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

Projec le: Ligh-maer ineracon a single phoon and single aom level

1.1. Projec goals

 Single-phoon absorpton. The improved version o he exisng conocal microscope will

be used o increase he eciency o he ineracon beween phoons and color ceners.

This seup will be ulized o invesgae he absorpon o phoon saes wih well dened

number (Fock saes) by pure diamond samples conaining single or groups o color

ceners and poenally oher sysems idened. The risk is moderae o high. While he

proo-o-principle experimen on phoon ineracon wih an ensemble o aom-like

sysems has already been done, he challenge is o do i wih only a single aom-like

sysem.

 Fluorescence microscopy wih spatal enanglemen. The SPDC pump beam seering

echnique will be used o modiy he spaal modes o he produced phoon pairs. SPDC

phoons prepared in such a way will be used in uorescence microscopy. This will allow o

improve he spaal resoluon and minimize phoon loss o his echnique. The risk is

moderae. While he heory is known, is experimenal implemenaon is challenging. The

SPDC source mus allow or inegraon o ree-space propagang phoons and a

microscope.

 Cryogenic experimens wih single phoons. The experimen on opcally deeced

magnec resonance wih single-phoon exciaon o color ceners (NV, SiV, GeV) will be

aemped. The risk is high. A similar experimen has no been repored in he lieraure so

ar. The risk will be minimized by he collaboraon wih expers in he eld o color

ceners in diamonds (rom Jagiellonian Universiy in Cracow and Ulm Universiy).

 Two-phoon absorpton enhancemen wih specral enanglemen. The source o phoon

pairs wih opmized emporal correlaon will be used in an aemp o observe he eec

o he enangled wo-phoon absorpon. The eciency o he process will be rs

characerized a he single phoon level using aenuaed pulsed laser. The risk is high. I is

sll no known wheher he wo-phoon absorpon eciency is going o be sucien o

observe he ineracon o an absorber wih pairs o phoons rom SPDC source, especially

when he chromac dispersion in he opcal seup is signican. The risk will be minimized

by using a source allowing or he bes possible phoon-pair coupling eciency. The pairs

will eaure correlaon in he emporal mode, which has already proven o be useul in

minimizing diracon problems during he ligh propagaon in dispersive media. This will

be he same or slighly modied source as used or ber based quanum communicaon

[Sedziak 2019].

1.2. Ouline

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

Phoon Applicaons Laboraory (SPALab) o observe ineracon o quanum ligh wih quanum
sysem. The undamenal idea o he research is based on he abiliy o generae, conrol and

deec single phoons, which will be urher developed in he projec.
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Due o a very good qualiy o he emied phoons, huge exibiliy in erms o heir

wavelenghs and relavely low cos, he mos popular sources o quanum ligh are currenly

based on he sponaneous parameric down conversion (SPDC) process. Here a phoon rom he

pump laser beam, when raveling hrough a nonlinear crysal, sponaneously decays ino a pair o

lower energy phoons. The deecon o one o he ligh parcles produced in his way can be

used o herald he exisence o he oher one. Thereore, devices based on SPDC process are

requenly used as singlephoon sources. Such single phoons or phoon pairs can be used in he

conocal microscopy setng o invesgae he absorpon eecs o a dened number o ligh

quana by an aomic sysem. Moreover, phoon pairs produced by an SPDC source can eaure

non-classical correlaons, called enanglemen. This is he basic componen o quanum

echnology, providing he securiy o quanum communicaon proocols.

The heory o he ineracon o an aomic sysem wih a single quanum o

elecromagnec eld has been exensively explored or decades. This basic idea and is ollow-ups

have grea impac on our undersanding o undamenal mechanisms o quanum mechanics.

They also lead o many praccal applicaons, based on our abiliy o conrol he absorpon and

emission processes in an aomic sysem. An example o such applicaon is quanum microscopy,

which relies on he absorpon o a well-dened number o phoons and he capabiliy o measure

emporal, specral and spaal characeriscs o he emied uorescence. Anoher example are

quanum memories, he working principle o which akes advanage o our abiliy o sore a single

qubi, encoded ypically in one o he phoon’s degrees o reedom, in an aomic sysem. While in

principle we know how hese hings can be done, heir implemenaons are ofen challenging due

o many praccal problems. However, recenly he PI and his colleagues have experimenally

demonsraed ha a single phoon can be absorbed in an aomic medium and he resulng

uorescence can be deeced in he conrolled laboraory condions wih he use o a ypical

microscopy setng [Gieyszor 2019]. More imporanly, he experimen was done wihou any

ineracon-enhancing mechanisms, like smulaed emission or cavies. This opens up a plehora

o new experimenal avenues.

One o he main advanages o phoon sources based on SPDC process is heir unmached

capabiliy o conrol he sae generaed in one arm o he seup hrough he heralding process

conduced in he oher arm. In parcular, when using phoon-number-resolving deecors i is

possible o herald a well-dened phoon number sae. This abiliy can be used o conrol he

number o phoons absorbed by an aomic sysem or a group o individual isolaed quanum

sysems. Also he specral modes o SPDC phoon pairs can be engineered o mee requiremens

or ecien mulple-phoon absorpon. Moreover, since he propagaon direcons o SPDC

phoons can be srongly correlaed, i is possible o remoely prepare he spaal mode o he

heralded phoon (he one used or illuminaon) by he proper choice o he spaal mode o he

heralding phoon, done during he measuremen process. This eec can be used o reduce he

size o he illuminaon mode and, in consequence, improve he spaal resoluon o he

microscope [Gieyszor 2020 ]. The similar eec, bu in he specral domain, has already been

prediced and demonsraed [Sedziak 2017, 2019].
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While in he case o convenonal uorescence microscopy an absorpon o single phoons

wih a specied energy can be observed, wo-phoon absorpon is based on he near-

simulaneous absorpon o wo phoons, which energies sum up o he ransion energy o he

medium. However, he process is very inecien by is naure, and hereore requires using high-

energy pulses, which can desroy he sample. This problem can be poenally solved by ulizing

enangled pairs o phoons [Dayan 2007]. The goal o he projec is o conduc a series o

experimens, which will nally lead o he observaon o he enangled wo-phoon absorpon

(ETPA). The preliminary resuls sugges ha he specral enanglemen will be he key enabler o

observe he eecs by signicanly increasing he absorpon eciency.

1.3. Work plan

1. Single-phoon absorpon. The improved version o he exisng conocal microscope will

be used o increase he eciency o he ineracon beween phoons and color ceners.

2. Fluorescence microscopy wih spaal enanglemen. The SPDC pump beam seering

echnique will be used o modiy he spaal modes o he produced phoon pairs.

3. Cryogenic experimens wih single phoons and aomic sysems.

4. Two-phoon absorpon enhancemen wih specral enanglemen.
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1.5. Required inial knowledge and skills o he PhD candidae

 Background in aomic physics or quanum opcs or quanum inormaon.

 Preerably, experience in conocal microscopy, experimens involving cryogenic

emperaures.

 Srong oral and wrien communicaon skills in English.

1.6. Expeced developmen o he PhD candidae’s knowledge and skills

 Good undersanding o praccal aspecs o single phoon generaon.

 Praccal knowledge o phoon-maer ineracon.

 Experience in perorming analycal calculaons and numerical simulaons.

 Experience in co-operaon wih oreign scienc parner on inernaonal research

projec.
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