem. The undamenal idea o he research is based on he abiliy o generae, conrol and

deec single phoons, which will be urher developed in he projec.
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Due o a very good qualiy o he emied phoons, huge exibiliy in erms o heir

wavelenghs and relavely low cos, he mos popular sources o quanum ligh are currenly

based on he sponaneous parameric down conversion (SPDC) process. Here a phoon rom he

pump laser beam, when raveling hrough a nonlinear crysal, sponaneously decays ino a pair o

lower energy phoons. The deecon o one o he ligh parcles produced in his way can be

used o herald he exisence o he oher one. Thereore, devices based on SPDC process are

requenly used as singlephoon sources. Such single phoons or phoon pairs can be used in he

conocal microscopy setng o invesgae he absorpon eecs o a dened number o ligh

quana by an aomic sysem. Moreover, phoon pairs produced by an SPDC source can eaure

non-classical correlaons, called enanglemen. This is he basic componen o quanum

echnology, providing he securiy o quanum communicaon proocols.

The heory o he ineracon o an aomic sysem wih a single quanum o

elecromagnec eld has been exensively explored or decades. This basic idea and is ollow-ups

have grea impac on our undersanding o undamenal mechanisms o quanum mechanics.

They also lead o many praccal applicaons, based on our abiliy o conrol he absorpon and

emission processes in an aomic sysem. An example o such applicaon is quanum microscopy,

which relies on he absorpon o a well-dened number o phoons and he capabiliy o measure

emporal, specral and spaal characeriscs o he emied uorescence. Anoher example are

quanum memories, he working principle o which akes advanage o our abiliy o sore a single

qubi, encoded ypically in one o he phoon’s degrees o reedom, in an aomic sysem. While in

principle we know how hese hings can be done, heir implemenaons are ofen challenging due

o many praccal problems. However, recenly he PI and his colleagues have experimenally

demonsraed ha a single phoon can be absorbed in an aomic medium and he resulng

uorescence can be deeced in he conrolled laboraory condions wih he use o a ypical

microscopy setng [Gieyszor 2019]. More imporanly, he experimen was done wihou any

ineracon-enhancing mechanisms, like smulaed emission or cavies. This opens up a plehora

o new experimenal avenues.

One o he main advanages o phoon sources based on SPDC process is heir unmached

capabiliy o conrol he sae generaed in one arm o he seup hrough he heralding process

conduced in he oher arm. In parcular, when using phoon-number-resolving deecors i is

possible o herald a well-dened phoon number sae. This abiliy can be used o conrol he

number o phoons absorbed by an aomic sysem or a group o individual isolaed quanum

sysems. Also he specral modes o SPDC phoon pairs can be engineered o mee requiremens

or ecien mulple-phoon absorpon. Moreover, since he propagaon direcons o SPDC

phoons can be srongly correlaed, i is possible o remoely prepare he spaal mode o he

heralded phoon (he one used or illuminaon) by he proper choice o he spaal mode o he

heralding phoon, done during he measuremen process. This eec can be used o reduce he

size o he illuminaon mode and, in consequence, improve he spaal resoluon o he

microscope [Gieyszor 2020 ]. The similar eec, bu in he specral domain, has already been

prediced and demonsraed [Sedziak 2017, 2019].
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While in he case o convenonal uorescence microscopy an absorpon o single phoons

wih a specied energy can be observed, wo-phoon absorpon is based on he near-

simulaneous absorpon o wo phoons, which energies sum up o he ransion energy o he

medium. However, he process is very inecien by is naure, and hereore requires using high-

energy pulses, which can desroy he sample. This problem can be poenally solved by ulizing

enangled pairs o phoons [Dayan 2007]. The goal o he projec is o conduc a series o

experimens, which will nally lead o he observaon o he enangled wo-phoon absorpon

(ETPA). The preliminary resuls sugges ha he specral enanglemen will be he key enabler o

observe he eecs by signicanly increasing he absorpon eciency.

1.3. Work plan

1. Single-phoon absorpon. The improved version o he exisng conocal microscope will

be used o increase he eciency o he ineracon beween phoons and color ceners.

2. Fluorescence microscopy wih spaal enanglemen. The SPDC pump beam seering

echnique will be used o modiy he spaal modes o he produced phoon pairs.

3. Cryogenic experimens wih single phoons and aomic sysems.

4. Two-phoon absorpon enhancemen wih specral enanglemen.

1.4. Lieraure (max. 10 lised, as a suggeston for a PhD candidae)

[Brio 2016] J. Brio, S. Kucera, P. Eich, P. Müller & J. Eschner, Doubly-heralded single-

phoon absorpon by a single aom, Appl. Phys. B 122, 1 (2016).

[Dayan 2007] B. Dayan, Theory o wo-phoon ineracons wih broadband down-

convered ligh and enangled phoons, Phys. Rev. A 76, 043813 (2007).
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[Gieyszor 2019] M. Gieyszor, M. Misiaszek, J. van der Veen, W. Gawlik, F. Jelezko & P.

Kolenderski, Absorpon o a heralded single phoon by a nirogen-vacancy cener in

diamond, arXiv:1909.05843.

[Hong 1987] C. K. Hong, Z. Y. Ou & L. Mandel, Measuremen o subpicosecond me

inervals beween wo phoons by inererence, Phys. Rev. Le. 59, 2044-2046 (1987).

[Kim 2002] Y.-H. Kim &W. P. Grice, Generaon o Pulsed Polarizaon Enangled Two-

Phoon Sae via Temporal and Specral Engineering, J. Mod. Op. 49, 2309 (2002).

[Kolenderski 2008] P. Kolenderski & R. Demkowicz-Dobrzanski, Opmal sae or keeping

reerence rames aligned and he plaonic solids, Phys. Rev. A 78, 052333 (2008).
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[Luz 2014] T. Luz, P. Kolenderski & T. Jennewein, Demonsraon o specral correlaon

conrol in a source o polarizaon enangled phoon pairs a elecom wavelengh, Op.

Le. 39, 1481 (2014).

[Piro 2011] N. Piro, F. Rohde, C. Schuck, M. Almendros, J. Huwer, J. Ghosh, A. Haase, M.

Hennrich, F. Dubin & J. Eschner, Heralded single-phoon absorpon by a single aom, Na.

Phys. 7 17 (2011).

[Sedziak 2017] K. Sedziak, M. Lasoa & P. Kolenderski, Reducing deecon noise o a

phoon pair in a dispersive medium by conrolling is specral enanglemen, Opca, 4,

84-89 (2017).

1.5. Required inial knowledge and skills o he PhD candidae

 Background in aomic physics or quanum opcs or quanum inormaon.

 Preerably, experience in conocal microscopy, experimens involving cryogenic

emperaures.

 Srong oral and wrien communicaon skills in English.

1.6. Expeced developmen o he PhD candidae’s knowledge and skills

 Good undersanding o praccal aspecs o single phoon generaon.

 Praccal knowledge o phoon-maer ineracon.

 Experience in perorming analycal calculaons and numerical simulaons.

 Experience in co-operaon wih oreign scienc parner on inernaonal research

projec.
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