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ApagoreÔetai h antigraf , apoj keush kai dianom  thc paroÔsac ergasÐac, ex olokl rou  
tm matoc, gia emporikì skopì. Epitrèpetai h anatÔpwsh, apoj keush kai dianom  gia skopì
mh kerdoskopikì, ekpaideutik c   ereunhtik c fÔshc, upì thn proôpìjesh na anafèretai h
phg  proèleushc kai na diathreÐtai to parìn m numa. Erwt mata pou aforoÔn th qr sh thc
ergasÐac gia kerdoskopikì skopì prèpei na apeujÔnontai proc ton suggrafèa.

Oi apìyeic kai ta sumper�smata pou perièqontai se autì to èggrafo ekfr�zoun ton sug-
grafèa kai den prèpei na ermhneutoÔn ìti antiproswpeÔoun tic epÐshmec jèseic tou EjnikoÔ
Metsìbiou PoluteqneÐou.
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PerÐlhyh

Apì ta pr¸ta kiìlac qrìnia thc pragmatopoÐhshc tou sumpukn¸matoc Bose-Einstein
(BEC) mèqri s mera, up rxan uper�rijmec prosp�jeiec na ulopoihjoÔn BECs me ìso
to dunatìn megalÔtero arijmo atìmwn. Parìlo to meg�lo endiafèron, mèqri shmera u-
p rxe dÔskolo na brejoÔn oi krÐsimec par�metroi gia th megistopoÐhsh tou arijmoÔ twn
sumpuknwmènwn atìmwn. Stic perissìterec peript¸seic, h beltistopoÐhsh basÐzetai se
peiramatikèc dokimèc kai oi mèjodoi pou qrhsimopoioÔntai paramènoun dÐqwc na perigra-
foÔn. Se �llec peript¸seic, oi ereunhtèc k�noun qr sh thc puknìthtac q¸rou f�shc
(phase-space density) wc thn par�metro gia aut n th beltistopoÐhsh, h opoÐa sthn prag-
matikothta den einai o kat�llhloc par�gontac gia thn megistopoÐhsh tou arijmoÔ twn
atìmwn. H ergasÐa aut  parousi�zei th jewrhtikh paragwg  miac paramètrou, thn opoÐa
ja onom�soume Par�gonta Poiìthtac, gia th beltistopoÐhsh tou arijmoÔ twn sumpu-
knwmènwn atìmwn basizìmenh stic jewrhtikèc arqèc thc yÔxhc me qr sh laser kai thc
magnhto-optikhc pagÐdeushc kaj¸c epÐshc kai thc magnhtikhc pagÐdeushc kai thc yÔxhc
me ex�tmish se mÐa pagÐda tou tÔpou Ioffe-Pritchard. H exaqjeÐsa par�metroc leitourgeÐ
me ton epijumhtì trìpo mìno sthn perÐptwsh aut c thc pagÐdac, kaj¸c sth diadikasÐa
paragwg c thc l�bame upìyh mac th sugkekrimènh sumperifor� thc kai th morf  tou
dunamikoÔ pou aut  parèqei. Parìla aut�, oi basikèc idèec mporoÔn na qrhsimopoihjoÔn
gia thn paragwg  parìmoiac paramètrou kai gia diaforetikèc pagÐdec. Oi idiìthtec tou
Par�gonta Poiìthtac ton kajistoÔn monadikì gia touc skopoÔc mac. H aÔxousa ex�r-
thsh tou apì ton arijmì twn atìmwn sto sumpÔknwma ton kajist� kat�llhlo gia th
beltistopoÐhsh thc diadikasÐac pou odhgeÐ sto sumpÔknwma. H stajer  tou tim  kajìlh
th diadikasÐa thc magnhtik c pagÐdeushc kai thc ex�tmishc ton kajistoÔn upeÔjuno gia
thn posotikopoÐhsh tou jermikoÔ nèfouc. H ikanìthta tou nèfouc na suneisfèrei meg�-
la sumpukn¸mata ekfr�zetai apì thn tim  autoÔ tou par�gonta. H anexarthsÐa tou apì
tic paramètrouc pou kajorÐzoun thn pagÐda (p�nta èqontac sto mualì ìti prìkeitai gia
tÔpou Ioffe-Pritchard) ton kanoun ènan genikì par�gonta gia sÔgkrish twn di�forwn ne-
f¸n sto Ðdio st�dio tou peir�matoc, se diaforetik� st�dia kai se diaforetik� ergast ria.
H exagwg  thc paramètrou akoloujeÐtai apì thn peiramatik  epibebaÐwsh twn idiot twn
thc pou epibebai¸noun th qrhsimìtht� thc, kaj¸c ki apì apotelèsmata thc qr shc aut c
sto peÐrama. Parousi�zontai apotelèsmata gia thn posotikopoÐhsh tou nèfouc, gia thn
prìbleyh tou krÐsimou arijmoÔ twn atomwn kat� thn emf�nish tou sumpukn¸matoc akìma
ki apì ta pr¸ta st�dia thc diadikasÐac, gia th beltÐwsh   akoma kai th beltistopoÐhsh
twn di�forwn stadÐwn.

lèxeic kleidi�: sumpÔknwma Bose-Einstein, beltistopoÐhsh, posotikopoÐhsh, Par�gontac
Poiìthtac, prìbleyh, pagÐda Ioffe-Pritchard, magnhto-optik  pagÐda (MOT), ex�tmish





Abstract

From the first years of BEC in dilute gases till now, there was a great amount
of attempts to reach BECs with as large number of atoms as possible. Despite this
interest, until now it has been difficult to find the critical parameters for the maxi-
mization of the number of the condensed atoms. In most cases, this maximization is
based on trial and error and the methods often remain unmentioned. In other cases,
researchers adopt the phase-space density (PSD) as the parameter for this optimiza-
tion, which in fact is not the appropriate factor in order to maximize the number of
the condensed atoms. This thesis presents a theoretical derivation of a parameter,
which we call the Quality factor, for the optimization of the number of the con-
densed atoms based on theoretical principles of laser cooling and magneto-optical
trapping as well as magnetic trapping and evaporative cooling in an Ioffe-Pritchard
trap. The derived factor works well only in this kind of trap, since in the derivation
we kept in mind its special behaviour and the potential it offers. However, the basic
ideas can be used in order to extract a similar parameter for other traps, like the
TOP-trap, as well. The properties of this Quality factor make it unique for our
attempts. Its direct ascending relation with the condensed atom number makes it
appropriate for the optimization of the processes which lead to BEC. Its constant
value throughout the processes of magnetic trapping and evaporative cooling lays it
responsible for the quantification of the thermal cloud. The quality of the cloud to
give large BECs is expressed by the value of this Quality factor. Its independence of
the trapping parameters (always keeping in mind that we use a Ioffe-Pritchard trap)
makes it a global factor for the comparison of the thermal clouds. The derivation
of this factor is followed by experimental results that prove and confirm the useful-
ness of it. Results for the quantification of the cloud in an Ioffe-Pritchard trap, the
prediction of the critical atom number when BEC just occurs even from the first
stages of cooling, the optimization of the processes of the magneto-optical trapping
(MOT), the transfer of the cloud from the MOT to the Ioffe-Pritchard trap and
evaporative cooling are presented. Additional properties, like the verification of the
correctness of measurements of BEC are discussed.

keywords: BEC optimization, BEC quantification, Quality factor, Prediction, Ioffe-
Pritchard trap, Magneto-optical trap (MOT), magnetic trapping and evaporative
cooling.
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Skiagraf¸ntac th dom  thc
ergasÐac

To sumpÔknwma Bose-Einstein eÐnai sten� sundemèno me endiafèrousec jewrhtikèc erw-
t seic kai peiramatikèc efarmogèc, sundèetai me axioshmeÐwta fainìmena qamhl¸n jermokra-
si¸n, ìpwc h uperreustìthta sto ugrì  lio   h uperagwgimìthta sta stere� kai mporeÐ na
ulopoihjeÐ mìno Ôstera apì tic sÔgqronec exelÐxeic sthn peiramatik  atomik  fusik , ìpwc
h yÔxh me qr sh laser, h magnhtik  pagÐdeush kai h efarmog  thc ex�tmishc se qamhlèc jer-
mokrasÐec. Gia ìlouc autoÔc touc lìgouc, h exereÔnhsh tou BEC eÐnai èna apì ta taqÔtera
anaptussìmena pedÐa thc atomik c fusik c. Plèon, up�rqoun p�nw apì 100 ergast ria pou
asqoloÔntai me to sumpÔknwma pagkosmÐwc. An�mesa sta jèmata aut¸n twn ergasthrÐ-
wn, mporeÐ kaneÐc na xeqwrÐsei thn exereÔnhsh susthm�twn qamhl¸n diast�sewn, ta optik�
plègmata, ta lèizer atìmwn, th sumbolometrÐa kum�twn Ôlhc, tic metr seic akribeÐac, tic
metab�seic f�shc.

H sugkekrimènh ergasÐa epikentr¸netai sth beltistopoÐhsh twn stadÐwn, h diadoqik 
efarmog  twn opoÐwn telik� odhgeÐ sthn emf�nish tou sumpukn¸matoc. H beltistopoÐhsh
aut  sqetÐzetai me thn epÐteuxh tou mègistou arijmoÔ atìmwn sto sumpÔknwma. H dom  thc
ergasÐac mporeÐ na sunoyisjeÐ wc ex c:

Sto kef�laio 1 suzht�me k�poia jemeli¸dh jewrhtik� shmeÐa pou sqetÐzontai me thn
pragmatopoÐhsh tou sumpukn¸matoc se arai� sust mata apoteloÔmena apì �toma roubidÐou-
87. Pio sugkekrimèna, sto upokef�laio 1.1 Ôstera apì thn perigraf  sta plaÐsia thc
jewrÐac met�bashc f�shc kai tou formalismoÔ thc deÔterhc kb�ntwshc thc ènnoiac tou BEC
sth genikìterh perÐptwsh thc parousÐac allhlepidr�sewn, epikentr¸noume to endiafèron
mac stic eidikèc peript¸seic twn idanik¸n kai elafr¸c allhlepidr¸ntwn aerÐwn. Ex�gontai
oi tÔpoi pou qarakthrÐzoun thn krÐsimh jermokrasÐa kai en gènei th sumperifor� twn atìmwn
se aut� ta eidik� sust mata. Sto upokef�laio 1.2 parousi�zoume tic jemeli¸deic idiìthtec
tou 87Rb. Suzht�me, metaxÔ �llwn, th dom  tou sÔmfwna me to kbantikì montèlo gia
to udrogìno, th dom  lept c kai upèrlepthc uf c tou, touc eswterikoÔc kai exwterikoÔc
bajmoÔc eleujerÐac tou mesa se pedÐo fwtìc kai se magnhtikì pedÐo. Ta apotelèsmata pou
ja exaqjoÔn ja mac fanoÔn qr sima sta kef�laia pou akoloujoÔn.

Sto kef�laio 2 perigr�fontai oi basikec arqèc twn teqnik¸n pou qrhsimopoioÔntai gia
to yuximo kai gia th pagÐdeush tou nèfouc roubidÐou-87 me telikì stìqo thn epÐteuxh tou
sumpukn¸matoc. 'Ustera apì th genik  epopteÐa thc sunolik c diadikasÐac sto upokef�-
laio 2.1, proqwr�me sto 2.2 sthn perigraf  thc pr¸thc genik c mejìdou, thc teqikhc pou
onomazetai yÔxh me qr sh lèizer kai magnhto-optik  pagÐdeush. AnalÔoume tic jemeli¸deic
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arqèc thc pagÐdeushc kai thc yÔxhc enìc jermikoÔ nèfouc me th qr sh lèizer kai magnhtik¸n
pedÐwn, touc periorismoÔc sth jermokrasÐa, ton arijmì twn atìmwn kaj¸c kai thc puknì-
thtac touc pou sunodeÔoun aut n thn teqnik  kai thn peiramatik  pragmatopoÐhsh aut c me
tic diat�xeic pou brÐskontai sto ergast rio. Sto upokef�laio 2.3 parousi�zontai oi basikèc
arqèc thc magnhtik c pagÐdeushc kai thc yÔxhc mesw thc ex�tmishc, thc deuterhc genik c
diadikasÐac. Perigr�foume di�fora jèmata pou sqetÐzontai me thn pagÐdeush, ìpwc h jew-
rhtik  perigraf  kai h pragmatopoÐhsh thc pagÐdac tÔpou Ioffe-Pritchard, h fìrtwsh thc
pagÐdac apì to prohgoÔmeno st�dio, h sumpÐesh tou nèfouc kai h ex�tmish tou gia thn yÔxh
tou. Parousi�zoume k�poia jewrhtik� kai peiramatik� apotelèsmata pou montelopoioÔn au-
t� ta st�dia me th bo jeia logik¸n upojèsewn. Ta apotelèsmata aut� apoteloÔn th b�sh
gia th suz thsh sta upìloipa kef�laia.

To kef�laio 3 perigr�fei to sq ma kai thn katanom  tou nèfouc kat� th di�rkeia twn di�-
forwn stadÐwn mèqri thn emf�nish tou sumpukn¸matoc kaj¸c kai to sq ma kai thn katanom 
twn atìmwn mèsa sto Ðdio to sumpÔknwma. GnwrÐzontac autèc tic katanomèc, parousi�zoume
tic teqnikèc pou qrhsimopoioÔntai gia th mètrhsh twn idiot twn tou nèfouc kai thn anÐqneu-
sh tou sumpukn¸matoc. Oi teqnikèc time-of-flight kai apeikìnishc mèsw thc aporrìfhshc
eÐnai metaxÔ aut¸n pou ja anaferjoÔn.

Met� thn olokl rwsh thc perigraf c tou peir�matoc pou odhgeÐ sto sumpÔknwma kai
twn teqnikwn gia th mètrhsh, sto kef�laio 4 arqÐzoume perigr�fontac thn an�gkh miac
parametrou idanik c gia th beltistopoÐhsh twn di�forwn stadÐwn. Pr¸ta, par�goume thn
par�metro aut  kat� th deuterh mèjodo yÔxhc, thn magnhtikh pagÐdeush kai thn ex�tmish,
kai sth sunèqeia epekteÐnoume th qrhsimìtht� thc sthn pr¸th teqnik , thn yÔxh me qr sh
lèizer.

Sto kef�laio 5 epibebai¸nontai oi idiìthtec tou paraqjèntoc paragonta poiìthtac me th
qr sh thc di�taxhc tou ergasthrÐou. Sugkekrimena, apodeiknÔoume tic shmantikèc idiìthtec
tou par�gonta na paramènei stajerìc kai anex�rthtoc apì tic paramètrouc pagÐdeushc kat�
ta st�dia thc magnhtikhc pagÐdeushc kai thc ex�tmishc, na èqei �mesh aÔxousa ex�rthsh
apì ton arijmì twn sumpuknwmènwn atìmwn, na einai qr simoc sthn prìbleyh kaj¸c kai thn
megistopoÐhsh tou krÐsimou arijmoÔ atìmwn.

Telik�, sto kef�laio 6 sunoyÐzontai ta apotelèsmata kai o rìloc thc ergasÐac aut c.

7



Kef�laio 1

Jewrhtik� stoiqeÐa tou
sumpukn¸matoc Bose-Einstein se
arai� sust mata atìmwn
RoubidÐou

1.1 JewrÐa tou sumpukn¸matoc Bose-Einstein (BEC)

1.1.1 H idèa tou BEC

'Ena apì ta basik� axi¸mata thc kbantik c mhqanik c dhl¸nei ìti ta swmatÐdia mporoÔn
na qwristoÔn se dÔo kathgorÐec: Ta mpozìnia, ta swmatÐdia me akèraio spin kai summe-
trikèc kumatosunart seic, kai ta fermiìnia, ta swmatÐdia me hmiakèraia timh tou spin kai
antisummetrikèc kumatosunart seic. H kbantik  statistik  anafèrei ìti ta mpozìnia èqoun
auxhmènh pijanìthta na katalamb�noun mia kbantik  kat�stash pou eÐnai  dh kateilhmmènh
apì k�poio �llo mpozonio, en¸ h apagoreutik  arq  tou Pauli upagoreÔei ìti dÔo fermiìnia
apagoreÔetai na katalamb�noun thn Ðdia idiokat�stash. Sthn ergasÐa aut , endiaferìmaste
gia sumpukn¸mata Bose-Einstein kai, wc ek toÔtou, mpozìnia. Sto plaÐsio tou formalismoÔ
thc deÔterhc kb�ntwshc [1], ta mpozìnia qarakthrÐzontai apì tic parakatw antimetajetikèc
sqèseic

[Ψ̂(r), Ψ̂†(r′)] = δ(r − r′) kai [Ψ̂(r), Ψ̂(r′)] = 0 (1.1)

ìpou Ψ̂(r)/Ψ̂†(r) eÐnai oi telestèc pedÐou pou katastrèfoun/dhmiourgoÔn èna swmatÐdio sth
jèsh r tou q¸rou kai δ einai h sun�rthsh dèlta.

Sthn pio genik  perÐptwsh thc parousÐac isqur¸n allhlepidr�sewn, oi idiosunart seic
thc Qamiltonian c de mporoÔn na ekfrastoÔn wc ginìmeno katast�sewn enìc swmatidÐou,
akìmh kai se mhdenik  jermokrasÐa. Gia to lìgo autì, prèpei kaneÐc na apeujunjeÐ sto
formalismì thc pio eurèwc efarmìsimhc m trac puknìthtac enìc swmatidÐou, prokeimènou
na kajorÐsoume th f�sh tou BEC. H m tra puknìthtac enìc swmatidÐou n(1)(r, r′) orÐzetai
wc o telest c

n(1)(r, r′) =< Ψ̂†(r)Ψ̂(r′) > (1.2)
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h opoÐa perilamb�nei tìso thn perÐptwsh miac kajar c statistik c kat�stashc ìso kai
enìc meÐgmatoc kajar¸n katast�sewn. Wc èna sqetikì sqìlio, mporeÐ kaneÐc na sumper�nei
apì thn m tra puknìthtac tou enìc s¸matidÐou ton telest  puknìthtac tou sust matoc wc
n(r) = n(1)(r, r). MporeÐ eÔkola na apodeiqjeÐ (blèpe gia par�deigma [2][3]) ìti h m tra n(1)

eÐnai ermhtian  kai wc ek toÔtou, up�rqei èna pl rec orjog¸nio sÔnolo idiosunart sewn tou
enìc swmatidÐou φi me tic antÐstoiqec idiotimèc ni pou thn diagwnopoieÐ. Sthn anapar�stash
aut c thc b�shc, h opoÐa kaleÐtai anapar�stash fusikwn troqi¸n, h m tra puknìthta enìc
s¸matoc gr�fetai wc

n(1)(r, r′) =
∑
i

niφ
∗
i (r)φi(r

′) (1.3)

Me th qr sh aut¸n twn sunart sewn kai twn telest¸n pou katastrèfoun èna swmatÐdio
apì autèc tic katast�seic α̂(φi) = α̂i, mporeÐ kaneÐc na ekfr�sei to telest  pedÐou wc

Ψ̂(r) = Ψ̂0(r) + δΨ̂(r) = φ0(r)α̂0 +
∑
i 6=0

φi(r)α̂i (1.4)

To sumpÔknwma Bose-Einstein orÐzetai wc h f�sh pou emfanÐzetai ìtan mÐa apì tic
idiotimèc ni (aut  pou gr�fthke parap�nw wc n0) gÐnetai makroskopik� meg�lh, thc t�xhc tou
arijmoÔ twn atìmwn sto sÔsthma N . To BEC eÐnai mia met�bash f�shc pou ofeÐletai sth
statistik  twn mpozonÐwn, kai ìqi stic allhlepidr�seic ìpwc sumbaÐnei stic perissìterec apì
tic metab�seic f�shc. Dedomènou ìti sto BEC o arijmìc twn swmatidÐwn pou susswreÔontai
sthn kat�stash φ0 eÐnai polÔ megalÔteroc thc mon�dac (N0 = 〈a†a〉 � 1), mporeÐ kaneÐc na
antimetwpÐsei isodÔnama th makroskopik  sun�rthsh φ0a0 thc Ψ̂ wc èna klasikì pedÐo

Ψ̂(r) =
√
N0φ0 +

∑
i 6=0

φi(r)α̂i (1.5)

Aut  eÐnai h legìmenh prosèggish Bogoliubov[4] kai h sun�rthsh Ψ0 =
√
N0φ0 paÐzei to

rìlo thc paramètrou t�xhc tou BEC.
Up�rqoun dÔo �lla basik� qarakthristik�, ektìc apì thn par�metro t�xhc, prokeimènou

na perigrafeÐ to sumpÔknwma sto plaÐsio thc jewrÐac met�bashc f�sewn: To aujìrmhto
sp�simo summetrÐac kai h t�xh makr�c embèleiac tou sust matoc. MporoÔme na parathr -
soume apì thn ex.1.3 ìti se perÐptwsh apousÐac tou sumpukn¸matoc, to sÔsthma paramènei
analloÐwto k�tw apì ton metasqhmatismì bajmÐdac. H Ôparxh thc summetrÐac bajmÐdac
U(1) shmaÐnei ìti eÐnai dunatìc o pollaplasiasmìc twn idiosunart sewn me ènan aujaÐre-
to par�gonta f�shc eja qwrÐc thn allag  opoiasd pote fusik c idiìthtac. Apì thn �llh
pleur�, kat� thn emf�nish tou sumpukn¸matoc, h rht  epilog  gia thn tim  thc paramètrou
t�xhc, h opoÐa eÐnai ènac migadikìc arijmìc kai, wc ek toÔtou, èqei mia sugkekrimènh f�sh,
odhgeÐ sto sp�simo thc paroÔsac summetrÐac[3][5]. Sthn pragmatikìthta, to aujìrmhto
sp�simo summetrÐac bajmÐdac eÐnai h anagkaÐa kai ikan  proôpìjesh gia th sumpÔknwsh
Bose-Einstein[6].

GurÐzoume t¸ra to endiafèron mac sthn ènnoia thc t�xhc makr�c embèleiac tou sust ma-
toc. 'Opwc o Landau [7] pr¸toc apèdeixe, h m tra puknìthtac enìc s¸matoc den mhdenÐzetai
se meg�lec apost�seic ìtan to sumpÔknwma eÐnai paron, all� proseggÐzei thn peperasmènh
tim  n0

lim
r−r′→∞

n(1)(r, r′) = lim
r→∞

n(1)(r, 0) = n0 (1.6)
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Aut  h sumperifor� anafèretai wc h mh-diag¸nia t�xh meg�lhc klÐmakac, apì th stigm  pou
h n(1)(r, r′) kajÐstatai mh mhdenik  gia r 6= r′. Aut  h fìrmoula eÐnai akrib¸c to krit rio
pou o Yang[8] prìteine gia thn parousÐa thc sumpÔknwshc. To arqiko krit rio tou gr�fetai
wc limr→∞ n

(1)(r, 0) > 0, pou mporeÐ na ermhneujeÐ wc mh-diag¸nia t�xh meg�lhc klÐmakac.

1.1.2 To sumpÔknwma Bose-Einstein se idanikì aèrio

H pr¸th jewrhtik  prìbleyh tou sumpukn¸matoc dìjhke apì ton Aðnst�in[10] se ap�n-
thsh ston Bose gia tic statistikèc idiìthtec twn fwtonÐwn sthn perÐptwsh enìc idanikoÔ
mpozonikoÔ aerÐou[9]. 'Ena idanikì mpozonikì aèrio orÐzetai wc èna sÔsthma N mh-diakrÐsimwn
mh-allhlepidr¸ntwn swmatidÐwn (ektìc apì ìtan sugkroÔontai elastik�) upakoÔontac sth
statistik  gnwst  wc statistik  Bose-Einstein, pou proèrqetai apì thn ex ghsh tou Planck
gia thn aktinobolÐa tou mèlanoc s¸matoc. 'Ena tètoio aèrio eÐnai èna plasmatikì sÔsthma,
dedomènou ìti k�je realistikì aèrio emfanÐzei k�poio epÐpedo allhlepidr�sewn. Wstìso,
katafèrnei na perigr�yei shmantikèc basikèc idiìthtec twn pragmatik¸n mh-idanik¸n BEC.

Sthn perÐptwsh apousÐac twn allhlepidr�sewn, h Qamiltonian  enìc idanikoÔ aerÐou

mporeÐ na grafteÐ wc to �jroisma Qamiltonian¸n tou enìc swmatidÐou H(1) = p2

2m + Vext(r),
p eÐnai h m tra orm c tou swmatidÐou, m m�za tou kai Vext to exwterikì pedÐo pou aisj�netai
to swmatÐdio. Wc apotèlesma autoÔ, oi idiokatast�seic tou aerÐou mporoÔn na ekfrastoÔn
wc to ginìmeno twn monoswmatidiak¸n katast�sewn φi kai epomènwc, sthn perÐptwsh enìc
idanikoÔ aerÐou, to sumpÔknwma emfanÐzetai ìtan up�rqei mia makroskopik  kat�lhyh thc
jemeli¸douc kat�stashc twn swmatidÐwn tou sust matoc.

Qrhsimopoi¸ntac touc tupikoÔc kanìnec thc statistik c mhqanik c kai to meg�lokano-
nikì sÔnolo,   isodÔnama ton formalismì thc deÔterhc kb�ntwshc gia ta idanik� aèria pou
perigr�fetai apì thn Qamiltonian  Hideal, o mèsoc arijmìc kat�lhyhc ni thc kat�stashc φi
pou perigr�fei thn katanom  Bose-Einstein eÐnai

ni =
1

exp[(εi − µ)/kBT ]− 1
(1.7)

Sthn prohgoÔmenh sqèsh, εi eÐnai h idiotim  thc H(1) pou antistoiqeÐ sta idiosun�rthsh φi,
T eÐnai h jermokrasÐa tou sunìlou kai µ to qhmikì dunamikì tou. H katanom  Bose-Einstein
mporeÐ na prokÔyei me di�forouc trìpouc, blèpe gia par�deigma sto [11].

Qrhsimopoi¸ntac th sun�rthsh katanom c Bose-Einstein, o sunolikìc arijmìc twn atì-
mwn mporeÐ na ektimhjeÐ wc

N =

∞∑
i=0

ni =

∞∑
i=0

1

exp[(εi − µ)/kBT ]− 1
(1.8)

Wstìso, eÐnai praktikì gia touc upologismoÔc mac na qrhsimopoi soume mia hmiklassik  pro-
sèggish, kat� thn opoÐa oi katast�seic mporeÐ na jewrhjoÔn ìti eÐnai suneqeÐc me puknìthta
katast�sewn D(ε) h opoÐa perigr�fei ton arijmì twn katast�sewn me enèrgeia metaxÔ ε kai
ε + dε. To shmeÐo-kleidÐ gia thn exereÔnhsh tou BEC mèsa se autìn to formalismì eÐnai
na antimetwpisteÐ h kat�stash thc qamhlìterhc enèrgeiac xeqwrist�. H katanom  Bose-
Einstein 1.7 mporeÐ na perigrafeÐ apì mia hmi-klasik  katanom  f(ε) = 1

exp[(ε−µ)/kBT ]−1 kai,
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ètsi, o sunolikìc arijmìc twn atìmwn mporeÐ na proseggisteÐ apì

N = N0 +

∞∫
ε=ε0

dεD(ε)
1

exp[(ε− µ)/(kBT )]− 1
, (1.9)

O pr¸toc ìroc eÐnai o arijmìc twn atìmwn sth jemeli¸dh kat�stash, pou den eÐnai se jèsh
na perigrafeÐ se aut n thn hmi-klasik  prosèggish, en¸ o teleutaÐoc ìroc antistoiqeÐ sto
jermikì tm ma NT tou sust matoc pou brÐsketai se katast�seic diaforetikèc thc jemeli¸-
douc.

To qhmikì dunamikì kajorÐzetai apì th sunj kh kanonikopoÐhshc 1.9. Se dedomènh jer-
mokrasÐa, e�n prosjèsoume perissìtera �toma sto nèfoc, tìte to qhmikì dunamikì kajorÐzei
ton arijmì twn atìmwn pou mporoÔn na gÐnoun apodekt� apì thn katanom . Ta upìloipa
prèpei na katal xoun sta qamhlìtera epÐpeda enèrgeiac kai, wc ek toÔtou, na sqhmatisoun
to sumpÔknwma. MÐa meÐwsh thc jermokrasÐac odhgeÐ se aÔxhsh tou qhmikoÔ dunamikoÔ (au-
tì mporeÐ na faneÐ apì thn anwtèrw sunj kh kanonikopoÐhshc) kai, sthn perÐptwsh aut ,
ìlo kai perissìtera �toma prèpei na katal xoun sto sumpÔknwma. H exÐswsh 1.7 deÐqnei
ìti to qhmikì dunamikì prèpei na eÐnai p�nta mikrìtero apì to qamhlìtero energeiakì epÐ-
pedo thc Qamiltonian c enoc swmatidÐou, ε0,   alli¸c ja up rqe arnhtikìc plhjusmìc se
autì. Kaj¸c mei¸netai h jermokrasÐa kai to qhmikì dunamikì aux�netai, se k�poia krÐsimh
jermokrasÐa, thn Tc, to qhmikì dunamikì ft�sei thn tim  tou ε0. Se aut n akrib¸c thn
jermokrasÐa, apì thn 1.7 h kat�lhyh thc jemeli¸douc kat�stashc n0 gÐnetai makroskopik�
meg�lh. Aut  eÐnai h ekd lwsh tou BEC. Apì thn parap�nw suz thsh, katal goume sto
sumpèrasma ìti h krÐsimh jermokrasÐa gia to sumpÔknwma kajorÐzetai apì th sunj kh

∞∫
ε=ε0

dεD(ε)
1

exp[(ε− ε0)/(kBTc)]− 1
= N (1.10)

kaj¸c sto Tc o arijmìc twn swmatidÐwn sto sumpÔknwma exakoloujeÐ na eÐnai amelhtèoc se
sÔgkrish me ton arijmì N .

Ja rixoume t¸ra mia mati� se sugkekrimènec peript¸seic tou exwterikoÔ dunamikoÔ
Vext(r).

Omoiogenèc idanikì aèrio Sthn perÐptwsh apousÐac enìc exwterikoÔ dunamikoÔ pagÐ-
deushc, Vext(r) = 0, èna aèrio mh-allhlepidr¸ntwn eleÔjerwn swmatidÐwn ston �peiro q¸ro

mporeÐ na perigrafeÐ apì th Qamiltonian  enìc swmatidiou H(1) = p2

2m . Oi idiosunart seic
miac tètoiac Qamiltonian c[1] eÐnai epÐpeda kÔmata (h orm  k eÐnai ènac kalìc kbantikìc a-
rijmìc gia thn perigraf  twn katast�sewn) kai h enèrgeia thc kat�stashc me orm  k eÐnai
εk = ~2k2/2m.

H puknìthta katast�sewn gia èna tètoio sÔsthma dÐnetai[11] apì

D(ε) =
V

2π2

(
2m

~2

)3/2√
ε (1.11)
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Antikajist¸ntac thn parap�nw sthn ex.1.10 mporeÐ kaneÐc na brei thn krÐsimh jermokrasÐa
sthn perÐptwsh tou omogenoÔc idanikoÔ aerÐou

kbTc =
2π~2

m

(
N/V

ζ(3/2)

)2/3

(1.12)

Sthn parap�nw, wc ζ sumbolÐzoume thn sun�rthsh Riemann[12] me ζ(3/2) ≈ 2.612.
Epiplèon, gnwrÐzontac ta epÐpeda enèrgeiac εk kai thn puknìthta katast�sewn, mporoÔme

na upologÐsoume ton arijmì twn jermik¸n swmatidÐwn 1.9 kai apì autìn sumperaÐnoume th
sqèsh metaxÔ tou arijmoÔ twn swmatidÐwn sto sumpÔknwma (N0) kai ton sunoliko arijmì
twn swmatidÐwn sto aèrio (N) se jermokrasÐa T :

N0(T ) = N

[
1−

(
T

Tc

)3/2
]

(1.13)

H sqèsh 1.12 mporeÐ na xanagrafeÐ wc proc thn puknìthta q¸rou f�shc, ¸ste na pro-
sfèrei ènan diaisjhtikì trìpo gia thn katanìhsh thc emf�nishc tou BEC. H puknìthta tou
q¸rou f�shc orÐzetai wc

Dp = nΛ3
T (1.14)

ìpou n eÐnai h puknìthta tou omogenoÔc aerÐou kai ΛT =
√

2π~2/mkBT to jermikì m koc
kÔmatoc de Broglie se jermokrasÐa T . Apì ton orismì thc, h puknìthta q¸rou f�shc mporeÐ
na jewrhjeÐ wc o arijmìc twn swmatidÐwn mèsa se èna kÔbo me pleur� enìc m kouc kÔmatoc
de Broglie. Qrhsimopoi¸ntac aut n thn par�metro, h krÐsimh sunj kh gia na sumbeÐ BEC
eÐnai

Dp > ζ(3/2) ≈ 2.612 (1.15)

H puknìthta tou nèfouc eÐnai èna mètro thc eggÔthtac metaxÔ twn swmatidÐwn en¸ to m koc
kÔmatoc de Broglie mia mètrhsh thc qwrik c èktashc twn kum�tosunart sewn twn swma-
tidÐwn. Wc apotèlesma, ìtan h puknìthta q¸rou f�shc gÐnei thc t�xhc thc mon�dac, h
diaswmatidiak  apìstash gÐnetai thc t�xhc thc kumatosun�rthshc twn swmatidÐwn kai h
epik�luyh twn kumatosunart sewn twn diaforetik¸n swmatidÐwn k�nei thn emf�nis  thc
odhg¸ntac sto sumpÔknwma.

Idanikì aèrio se armonikì dunamikì. Sthn perÐptwsh thc parousÐac enìc exwte-
rikoÔ dunamikoÔ armonik c morf c (me suqnìthtec tal�ntwshc ωi sthn i-kateÔjunsh)

Vext(r) =
1

2
mω2

xx
2 +

1

2
mω2

yy
2 +

1

2
mω2

zz
2 (1.16)

ta epÐpeda thc enèrgeiac enìc swmatidÐou[1] eÐnai εnx,ny,nz =
∑

i={x,y,z}
(ni + 1/2)~ωi kai h

puknìthta twn katast�sewn[11]

D(ε) =
1

2(~ω)3
ε2 (1.17)

12



Sq ma 1.1: H met�bash sto BEC.
(a) 'Otan h apìstash metaxÔ twn
swmatidÐwn eÐnai polÔ megalÔterh
apì to mègejoc twn memonwmènwn
swmatidÐwn, mporoÔn na antimetw-
pÐzontai wc klassik� shmeiak� an-
tikeÐmena. H puknìthta tou q¸rou
f�shc eÐnai t�xeic megèjouc mikrì-
terh apì thn mon�da.
(b) Gia èna sÔsthma se qamhl  jer-
mokrasÐa, ta swmatÐdia apokalÔ-
ptoun thn kumatik  touc fÔsh. H
puknìthta tou q¸rou f�shc exako-
loujeÐ na eÐnai t�xeic megèjouc mi-
krìterh apì 1.
(g) H epik�luyh metaxÔ twn kuma-
tosunart sewn twn swmatidÐwn. H
puknìthta tou q¸rou f�shc gÐnetai
thc t�xhc thc mon�dac. EmfanÐzetai
to sumpÔknwma.
Eikìna pou el fjh apì to [13].

ìpou ω = (ωxωyωz)
1/3 o gewmetrikìc mèsoc ìroc. Akolouj¸ntac thn Ðdia diadikasÐa ìpwc

sthn perÐptwsh tou omogenoÔc aerÐou, mporeÐ kaneÐc na exagei eÔkola th sqèsh gia thn
krÐsimh jermokrasÐa

kBTc = ~ω
(
N

ζ(3)

)1/3

(1.18)

kaj¸c kai th sqèsh pou sundèei ton sunoliko kai to sumpuknwmèno arijmì swmatidÐwn

N0(T ) = N

[
1−

(
T

Tc

)3
]

(1.19)

MporoÔme kai se aut n thn periptwsh na gr�youme th sunj kh gia thn emf�nish tou BEC
me ìrouc puknìthtac tou q¸rou f�shc an antikatast soume thn omoiìmorfh puknìthta tou
nèfouc me thn mègisth puknìthta n(0) sto kèntro tou dunamikoÔ. Sthn perÐptwsh enìc
armonikoÔ dunamikoÔ, sun�gei kaneÐc telik�[3]

Dp = n(0)Λ3
T > ζ(3/2) ≈ 2.612 (1.20)

1.1.3 To sumpÔknwma se èna asjen¸c allhlepidr¸n aèrio

H exèlixh thc peiramatik c fusik c pou sqetÐzetai me to BEC akoloÔjhse mia entel¸c
diaforetik  poreÐa se sqèsh me tic jewrhtikèc problèyeic tou apì touc Aðnst�in kai Bose
pou diex qjhsan se idanik� aèria. To 1938 o F. London[14] prìteine to sumpÔknwma wc ènan
mhqanismì gia thn uperreustìthta sto 4He pou eÐqe lÐgo prin anakalufjeÐ. To 4He eÐnai
èna sÔsthma me isqurèc allhlepidr�seic. Epiplèon, to pr¸to aèrio sumpÔknwma epiteÔqjhke
to 1995 apì touc E.Cornell, C.Wieman[15] kai W.Ketterle[16] To 2001 kèrdisan to brabeÐo
Nìmpel �gia thn epÐteuxh sumpukn¸matoc Bose-Einstein enìc atomikoÔ fusikoÔ aerÐou, gia
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th dhmiourgÐa teqnik¸n gia th melèth tou sumpukn¸matoc kai gia th mètrhsh twn fusik¸n
idiot twn twn asjen¸c allhlepidr¸ntwn aerÐwn�. Wc ek toÔtou, prokeimènou na melet soume
to BEC, oi allhlepidr�seic ja prèpei na eÐnai mèsa sto paiqnÐdi.

H emf�nish twn asjen¸n allhlepidr�sewn metaxÔ twn swmatidÐwn den all�zei th basik 
arq  thc sumpÔknwshc: th suss¸reush thc jemeli¸douc energeiak c kat�stashc. H diafo-
r� eÐnai posotik . Prosjètontac tic allhlepidr�seic sta swmatÐdia, h qwrik  èktash kai h
sunolik  enèrgeia thc jemeli¸douc kat�stashc gÐnontai megalÔterec apì tic antÐstoiqec sta
idanik� aèria. H krÐsimh jermokrasÐa all�zei epÐshc, kurÐwc lìgw thc meÐwshc thc puknì-
thtac pou prokaleÐtai apì tic allhlepidr�seic. Par�ola aut�, to sf�lma, an upotejeÐ ìti h
fìrmoula gia ta mh-allhlepidr¸nta swmatÐdia exakoloujeÐ na isqÔei, den eÐnai megalÔtero
apì 5% [17][18]. Mia �llh diafor� metaxÔ twn allhlepidr¸ntwn kai anex�rthtwn swmatidÐwn
eÐnai ìti sthn pr¸th perÐptwsh, akìmh kai se mhdenik  jermokrasÐa de susswreÔontai ìla
ta swmatÐdia sthn jemeli¸dh kat�stash, all� antÐjeta up�rqei èna kl�sma tou plhjusmoÔ
se diegermènec.

Wstìso, mia pio akrib c perigraf  ja prìsfere meg�lh bo jeia sthn katanìhsh twn
jem�twn pou eis�gontai apì tic allhlepidr�seic. Gia mia tètoia perigraf  k�poioc prèpei
na diajètei mia exÐswsh pou perigr�fei ta qarakthristik� thc jemeli¸douc kat�stashc tou
sust matoc.

Xekin¸ntac apì to gegonìc ìti h Ψ̂(r) (ìpwc orÐzetai apì 1.4) plhroÐ sthn anapar�stash
tou Heisenberg thn exiswsh

j~
∂

∂t
Ψ̂(r, t) = [Ψ̂(r, t), H] (1.21)

prèpei kaneÐc na k�nei di�forec proseggÐseic tìso gia thn Qamiltonian  H poll¸n swm�twn
ìso kai gia ton telest  pedÐou, ètsi ¸ste na grafeÐ mia epilÔsimh exÐswsh.

Ja epikentr¸soume thn prosoq  mac sta arai� aèria, ìpou mporoÔme na upojèsoume ìti
to eÔroc twn diatomik¸n dun�mewn, eÐnai t�xeic megèjouc mikrìtero apì th mèsh apìstash
metaxÔ twn swmatidÐwn. H upìjesh aut  eÐnai aparaÐthth kai prosfèrei meg�lh bo jeia gia
di�forouc lìgouc. Pr¸ta ap �ola, autì mac bohj� na exet�soume mìno tic allhlepidr�-
seic pou perilamb�noun zeÔgh swmatidÐwn (pou perigr�fontai apì èna dunamikì thc morf c
V (r − r′)) kai ìqi allhlepidr�seic uyhlìterhc t�xhc, ìpwc eÐnai autèc pou emplèkoun trÐa
tautìqrona swmatÐdia. Ja doÔme argìtera ìti aut  h perÐptwsh eÐnai epÐshc epijumht ,
¸ste na elaqistopoihjoÔn oi ap¸leiec sthn pagÐda pou ofeÐlontai stic sugkroÔseic. Met�
apì aut n thn prosèggish, h Qamiltonian  tou sust matoc mporeÐ na grafteÐ

H =

∫ (
~2

2m
∇Ψ̂†(r)∇Ψ̂(r)

)
dr +

1

2

∫
Ψ̂†(r)Ψ̂†(r′)V (r − r′)Ψ̂(r)Ψ̂(r′)dr′dr (1.22)

DeÔteron, se autì to plaÐsio thc araiìthtac, mporoÔme na upojèsoume ìti oi allhlepidr�-
seic mporoÔn na proseggisjoÔn apì th jewrÐa skèdashc kai perigrafoÔn apì to pl�toc
skèdashc. Se diergasÐec qamhl c enèrgeiac autì gÐnetai stajerì kai perigr�fetai mìno apì
mÐa par�metro, to m koc skèdashc αs. Gia na kuriolekt soume, h araiìthta tou nèfouc
mporeÐ na ekfrasteÐ wc n|αs|3 << 1. Lìgw aut c thc stajerìthtac, h pragmatik  morf 
tou dunamikoÔ dÔo swm�twn den eÐnai aparaÐthth gia thn perigraf  twn makroskopik¸n idio-
t twn tou fusikoÔ aerÐou[3] kai h jewrÐa sked�sewn proteÐnei thn antikat�stash tou apì
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èna dunamikì epaf c

g =
4π~2αs
m

δ(r − r′) (1.23)

Met� tic proseggÐseic sth Qamiltonian , prospajoÔme na proseggÐsoume ton telest 
pedÐou. Sundu�zontac thn araiìthta tou sust matoc me thn qamhl  tou jermokrasÐa, mporeÐ
k�poioc na agno sei thn mh sumpuknwmènh sunist¸sa δΨ̂ tou 1.4 kaj¸c oi arijmoÐ kat�-
lhyhc gia tic katast�seic ektìc thc jemeli¸douc eÐnai mikroÐ se sÔgkrish. H teleutaÐa
upìjesh eÐnai h legìmenh prosèggish Bogoliubov pou isqÔei ìtan o arijmìc twn swmatidÐwn
eÐnai meg�loc, dhlad , ikanìc ¸ste na upokatast soume ton telest  pediou Ψ̂0(r) me th
sun�rthsh Ψ0(r) =

√
Nφ0(r)   isodÔnama me to na proseggÐsoume to kbantikì pedÐo apì

èna klasikì.
Antikajist¸ntac t¸ra thn prosèggish thc Qamiltonian c kai tou pediou sth sqèsh

1.21 kai anazht¸ntac gia qrìno-anex�rthtec lÔseic (gia perissìterec leptomèreiec deÐte th
diadikasÐa [3][19]) ft�noume sthn exÐswsh Gross-Pitaevskii

µΨ0(r) =

(
−~2∇2

2m
+ Vext(r) + g|Ψ0(r)|2

)
Ψ0(r) (1.24)

h opoÐa eÐnai mia auto-sunep c exÐswsh gia to pedÐo Ψ0   isodÔnama gia thn par�metro t�xhc
tou BEC.

To ìrio Thomas-Fermi. Gia arkoÔntwc meg�la sumpukn¸mata, oi apwjhtikèc allhle-
pidr�seic metaxÔ twn swmatidÐwn gÐnontai tìso shmantikèc, ¸ste h kinhtik  enèrgeia touc
mporeÐ na agnohjeÐ apì thn exÐswsh Gross-Pitaevskii. Aut  eÐnai h prosèggish Thomas-
Fermi, sthn opoÐa h exÐswsh Gross-Pitaevskii mporeÐ na lujeÐ eÔkola, dÐnontac to apotèle-
sma gia thn katanom  puknìthtac tou sumpukn¸matoc

|Ψ0|2(r) =
1

g
(µ− Vext(r)) (1.25)

To apotèlesma auto ja faneÐ exairetik� qr simo gia ton entopismì twn BEC sto peÐram�
mac, ìpwc ja doÔme sta epìmena kef�laia.

1.2 BEC se nèfoc 87Rb

'Opwc  dh anafèrjhke sta prohgoÔmena tm mata, h pr¸th peiramatik  epÐteuxh tou sum-
pukn¸matoc  tan se èna ugrì. Wstìso, apì ta pr¸ta b mata, o stìqoc  tan h anaz thsh
se aèria nèfh, qwrÐc tic epiplokèc pou sqetÐzontai me èna ugrì. Gia to stìqo autì, ta kÔria
sust mata pou èqoun melethjeÐ eÐnai ta optik�-diegermèna exitìnia se hmiagwgoÔc [20][21],
nèfoc udrogìnou me polwmèno spin [22][23] kai prwtÐstwc alk�lia, ta opoÐa eÐnai kai aut�
pou mac endiafèroun sth sugkekrimènh ergasÐa.

H jemeli¸dhc apaÐthsh apì èna sÔsthma prokeimènou na epiteuqjeÐ to BEC eÐnai h
mpozonik  tou fÔsh. Dedomènou ìti up�rqoun poll� sust mata pou upakoÔoun se aut n
thn idiìthta, �llec anhsuqÐec prokÔptoun sqetik� me thn epilog  thc ìlhc diadikasÐac meqri
to sumpÔknwma pou sqetÐzontai me thn epilog  tou aerÐou -stajerìthta, sugkrousiakèc
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idiìthtes- kaj¸c epÐshc kai th diadikasÐa gia thn epÐteuxh tou sumpukn¸matoc, ìpwc oi
teqnikèc yÔxhc kai pagÐdeushc.

Autèc oi teqnikèc eÐnai krÐsimhc shmasÐac gia th diadikasÐa thc epÐteuxhc atomikoÔ sumpu-
kn¸matoc kurÐwc exaitÐac tou gegonìtoc ìti oi paradosiakèc teqnikèc thc fusik c qamhl c
jermokrasÐac den efarmìzontai sta en lìgw sust mata, dedomènou ìti eÐnai metastaj  ki
ètsi den mporoÔn na èrjoun se isorropÐa me èna �llo s¸ma. To  lio eÐnai to mìno stoi-
qeÐo pou den stereopoieÐtai sto eÔroc thc puknìthtac kai thc jermokrasÐac kat� to opoÐo
emfanÐzetai to BEC. Gia to lìgo autì, eÐmaste anagkasmènoi na ergastoÔme baji� sthn
jermodunamik� apagoreumènh perioq , ìpou èna atomikì aèrio epitugq�nei kinhtik  isorropÐ-
a prin èrjei sthn qhmik  isorropÐa kai sqhmatÐsei èna stereì[17]. Autì epitugq�netai ìtan
o rujmìc twn sugkroÔsewn metaxÔ dÔo atìmwn, oi opoÐec fèrnoun to sÔsthma se kinhtik 
isorropÐa, uperbaÐnei to rujmì twn sugkroÔsewn twn tri¸n swm�twn pou einai upeÔjunec
gia th qhmik  isorropÐa. Oi sugkroÔseic metaxÔ duo swm�twn den mporoÔn na periorÐsoun
th di�rkeia zw c, epeid  den mporoÔn na prokalèsoun mia allag  tou spin me par�llhlh
diat rhsh thc enèrgeiac kai thc orm c, se antÐjesh me tic sugkroÔseic tri¸n swm�twn, ìpou
to trÐto swmatÐdio mporeÐ na metafèrei makri� thn enèrgeia. H di�rkeia zw c autoÔ tou meta-
stajoÔc nèfouc exart�tai apì thn puknìthta tou aerÐou. Gia èna araiì nèfoc me 1017cm−3

�toma, den ja mporoÔse na eÐnai perissìtero apì merik� milliseconds[17]. 'Etsi, polÔ arai�
aèria thc t�xhc twn 1014cm−3 apaitoÔntai gia na exereunhjeÐ h f�sh tou sumpukn¸matoc.
Qrhsimopoi¸ntac thn 1.12 gia th sqèsh metaxÔ thc krÐsimhc jermokrasÐac kai thc puknì-
thtac, mporeÐ kaneÐc na brei ìti me autèc tic timèc thc puknìthtac h krÐsimh jermokrasÐa
ègkeitai se t�xh megèjouc ekatont�dwn nanoKelvins. Ft�noume kai p�li to sumpèrasma
sqetik� me thn anagkaiìthta twn teqnikwn thc yÔxhc kai pagÐdeushc kai th shmasÐa thc
epilog c tou atomikoÔ aerÐou.

Nèfh atìmwn alkalÐwn eÐnai bolik� sto plaÐsio thc anaptugmènhc teqnologÐac gia thn
yÔxh kai thn pagÐdeush touc gia di�forouc lìgouc. Pr¸ta apì ìla, qarakthrÐzontai apì
mia eÔkolh sto qeirismì touc energeiak  dom . Oi enèrgeiakec metab�seic touc brÐskontai
sthn perioq  kont� sto oratì   upèrujro, k�ti pou bohj� touc peiramatistèc, dedomènou ìti
diajètoun polÔ isqur� lèizer gia thn en lìgw perioq . To asÔzeukto touc hlektrìnio sthn
exwterikh stib�da thc domhc touc eÐnai h aitÐa gia thn emf�nish thc magnhtik c rop c (se
antÐjesh me �lla stoiqeÐa, ìpwc oi alkalikèc gaÐec) pou ta k�nei idanikoÔc upoyhfÐouc gia
thn pagÐdeush me magnhtik� pedÐa. Epiplèon, oi qarakthristikec idiìthtec pou emfanÐzoun
se sqèsh me tic sugkroÔseic twn atìmwn touc bohjoÔn shmantik� kat� th di�rkeia thc
ex�tmishc, k�ti pou ja doÔme sth sugkekrimènh enìthta.

MetaxÔ ìlwn twn stajer¸n isotìpwn twn alkalÐwn, to 87Rb diadramatÐzei kurÐarqo rì-
lo sthn istorÐa kai ta trèqonta peir�mata gia to sumpÔknwma. Autì ofeÐletai kurÐwc sth
diajesimìthta bolikwn phg¸n lèizer (dÐodoc) kai thn eunoðk  analogÐa metaxÔ elastik¸n
sthn anelastik¸n sugkroÔsewn. To m koc skèdashc tou 87Rb èqei jetik  tim  prosfè-
rontac stajerìthta kai epÐshc eÐnai anex�rthto tou magnhtikoÔ pedÐou pou efarmìzetai.
Epiplèon, qarakthrÐzetai apì èna sqetik� mikrì qrìno zw c twn diegermènwn katast�sewn
tou se sÔgkrish me ta �lla alk�lia prosfèrontac mia megalÔterh dÔnamh pou energeÐ se
autì apì thn aktinobolÐa. Oi basikèc idiìthtec tou 87Rb sunoyÐzontai sto [24].

Wc apotèlesma twn pio p�nw, stic epìmenec enìthtec ja exet�soume qr simec idiìthtec
tou 87Rb.
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1.2.1 Genikèc idiìthtec tou 87Rb

'Ena �tomo 87Rb èqei 50 netrìnia kai 37 prwtìnia ston pur na tou kaj¸c kai 37 hle-
ktrìnia. Gia na kuriolekt soume, den eÐnai èna stajerì isìtopo tou RoubidÐou. Par�ola
aut�, h exairetik� ter�stia di�rkeia zw c tou thc t�xhc twn 5 × 1010 qrìnwn[25] to k�nei
na jewrhjeÐ wc m�llon stajerì. SÔmfwna me to kbantikì montèlo tou udrogìnou, to 87Rb
èqei mìno èna hlektrìnio sthn exwterik  tou stib�da, sto troqiakì 5S sthn jemeli¸dh tou
kat�stash.

Oi kat� ta �lla ekfulismènec katast�seic thc n = 5 stib�dac diasp¸ntai lìgw thc
sÔzeuxhc metaxÔ thc troqiak c stroform c ~L kai tou spin ~S (to fainìmeno thc lept c uf c).
H sunolik  stroform  tou hlektronÐou eÐnai sth sugkekrimènh kat�stash ~J = ~L + ~S kai
o antÐstoiqoc kbantikìc arijmìc J pou perigr�fei thn kat�stash mporeÐ na eÐnai sto eÔroc
|L−S| < J < L+S. Gia to �tomo tou roubidÐou sth jemeli¸dh tou kat�stash, to exwterikì
hlektrìnio èqei L = 0 kai S = 1/2, ki ètsi J = 1/2 (Aut  h kat�stash sumbolÐzetai suqn�
wc 52S1/2). Sthn pr¸th diegermènh kat�stash, to hlektrìnio èqei L = 1 kai S = 1/2 kai
wc ek toÔtou, J = 1/2 (52P1/2)   J = 3/2 (52P3/2). H tim  tou J orÐzei thn allag  sto
epÐpedo thc enèrgeiac. Upì aut n thn ènnoia, h met�bash L = 0 èwc L = 1 (h opoÐa kaleÐtai
wc met�bash sth gramm  D) qwrÐzetai se dÔo sunist¸sec (D1-gramm  gia thn met�bash
52S1/2 se 52P1/2 kai h gramm  D2 gia th met�bash 52S1/2 se 52P3/2).

Kat� parìmoio trìpo, lìgw thc sÔzeuxhc metaxÔ thc stroform c tou hlektronÐou ~J kai
thc stroform c tou pur na ~I (to fainìmeno thc upèrlepthc uf c) up�rqei mia epiplèon di�-
spash twn epipèdwn enèrgeiac. H sunolik  stroform  enìc atìmou eÐnai sth sugkekrimènh
kat�stash ~F = ~J + ~I kai o antÐstoiqoc kbantikìc arijmìc F pou perigr�fei thn kat�stash
mporeÐ na eÐnai sto eÔroc |J − I| < F < J + I. Gia to �tomo roubidÐou sth jemeli¸dh tou
kat�stash eÐnai J = 1/2 kai I = 3/2 ètsi, ¸ste F = 1   F = 2. Gia thn 52P1/2 kat�stash
lept c uf c J = 1/2 kai I = 3/2 kai epomènwc F = 1   F = 2. OmoÐwc, gia thn 52P3/2

kat�stash lepthc uf c J = 3/2 kai I = 3/2 kai epomènwc F = 0   F = 1   F = 2   F = 3.
O energeiakìc diaqwrismìc apì auto to epÐpedo upèrlepthc uf c exart�tai apì thn tim  F .

Gia mia pio leptomer  an�lush thc lept c kai Upèrlepthc uf c kai twn peiram�twn
pou sqetÐzontai me autìn to diaqwrismì tou roubidÐou, mporeÐ kaneÐc na apeujunjeÐ sta
[26][27][28][29][30]

1.2.2 Nèfoc 87Rb mèsa se qronometablhtì hlektrikì pedÐo

Se aut  thn enìthta ja endiaferjoÔme gia th melèth twn epipt¸sewn se èna �tomo rou-
bidÐou apì thn parousÐa thc aktinobolÐac, kai idiaÐtera ènìc monoqrwmatikoÔ lèizer.

O meg�loc diaqwrismìc metaxÔ twn gramm¸n D1 kai D2 se sÔgkrish me to pl�toc thc
dèsmhc lèizer mac k�nei na upojèsoume ìti h aktinobolÐa allhlepidr� me mìno èna apì e-
nergeiak� epÐpeda thc lept c uf c, an�loga me th suqnìthta tou fwtìc. Epiplèon, sthn
perÐptwsh pou h prospÐptousa aktinobolÐa eÐnai sqedìn se suntonismì me thn atomik  me-
t�bash ω0, mporeÐ na jewrhjeÐ ìti allhlepidr� mìno me mia upèrlepth kat�stash. Gia touc
lìgouc autoÔc, h monoqrwmatik  aktinobolÐa suzeÔgnei mìno dÔo apì ta upèrlepta epÐpeda
F kai ètsi to �tomo mèsa se èna hlektrikì pedÐo mporeÐ na antimetwpÐzetai wc èna sÔsthma
dÔo katast�sewn.
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Sq ma 1.2: H lept  uf  thc n = 5
stib�dac tou 87Rb me tic katast�-
seic 52S1/2, 52P1/2 kai 52P3/2. Gia
th diadikasÐa thc epÐteuxhc sumpu-
kn¸matoc wc epÐ to pleÐston endia-
fèrontai gia th met�bash D2. Sto
di�gramma mporeÐ kaneÐc na dei epÐ-
shc th di�rkeia zw c twn diegermè-
nwn katast�sewn. K�je lept  ka-
t�stash epiplèon diaqwrÐzetai lì-
gw tou fainomènou thc upèrlepthc
uf c. Oi di�forec teqnikèc pou
qrhsimopoioÔme epwfeloÔntai apì
diaforetikèc metab�seic metaxÔ twn
katast�sewn upèrlepthc uf c, ì-
pwc ja doÔme sto epìmeno kef�-
laio.

Ja faneÐ idiaÐterea eÔqrhsto na qrhsimopoi soume mia hmiklasik  eikìna perigraf c: to
�tomo antimetwpÐzetai wc èna kbantomhqanikì antikeÐmeno, en¸ h aktinobolÐa perigr�fetai
wc èna klassikì pedÐo. Autì isqÔei ìtan h optik  isqÔc tou hlektromagnhtikoÔ pedÐou eÐnai
polÔ uyhlìterh apì ekeÐnh twn lÐgwn fwtonÐwn. Se aut  thn prosèggish, to �tomo èqei
dÔo epÐpeda enèrgeiac, thn jemeli¸dh kat�stash |g〉 kai th diegermènh |e〉. Aut� ta epÐpeda
qwrÐzontai apì èna energeiakì q�sma ~ω0. Apì thn �llh pleur�, h aktinobolÐa perigr�fetai
wc èna klassikì hlektrikì pedÐo

~E(~r, t) = ~E0cos(ωt− ~k~r) (1.26)

ìpou ω eÐnai h suqnìthta thc aktinobolÐac, ~k to antÐstoiqo kumat�nusma, t h qronik  kai
~r oi qwrikèc suntetagmènec. ~E0 eÐnai to arg� metaballìmeno pl�toc thc aktinobolÐac, tou
opoÐou h kateÔjunsh kajorÐzei thn pìlwsh tou kÔmatoc.

Mia �llh prosèggish meg�lhc bo jeiac eÐnai h prosèggish dipìlou: To pl�toc ~E0 jew-
reÐtai ìti eÐnai stajerì sto q¸ro. Mia tètoia prosèggish eÐnai ègkurh ìtan to �tomo eÐnai
polÔ mikrìtero apì to m koc kÔmatoc tou lèizer. Wc ek toÔtou, jewroÔme metabolèc mìno
sto pedÐo tou qrìnou: ~E(~r, t) = ~E0cosωt.

Exèlixh eswterik¸n bajm¸n eleujerÐac. Met� apì ìlec autèc tic proseggÐseic,
mporoÔme t¸ra na rÐxoume mia mati� ston trìpo pou to �tomo dianèmetai sth jemeli¸dh kai
th diegermènh tou kat�stash. Se perÐptwsh apousÐac tou pedÐou lèizer, h Qamiltonian  tou
atìmou mporeÐ na grafteÐ wc

H0 = |e〉 〈e| (1.27)

Sthn parap�nw exÐswsh, èqoume paraleÐyei ton kinhtikì ìro afoÔ mac endiafèroun oi e-
swterikoÐ bajmoÐ eleujerÐac. 'Eqontac  dh upojèsei èna sÔsthma dÔo epipèdwn, mporoÔme
na uposthrÐxoume ìti h at�raqh Qamiltonian  èqei dÔo idioenèrgeiec, tic E1 kai E2 pou
antistoiqoÔn stic katast�seic |g〉 kai |e〉 antÐstoiqa.
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ParousÐa fwtìc, autì par�gei mia diataraq  pou perigr�fetai apì thn Qamiltonian [31]

HI(t) = −~d ~E |e〉 〈g| − ~d ~E |g〉 〈e|
= e~r ~E0cosωt |e〉 〈g|+ e~r ~E0cosωt |g〉 〈e|

(1.28)

ef�oson jewroÔme ìti, elleÐyei enìc hlektrikoÔ fortÐou, lìgw thc oudeterìthtac tou atì-
mou, mìno mia hlektrik  dipolik  rop  ~d k�nei thn emf�nis  thc kai ìqi uyhlìterec ropèc.
Sthn parap�nw exÐswsh −e eÐnai to fortÐo hlektronÐou kai ~r h jèsh tou hlektronÐou se
sqèsh me ton pur na.

Oi katast�seic |g〉 kai |e〉 paÔoun na eÐnai st�simec thc pl rouc Qamiltonian c H =
H0 +HI. Par �ola aut�, h kat�stash tou atìmou se opoiad pote qronik  stigm  mporeÐ na
ekfrasteÐ wc proc autèc wc ex c:

|Ψ〉 = c1 |g〉+ c2 |e〉 (1.29)

It ic helpful, if one insertc the density matrix:

ρ = |Ψ〉 〈Ψ| =
(
ρ11 ρ12

ρ21 ρ22

)
=

(
|c1|2 c1c

∗
2

c2c
∗
1 |c2|2

)
(1.30)

ìpou ta rho11 kai rho22 antiproswpeÔoun touc plhjusmoÔc thc jemeli¸douc kai thc dieger-
mènhc kat�stashc, en¸ ta ρ12 kai ρ21 kaloÔntai wc sun�feia tou sust matoc. Eis�gontac
thn kumatosun�rthsh Ψ sthn exÐswsh tou Scroedinger qrhsimopoi¸ntac thn Qamiltonian 
1.28 met� thn prosèggish peristrefìmenou-kÔmatoc [32] (h opoÐa isqÔei an |ω−ω0| << ω0),
mporeÐ kaneÐc na sunag�gei tic optikèc exis¸seic Bloch gia touc r-suntelestèc (gia peris-
sìterec leptomèreiec [27]).

Anazht¸ntac gia stajerèc kat�staseic (steady states) gia tic Optikèc exis¸seic Bloch
telik� katal goume se [33]:

ρ11 =
1

2

2(Γ/2)2 + 2∆2 + Ω2/2

(Γ/2)2 + ∆2 + Ω2/2

ρ22 =
1

2

Ω2/2

(Γ/2)2 + ∆2 + Ω2/2

ρ12 = ρ∗21 =
Ω(2∆ + jΓ)

2Ω2 + 4∆2 + Γ2

(1.31)

ìpou Ω eÐnai h suqnìthta Rabi h opoÐa orÐzetai wc ~Ω = ~d ~E0, ∆ = ω−ω0 o aposuntonismìc
metaxu lèizer kai atomik c met�bashc kai Γ−1 o qrìnoc zw c hc diegermènhc kat�stashc.

Ektìc apì thn allag  ston plhjusmì thc jemeli¸douc kai thc diegermènhc kat�stashc,
h parousÐa enìc hlektromagnhtikoÔ pedÐou mporeÐ na odhg sei sthn metatìpish twn epipèdwn
enèrgeiac. Autèc oi metatopÐseic anafèrontai wc metatopÐseic ac Stark. Gia na broÔme aut 
thn energeiak  metatìpish gia th jemeli¸dh kat�stash, mporeÐ kaneÐc na qrhsimopoi sei th
jewrÐa diataraq¸n, h opoÐa eÐnai ègkurh mìno an Ω � (δ2 + Γ2/4)1/2. Qrhsimopoi¸ntac
thn teqnik  aut , mporeÐ kaneÐc na gr�yei genik� thn energeiak  metatìpish wc mia sÔnjeth
posìthta[26]

∆E1 = V1 − j~Γ1/2 (1.32)
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To pragmatikì mèroc V1 antistoiqeÐ sth metatìpish thc enèrgeiac thc kat�stashc, en¸ to
fantastikì mèroc antistoiqeÐ se èna peperasmèno qrìno zw c Γ−1

1 thc jemeli¸douc kat�sta-
shc, lìgw thc met�bashc sthn diegermènh kat�stash pou prokaleÐtai apì thn pedÐo fwtìc.
Aut  h metatìpish thc enèrgeiac mporeÐ na brejeÐ na eÐnai:

V1 =
~Ω2δ

δ2 + Γ2/4
(1.33)

EÐnai shmantikì na shmeiwjeÐ ìti oi exis¸seic 1.31 exakoloujoÔn na isqÔoun sthn perÐptwsh
thc energeiak c metatìpishc twn katast�sewn. H metabol  twn plhjusm¸n se aut n thn
perÐptwsh lamb�netai upìyh sth suqnìthta Rabi kai ston aposuntonismì.

ExwterikoÐ bajmoÐ eleujerÐac - Dun�meic sto �tomo. Kat� th di�rkeia thc
allhlepÐdrashc metaxÔ enìc atìmou kai enìc fwtonÐou up�rqei antallag  orm c. 'Etsi, to
fwc ephre�zei kai touc exwterikoÔc bajmoÔc eleujerÐac tou atìmou.

Prokeimènou na suneqÐsoume ston upologismì thc dÔnamhc se èna �tomo, ja prèpei na
�roume thn prosèggish dipìlou, pou prohgoumènwc jewr same, kai ant�utoÔ na exet�soume
to pedÐo 1.26. Autì ofeÐletai sto gegonìc ìti ta �toma eÐnai se kÐnhsh, ètsi mporoÔn na
taxideÔoun meg�lec apost�seic se sqèsh me to m koc kÔmatoc tou fwtìc se èna sÔntomo
qronikì di�sthma.

Apì th skopi� kbantik c mhqanik c, h dÔnamh pou askeÐtai epÐ enìc atìmou eÐnai h
anamenìmenh tim  tou rujmoÔ metabol c tou telest  orm c

~F =<
d~p

dt
> (1.34)

Sthn anapar�stash tou Heisenberg, o telest c èqei mia exèlixh pou qarakthrÐzetai apì thn
exÐswsh

d~p

dt
=
j

~
[H(r), ~p] = −∇H(r) (1.35)

H teleutaÐa isìthta prokÔptei apì to gegonìc ìti h [H(r), p] = j~∇H(r). 'Etsi, ~F =
−∇H(r). Antikajist¸ntac th Qamiltonian  1.28 kai to hlektromagnhtikì pedÐo 1.26 ston
prohgoÔmeno tÔpo gia th dÔnamh, met� apì mia ekten  an�lush pou eÐnai èxw apì to pedÐo
efarmog c thc paroÔsac ergasÐac (all� mporeÐ na brejeÐ sto [33]), mporeÐ kaneÐc na p�rei:

~F = ~Ω(r)

[
∇Ω(r)

Ω(r)
Re{ρ12e

−jδte−j
~k~r} − ∇(~k~r)(Im{ρ12e

−jδte−j
~k~r})

]
(1.36)

O pr¸toc ìroc exart�tai apì thn allag  tou pl�touc tou pedÐou p�nw sto q¸ro. KaleÐtai
dÔnamh dipìlou (dipole force or gradient force or stimulated force) kai emfanÐzetai mìno
an up�rqei mia klÐsh sto pedÐo fwtìc. AskeÐtai se èna �tomo exaitÐac thc sunektik c
anakatanom c twn fwtonÐwn kai ofeiletai sthn aporrìfhsh kai thn exanagkasmènh ekpomp 
fwtonÐwn. Apì thn �llh pleur�, o deÔteroc ìroc eÐnai gnwstìc wc h dÔnamh skèdashc
(scattering force or spontaneous force or radiation pressure) kai exart�tai apì th f�sh
tou pedÐou p�nw sto q¸ro. Autì shmaÐnei ìti autì to eÐdoc dÔnamhc eÐnai p�nta parìn
ìtan èna pedÐo fwtìc up�rqei. Prìkeitai gia th dÔnamh p�nw se èna �tomo pou antistoiqeÐ
se aporrìfhsh enìc fwtonÐou pou akoloujeÐtai apì aujìrmhth ekpomp . Perissìterec
leptomèreiec sqetik� me thn teleutaÐa dÔnamh ja dojoÔn sto epìmeno kef�laio.
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1.2.3 Nèfoc 87Rb mèsa se magnhtikì pedÐo

'Opwc anafèrjhke kai parap�nw, ta epÐpeda enèrgeiac tou roubidÐou-87 diaqwrÐzontai
lìgw thc sÔzeuxhc spin-troqi�c (lept  uf ) kai se èna epìmeno st�dio, lìgw thc sÔzeuxhc
hlektronÐou-pur na (upèrlepth uf ). H Qamiltonian  pou perigr�fei to diaqwrismì thc
upèrlepthc uf c gia k�je èna apì ta sustatik� thc gramm c D dÐnetai apì [24]

Hhfc = Ahfs
~I ~J +Bhfs

3(~I ~J)2 + 3
2
~I ~J − I(I + 1)J(J + 1)

2I(2I − 1)J(2J − 1)
(1.37)

ìpou Ahfs kai Bhfs eÐnai stajerèc pou sqetÐzontai me thn D-sunist¸sa. En apousÐa enìc
exwterikoÔ magnhtikoÔ pedÐou, ìlec oi 2F + 1 katast�seic tou Ðdiou upèrleptou energeia-
koÔ epipèdou me ton Ðdio kbantikì arijmì F (pou perigr�fontai apì ton arijmì mF) eÐnai
ekfulismènec.

'Ena �tomo roubidÐou mporeÐ na jewrhjeÐ wc èna magnhtikì dÐpolo lìgw tou azeug�rwtou
hlektronÐou tou (pou dhmiourgeÐtai apì to spin ~S) thc troqiak c stroform c ~L kai thc
stroform c tou pur na ~I. Lamb�nontac ìla aut� upìyh, h magnhtik  dipolik  rop  enìc
atìmou mporeÐ na ekfrasteÐ wc

~µm =
µB

~
(gs

~S + gL
~L+ gI

~I) (1.38)

ìpou µB eÐnai h magnhtình tou Bohr kai oi g-par�gontec qrhsimopoioÔntai gia thn magnhtik 
tropopoÐhsh dipolik¸n rop¸n. Perissìterec leptomèreiec sqetik� me autoÔc touc par�gon-
tec dÐnontai sto [24], en¸ oi metroÔmenec timèc touc sto [34]. 'Etsi, sthn parousÐa enìc
klasikoÔ magnhtikoÔ pedÐou ~B = Bz~iz, emfanÐzetai allhlepÐdrash me thn magnhtik  dipo-
lik  rop  tou atìmou. Wc sun jwc, h Qamiltonian  pou perigr�fei aut  h allhlepÐdrash
eÐnai

Hmagn = ~µm
~B =

µB

~
(gsSz + gLLz + gIIz)Bz (1.39)

'Otan to magnhtikì pedÐo eÐnai isqurì, all� ìqi kai tìso, ¸ste h energeiak  tropopoÐhsh
einai mikr  sugkrinìmenh me ton diaqwrismì thc lept c uf c, o J eÐnai ènac kalìc arijmìc
kai ètsi

Hmagn = ~µm
~B =

µB

~
(gJJz + gIIz)Bz (1.40)

Kat� ton Ðdio trìpo, gia asjenèstera magnhtik� pedÐa ìpou h energeiak  metatìpish exaitÐac
touc eÐnai mikr  se sÔgkrish me ton diaqwrismì upèrlepthc uf c, o F eÐnai t¸ra ènac kalìc
arijmìc kai wc ek toÔtou

Hmagn = ~µm
~B =

µB

~
gFFzBz (1.41)

Mac endiafèrei kurÐwc h teleutaÐa perÐptwsh, ìpou ta energeiaka q�smata mporoÔn na
ekfrastoÔn qrhsimopoi¸ntac diataraq  pr¸thc t�xhc sth Qamiltonian  1.37 wc

∆E|FmF 〉 = µBgFmFBz (1.42)

K�poioc mporeÐ eÔkola na dei ìti h metatìpish eÐnai grammik  se sqèsh me to magnhtikì pedÐo.
Se aut n thn perioq , o diaqwrismìc twn epipèdwn enèrgeiac lìgw tou pediou kaleÐtai wc
to an¸malo fainìmeno Zeeman gia ta �toma.

21



Se aut n thn ergasÐa, h isqÔc twn magnhtik¸n pedÐwn pou efarmìzontai brÐsketai sthn
perioq  ìpou to an¸malo fainìmeno Zeeman eÐnai eparkèc gia thn perigraf  thc sumperifo-
r�c twn atìmwn. Wstìso, anafèroume ìti gia isqurìtera magnhtik� pedÐa, mia prosèggish
diataraq c deÔterhc t�xhc eÐnai pio epituq c, kai h metatìpish thc enèrgeiac mporeÐ na peri-
grafeÐ apì ton tÔpo Breit-Rabi[89]

∆E|FmF 〉 = µBgFmFBz +
1

16
(4−m2

F)
(gsµBBz)

2

~ωhf
(1.43)

Akìma isqurìterh pedÐa xepernoÔn thn upèrlepth uf , aposuzeÔgnoun ta ~I kai ~J kai h upèr-
lepth Qamiltonian  1.37gÐnetai amelhtèa se sqèsh me thn Qamiltonian  allhlepÐdrashc[24].
Autì to fainìmeno onom�zetai kanonikì fainìmeno Zeeman gia thn upèrlepth uf . Akìma
isqurìtera pedÐa ep�goun �llec sumperiforèc, ìpwc to tetragwnikì fainìmeno Zeeman [35].
'Ola aut� ta apotelèsmata, ìmwc, eÐnai pèra ??apì to pedÐo dr�shc aut c thc ergasÐac.

Sq ma 1.3: Me thn parousÐa enìc
exwterikoÔ magnhtikoÔ pedÐou o ek-
fulismìc twn epipèdwnmF tou Ðdiou
energeiakoÔ epipèdou F aÐretai. Gia
mikr� magnhtik� pedÐa, h energeiak 
metabol  eÐnai grammik  sto pedÐo.
To fainìmeno autì onom�zetai an¸-
malo Zeeman. Gia isqurìtera pe-
dÐa, o F den eÐnai plèon ènac kalìc
kbantikìc arijmìc kai h grammik  e-
x�rthsh sto pedÐo paÔei na isqÔei.
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Kef�laio 2

H diadikasÐa proc to BEC

2.1 Episkìphsh thc diadikasÐac

Ta apotelèsmata apì thn efarmog  tou fwtìc kai enìc magnhtikoÔ pedÐou pou èqoun  dh
sunaqjeÐ sto prohgoÔmeno kef�laio ja qrhsimopoihjoÔn ed¸ gia na exhghjeÐ h ìlh diadika-
sÐa mèqri thn emf�nish tou sumpukn¸matoc. Jemeli¸dhc stìqoc mac eÐnai na ft�soume ston
kbantikì ekfulismì me ton uyhlìtero dunatì arijmì atìmwn. Aut  eÐnai mia dipl  prosp�-
jeia: Pr¸ta ap�ola h epÐteuxh tou ekfulismoÔ, h opoÐa apì thn �poyh tou paradosiakoÔ
krithrÐou thc puknìthtac tou q¸rou f�shc (ìpwc orÐzetai sthn ex. 1.14) mporeÐ na perigra-
feÐ apì th sunj kh Dp > 2.612. DeÔteron, ja prèpei na akolouj soume mia diadikasÐa pou
prosfèrei tic bèltistec sunj kec gia thn apìkthsh tou megalÔterou arijmoÔ atìmwn sto
sumpÔknwma.

Gia thn ulopoÐhsh tou BEC, qreiazìmaste èna araiì atomikì di�luma, ìpwc tonÐsthke
sto prohgoÔmeno kef�laio. Autì apaiteÐ thn ekpl rwsh epark¸c qamhl¸n puknot twn,
oi opoÐec me th seir� touc odhgoÔn sthn apaÐthsh exairetik� qamhl¸n jermokrasi¸n. Gia
na apokt soume tètoiec exairetik� qamhlèc jermokrasÐec kai puknìthtec, k�poioc prèpei na
anaptÔxei exeligmènec teqnikèc gia thn yÔxh kai pagÐdeush oudèterwn atìmwn. Ta diado-
qik� b mata, pou suzhtoÔntai ed¸ kai aux�noun thn puknìthta q¸rou f�shc tou atomikoÔ
nèfouc 87Rb odhg¸ntac sth sumpÔknwsh, efarmìzontai genik�, me k�poiec parallagèc, sta
ergast ria se ìlon ton kìsmo. Sto kef�laio autì, ja perigr�youme ìlec autèc tic teqnikèc
pou qrhsimopoioÔntai mèqri thn epÐteuxh tou BEC. Apì thn �llh pleur�, h beltistopoÐhsh
aut c thc diadikasÐac pou odhgeÐ sth sumpÔknwsh den eÐnai kajìlou mia diadikasÐa routÐnac.
Kaj¸c o stìqoc tou meg�lou arijmoÔ atìmwn sto nèfoc den susqetÐzetai me �meso trìpo
me thn apìkthsh uyhl c puknìthtac se autì, h puknìthta q¸rou f�shc pou exart�tai apì
thn puknìthta paÔei na eÐnai to krit rio gia thn beltistopoÐhsh. Autì ja eÐnai to jèma sta
epìmena kef�laia.

H poluplokìthta twn BEC peiram�twn gia tic diadikasÐec thc yÔxhc kai pagÐdeushc
apaiteÐ prosektik� sqediasmènec diat�xeic me èna meg�lo bajmì axiopistÐac. H ìlh perigraf 
thc suskeu c mac mporeÐ na brejeÐ sta [36][37][38]. Ed¸, ja anaferfoÔme en suntomÐa
se orismènec apì tic genikèc apait seic gia thn pagÐdeush kai yÔxh mèqri na ft�soume
ston ekfulismì. MÐa apì tic kÔriec apait seic gia mia epituq  yÔxh eÐnai h apomìnwsh
tou atomikoÔ nèfouc apì to perib�llon tou, prokeimènou na meiwjoÔn oi sugkroÔseic twn

23



atìmwn me swmatÐdia uyhl c enèrgeiac. Tètoia swmatÐdia mporoÔn na proèrqontai apì ta
teÐqh tou ulikoÔ pou periorÐzoun to nèfoc. Gia to lìgo autì, to nèfoc ja prèpei na eÐnai
jermik� apomonwmèno kai, wc ek toÔtou, eÐmaste anagkasmènoi na pagideÔsoume to nèfoc
me thn efarmog  exwterik¸n pedÐwn fwtìc kai magnhtik¸n pedÐwn, par� me th qr sh enìc
ulikoÔ doqeÐou. Wstìso, akìmh kai me thn apousÐa twn toÐqwn, uyhl c enèrgeiac swmatÐdia
pou proèrqontai apì to gÔrw q¸ro mporoÔn na aux soun th jermokrasÐa twn atìmwn   na
ta odhg soun èxw apì thn pagÐda. Wc ek toÔtou, prèpei kaneÐc na diasfalÐsei ìti autoÔ
tou eÐdouc ta swmatÐdia eÐnai sp�nia. Autì epitugq�netai me thn pagÐdeush tou nèfouc se
perioq  me uper-uyhlì kenì. Pièseic thc t�xhc twn 10−11mbar eÐnai aparaÐthtec. Upì
autèc tic sunj kec, kaneÐc eÐnai plèon se jèsh na periorÐsei ta swmatÐdia gia deuterìlepta
  akìmh kai gia lept�, pou eÐnai arketìc qrìnoc gia na kru¸soun. Mia �llh apaÐthsh,
pou prokÔptei apì thn prohgoÔmenh, eÐnai h meg�lh an�gkh tautìqrona gia ktÐnec lèizer
me orismènec idiìthtec (stajeropoÐhsh suqnìthtac se optikèc metab�seic, eidikèc ent�seic
klp) kai phnÐa pou ja qrhsimopoihjoÔn gia thn efarmog  twn apaitoÔmenwn magnhtik¸n
pedÐwn. 'Ola aut� ta sust mata lèizer kai ta phnÐa prosfèroun to apaitoÔmeno fwc kai ta
kat�llhla magnhtik� pedÐa ta opoÐa kai bohjoÔn sthn ulopoÐhsh stic diadikasÐec thc yÔxhc
kai thc pagÐdeushc. H suskeu  apoteleÐtai epÐshc apì èna meg�lo arijmì hlektronik¸n
susthm�twn elègqou.

'Ola ta b mata mèqri to sumpÔknwma mporoÔn na diairejoÔn se dÔo genikèc diadikasÐec
yÔxhc kai pagÐdeushc: thn yÔxh lèizer tou nèfouc se mia magnhto-optik  pagÐda (MOT)
pou akoloujeÐtai apì yÔxh me ex�tmish met� ton periorismì tou nèfouc se mia sunthrhtik 
magnhtik  pagÐda. Autèc oi dÔo teqnikèc yÔxhc eÐnai sumplhrwmatikèc wc proc ton stìqo
tou kbantikoÔ ekfulismoÔ: H teqnik  yÔxhc me lèizer den eÐnai epark c, ¸ste na emfanisjeÐ
to BEC, dedomènou ìti up�rqei èna kat¸tero ìrio thc jermokrasÐac kai thc puknìthtac
pou epitugq�nei. Apì thn �llh pleur�, h teqnik  yÔxhc me ex�tmish mporeÐ na leitourg sei
me apotelesmatikì trìpo mìno e�n to nèfoc eÐnai puknì kai arket� krÔo gia na prosfèrei
uyhloÔc rujmoÔc sÔgkroushc kai sfiqt  sugkr�thsh. Autì ofeÐletai sto gegonìc ìti h
magnhtik  pagÐda, pou qrhsimopoieÐtai gia thn teqnik  aut , den mporeÐ na èqei èna b�joc
megalÔtero apì thn pagÐdeush merik¸n milliKelvins, lìgw tou oudèterou qarakt ra twn
atìmwn. H enÐsqush thc puknìthtac q¸rou f�shc katanèmetai sqedìn isìtropa metaxÔ au-
t¸n twn dÔo diadikasi¸n yÔxhc. ArqÐzei me mia tim  thc t�xhc twn 10−12 se jermokrasÐa
dwmatÐou kai k�je mÐa apì tic teqnikèc parèqei èna kèrdoc èxi t�xewn megèjouc, ¸ste telik�
katal goume me mia puknìthta q¸rou f�shc thc t�xhc thc mon�dac. Met� apì autì, h em-
f�nish tou BEC aux�nei thn puknìthta q¸rou f�shc �llon ènan par�gonta 106 qwrÐc kamÐa
epiplèon prosp�jeia. Autìc eÐnai o lìgoc gia ton opoÐo to sumpÔknwma suqn� apokaleÐtai
kai wc "eleÔjerh yÔxh� [77].

Sto di�gramma 2.1 mporoÔme na doÔme ta diadoqik� st�dia pou apoteloÔn tic dÔo au-
tèc genikèc teqnikèc yÔxhc kai pagÐdeushc, pou suzht jhkan parap�nw. Me lÐga lìgia, h
diadikasÐa èqei wc ex c. O j�lamoc uper-uyhloÔ kenoÔ eÐnai fortwmènoc me ènan meg�lo
arijmì atìmwn thc t�xewc twn 1010 me th bo jeia miac di�taxhc gnwst  wc disdi�stath
magnhto-optik  pagÐda (2D-MOT), pou leitourgeÐ wc h phg  miac aktÐnac atìmwn qamhl c
taqÔthtac, odhg¸ntac ta sto j�lamo. Qrhsimopoi¸ntac tic aktÐnec tou MOT kai ta phnÐa
Ioffe, pou exuphretoÔn thn ulopoÐhsh thc teqnik c MOT, to nèfoc pagideÔetai kai yÔqetai
mèsa ston j�lamo uper-uyhloÔ kenoÔ, odhg¸ntac se mia stajer  kat�stash. Mia apl 
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Sq ma 2.1: Ta diadoqik� st�dia thc yÔxhc kai pagÐdeushc pou odhgoÔn se sumpÔknwsh. QwrÐzontai se
dÔo genikèc diadikasÐec: yÔxh me lèizer kai yÔxh me ex�tmish. H yÔxh lèizer apoteleÐtai apì ta st�dia thc
MOT, thn sumpiesmènh CMOT kai th diadikasÐa thc optik c mel�sac, en¸ h teqnik  yÔxhc me ex�tmishc
apì th leitourgÐa fìrtwshc thc pagÐdac, th sumpÐesh thc pagÐdac kai to telikì st�dio thc ex�tmishc.
K�poioc mporeÐ na dei th di�rkeia, ton arijmì twn atìmwn kai thn epiteuqjeÐsa jermokrasÐa sto tèloc tou
k�je stadÐou. Sto di�gramma, k�noume mia sqhmatik  anapar�stash thc parousÐac kai th sqetik  dÔnamh
twn desm¸n lèizer kai ta reÔmata sta phnÐa pou apoteloÔn mèroc twn teqnik¸n aut¸n kat� th di�rkeia twn
diafìrwn stadÐwn.

MOT ja pagideÔsei ta �toma se pÐesh h tim  thc opoÐac periorÐzetai apì th diadikasÐa e-
panekpomp c fwtonÐwn se mia sqetik� qamhl  tim . Kat� sunèpeia, o antÐstoiqoc rujmìc
sÔgkroushc met� th metabÐbash sthn magnhtik  pagÐda ja eÐnai qamhlìc. Dedomènou ìti to
plèon krÐsimo qarakthristikì thc exatmistik c yÔxhc eÐnai o rujmìc sÔgkroushc se sÔgkri-
sh me th di�rkeia zw c thc pagÐdac, mporeÐ kaneÐc na apokt sei sqedìn to Ðdio kèrdoc me th
beltÐwsh tou kenoÔ   me th beltÐwsh thc puknìthtac sto MOT. Gia thn teleutaÐa beltÐwsh,
met� th fìrtwsh kai thn yÔxh tou MOT, efarmìzoume èna sÔntomo st�dio sumpÐeshc thc
magnhto-optik c pagÐdeushc (CMOT). To CMOT eÐnai mia teqnik  pou qrhsimopoieÐtai gia
thn paraskeu  miac uyhlìterhc puknìthtac tou nèfouc gia to epìmeno st�dio tex�tmishc
me thn aÔxhsh thc klÐshc tou magnhtikoÔ pedÐou kai tou aposuntonismoÔ twn aktin¸n tou
MOT. Stic perissìterec peript¸seic, mia sÔntomh f�sh optik c yÔxhc, me ta magnhtik�
pedÐa apenergopoihmèna, efarmìzetai amèswc met� to st�dio thc CMOT, h opoÐa eggu�tai
mia peraitèrw meÐwsh thc jermokrasÐac tou jermikoÔ nèfouc.

To krÔo nèfoc pou dhmiourg jhke kat� to MOT qrhsimeÔei wc phg  twn yuqr¸n atìmwn
gia thn epìmenh genik  diadikasÐa, dhlad  thn yÔxh mèsw ex�tmishc. Oi magnhtikèc pagÐdec
prosfèroun mia sqedìn tèleia ulopoÐhsh enìc sunthrhtikoÔ dunamikoÔ gia thn pagÐdeush twn
atìmwn. H kÔria peiramatik  prìklhsh eÐnai h apotelesmatikh metafor� twn atìmwn apì to
MOT sth magnhtik  pagÐda. Autì epitugq�netai kat� to st�dio thc leitourgÐac fìrtwshc
thc pagidac, ìpou oi timèc twn reum�twn pou trèqoun mèsa sta phnÐa eÐnai tètoia, ètsi ¸ste
na dhmiourghjeÐ mia pagÐda pou moi�zei me to sq ma thc prohgoÔmenhc sto MOT. Met� apì
autì kai prin apì to telikì st�dio thc yÔxhc me ex�tmish, sumpièzoume to nèfoc. Gia na
gÐnei autì, aux�noume tic timèc twn reum�twn pou trèqoun mèsasta phnÐa kai mei¸noume to
B0z. Autì mporeÐ na faneÐ sto di�gramma 2.1 parap�nw. H sumpÐesh tou sÔnnefou gÐnetai
qr simh prokeimènou na auxhjeÐ o rujmìc sugkroÔsewn twn atìmwn. Tèloc, efarmìzoume
thn teqnik  thc exanagkasmènhc yÔxhc mèsw ex�tmishc qrhsimopoi¸ntac radiosuqnìthtec
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pou prokaloÔn thn metabol  tou spin twn atìmwn. H tenik  aut  odhgeÐ sth gr gorh kai
sqetik� apotelesmatik  paragwg  enìc sumpukn¸matoc me sqedìn 106 �toma.

Met� apì ìla aut� ta st�dia, o kbantikìc ekfulismìc epitugq�netai. Sthn parap�nw su-
z thsh, de l�bame kajìlou upìyh mac to gegonìc oti gia thn emf�nish tou sumpukn¸matoc
prèpei kaneÐc na epilÔsei èna meg�lo arijmì zhthm�twn pou antimetwpÐzoun ìla ta sqetik�
peir�mata. H uyhl  an�gkh eujugr�mmishc twn kèntrwn thc MOT kai thc magnhtik c pagÐ-
dac, h ikanìthta na energopoioÔntai kai na apenergopoioÔntai ta magnhtik� pedÐa gr gora,
h meg�lh ap¸leia twn atìmwn lìgw thc anantistoiqÐac metaxÔ thc MOT kai thc magnhtik c
pagÐdac, h epirro  thc dÔnamhc thc barÔthtac gia ta �toma, h sqetik� mikr  di�rkeia zw c
thc pagÐdac kai h an�gkh gia taqeÐa ex�tmish eÐnai merikèc endeiktikèc duskolÐec.

Sto upìloipo autoÔ tou kefalaÐou, ja d¸soume tic basikèc arqèc twn teqnik¸n pou
qrhsimopoioÔntai gia thn epÐteuxh tou sumpukn¸matoc, ta diadoqik� b mata pou akoloujoÔme
kai orismènec ptuqèc thc ulopoÐhshc aut¸n se sugkekrimèna peir�mata mac. H seir� twn
upokefalaiwn akoloujeÐ th seir� twn antÐstoiqwn peiramatik¸n bhm�twn. Sthn enìthta 2.2
perigr�fetai h teqnik  thc yÔxhc me lèizer sto MOT kai sthn enìthta 2.3, h teqnik  yÔxhc
me ex�tmish.

2.2 YÔxh me qr sh lèizer kai magnhto-optik  pagÐdeu-
sh

H basik  arq  thc yÔxhc qrhsimopoi¸ntac aktÐnec lèizer basÐzetai sto je¸rhma thc
isokatanom c[11] pou isqÔei gia ta klasik� aèria (exakoloujoÔme na briskìmaste se sqe-
tik� uyhlèc jermokrasÐec) kai sqetÐzei th jermokrasÐa tou sust matoc me to mèso ìro
thc enèrgeiac twn sustatikwn tou. Sthn perÐptwsh twn idanik¸n aerÐwn to je¸rhma thc
isokatanom c perigr�fetai wc

1

2
mv̄2 =

3

2
kBT (2.1)

ìpou m eÐnai h m�za twn swmatidÐwn, v̄ h mèsh taqÔthta touc, kB h stajer� Boltzmann kai
T h jermokrasÐa tou sust matoc. Me autì kat� nou, mei¸nontac thn mèsh taqÔthta v̄ twn
atìmwn mporeÐ kaneÐc isodÔnama na proqwr sei sth meÐwsh thc jermokrasÐac tou deÐgmatoc.

Se antÐjesh me thn pagÐdeush twn iìntwn, ta opoÐa prosfèroun to fortÐo touc ¸ste
èna hlektromagnhtikì pedÐo mporeÐ na ask sei meg�lec dun�meic Coulomb p�nw touc, h
idèa kai h ulopoÐhsh thc pagÐdeushc se oudètera �toma eÐnai sqetik� nèa. Dun�meic se
oudètera �toma mporoÔn na askhjoÔn an kaneÐc ekmetalleuteÐ th magnhtik    hlektrik  rop 
pou emfanÐzoun, epitrèpontac genik� mikrìterec dun�meic na efarmostoÔn. Apì thn �llh
pleur�, eÐnai genik� gegonìc ìti megalÔteroi arijmoÐ kai puknìthtec swmatidÐwn mporoÔn
na pagideutoÔn se perÐptwsh pou aut� eÐnai oudètera se sÔgkrish me ta iìnta, exaitiac thc
èlleiyhc twn epidr�sewn metaxÔ twn fortÐwn sto q¸ro. H idèa ìti to fwc lèizer mporeÐ
na qrhsimopoihjeÐ gia na yÔxei ta �toma prot�jhke apì touc Hansch kai Schawlow[39] kai
Wineland kai Dehmelt[40] to 1975. TrÐa qrìnia argìtera, oi Wineland, Drullinger kai Walls
[41] dhmosÐeusan to pr¸to peÐrama yÔxhc. Shmantik� peir�mata p�nw sta �toma me qr sh
lèizer èginan apì ton [42][43]. Peiramatik�, sth dekaetÐa tou 1980 o Chu[44] dhmioÔrghse
thn pr¸th optik  mel�ssa kai o Raab [45] thn pr¸th magnhto-optik  pagÐda.
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H yÔxh kai h pagÐdeush me lèizer eÐnai s mera mia sunhjismènh teqnik  sthn kbantik 
optik  kai sta kbantik� aèria. Prosfèrei èna megalo arijmì qarakthristik¸n pou tairi�-
zoun me mia seir� apì sÔgqrona peir�mata. 'Atoma me qamhl  kinhtik  enèrgeia kai mikrèc
taqÔthtec, makr� di�rkeia zw c kai meg�loi qrìnoi allhlepÐdrashc, ikanìthta pagÐdeushc
meg�lou arijmoÔ atìmwn, eparkeÐc rujmoÐ elastik¸n sugkroÔsewn eÐnai metaxÔ twn pleo-
nekthm�twn aut¸n. Wstìso, aut  h teqnik  yÔxhc pagÐdeushc èqei austhroÔc periorismoÔc
tìso sth jermokrasÐa ìso kai thn puknìthta pou eÐnai dunatìn na epiteuqjeÐ. O periorismìc
sth jermokrasÐa ofeÐletai sth fÔsh thc aujìrmhthc ekpomp c fwtìc apì èna �tomo, en¸ o
periorismìc sthn puknìthta èqei tic rÐzec tou se anepijÔmhta fainìmena kata thn pagÐdeush
thc aktinobolÐac, ìpwc h parousÐa epanaskedasmènwn fwtonÐwn, kai oi ap¸leiec sthn pagÐ-
da. O sunduasmìc aut¸n twn dÔo periorism¸n odhgeÐ se mia puknìthta q¸rou f�shc h opoÐa
den mporeÐ na xeper�sei thn timh 10−5, pènte t�xeic megèjouc mikrìterh thc antÐstoiqhc tou
sumpukn¸matoc.

Sto peÐram� mac, qrhsimopoioÔme yÔxh lèizer kai magnhto-optik  pagÐdeush wc th mèjodo
pro-yÔxhc gia to epìmeno st�dio thc ex�tmishc. Sto plaÐsio aut c thc prìjeshc, ja dojeÐ
prwtarqik  prosoq  mac se dÔo stìqouc: Th diasf�lish uyhl¸n rujm¸n sugkroÔsewn gia
thn apotelesmatik  ex�tmish egkataleÐpontac k�je prosp�jeia gia thn epÐteuxh qamhl¸n
jermokrasi¸n   uyhl c puknìthtac q¸rou f�shc kai deuteron th sullog  enìc meg�lou
arijmoÔ atìmwn. O deÔteroc stìqoc eÐnai zwtik c shmasÐac, dedomènou ìti mac endiafèroun
ta megala sumpukn¸mata, ta opoÐa kai proèrqontai apì meg�la atomik� nèfh.

2.2.1 Basikèc arqèc twn teqnik¸n gia thn yÔxh kai pagÐdeush me
lèizer

A. DÔnamh skèdashc aktinobolÐac

Sthn enìthta 1.2.2 sumper�name ìti up�rqoun dÔo eÐdh dun�mewn aktinobolÐac pou a-
skoÔntai se èna alkalikì �tomo, h dÔnamh dipìlou kai h dÔnamh skèdashc. Kai oi dÔo
dun�meic mporoÔn na qrhsimopoihjoÔn gia thn pagÐdeush kai thn yÔxh enìc jermikoÔ nè-
fouc. Ta pr¸ta peir�mata gia thn yuxh enìc pagideumènou atomikoÔ deÐgmatoc epiqeÐrhsan
na ekmetalleutoÔn thn Ôparxh thc dÔnamhc dipìlou [46]. Wstìso, autì to eÐdoc thc dÔnamhc
prosfèrei èna polÔ rhqì b�joc pagÐdeushc, tupik� sthn perioq  k�tw apì to èna millike-
lvin, se sÔgkrish me th dÔnamh skedashc, h opoÐa èqei èna tupikì b�joc thc t�xhc tou enìc
Kelvin. Wc ek toÔtou, oi dun�meic skèdashc prosfèroun èna megalÔtero ìgko pagÐdeushc
se sÔgkrish me ekeÐno pou dhmiourgeÐtai apì th dÔnamh dipìlou. Autì ofeÐletai sto gegonìc
ìti h dÔnamh skèdashc eÐnai anex�rthth apì thn klÐsh thc èntashc thc dèsmhc fwtìc. Wc
apotèlesma, oi peiramatikoÐ sugkèntrwsan telik� thn prosoq  touc sthn dÔnamh skèdashc
kai h magnhto-optik  pagÐda eÐnai èna exairetikì par�deigma thc efarmog c autoÔ tou eÐdouc
thc dÔnamhc.

Sto MOT, oi eswterikoÐ bajmoÐ eleujerÐac eÐnai stajerèc katast�seic kai, wc ek toÔ-
tou, oi exwterikoÐ bajmoÐ mporoÔn na aposundejoÔn, dÐnontac mia dÔnamh skèdashc ìpwc o
deÔteroc ìroc thc sqeshc 1.36. Qrhsimopoi¸ntac thn exÐswsh eq.1.30 gia tic sun�feiec,
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mporoÔme telik� na gr�youme

Fsc = −~Ω∇(kr)(Im{ρ12e
−jδte−jkr})

= ~k
Γ

2

I/Isat

1 + I/Isat + 4∆2/Γ2

(2.2)

ìpou èqoume orÐsei thn èntash koresmoÔ Isat tou fwtìc wc I/Isat = 2Ω2/Γ2.
'Omwc, poia eÐnai h proèleush aut c thc dÔnamhc? K�je fwtìnio pou aporrof�tai pro-

sjètei sto �tomo mia orm  Ðsh me thn orm  pou eÐqe sthn kateÔjunsh tou fwtìc. Se antÐjesh
me autì, k�je aujìrmhta ekpempìmeno fwtìnio taxideÔei se mia tuqaÐa kateÔjunsh. Wc ek
toÔtou, met� apì polloÔc kÔklouc aporrof sewc kai aujìrmhthc ekpomp c fwtonÐwn, oi
aujìrmhtec ekpompèc kat� mèso ìro teinoun sto mhdèn, en¸ h aporrìfhsh proèrqetai apì
mÐa kateÔjunsh, kai wc ek toÔtou, up�rqei mia mèsh dÔnamh sthn kateÔjunsh thc fwtein c
dèsmhc. Autì odhgei sto gegonìc pwc h metabol  thc orm c eÐnai to apotèlesma apoklei-
stika thc diadikasÐac aporrìfhshc fwtonÐwn. H exic.2.2 isqÔei mìno sthn perÐptwsh pou h
dÔnamh mporeÐ na prostejeÐ kat� mèso ìro p�nw se èna meg�lo arijmì kÔklwn aporrìfhshs-
ekpomp c. An èna fwtìnio all�zei thn atomik  taqÔthta me shmantikì trìpo, h hmiklasikh
prosèggish paÔei na isqÔei kai ìla ta apotelèsmata pou aporrèoun apì aut n.

Sthn parap�nw sqèsh 2.2, h pragmatik  dÔnamh an� fwtìnio eÐnai ~kΓ, en¸ to upìloipo
tou tÔpou eÐnai h pijanìthta na emfanisjeÐ h dÔnamh aut , h opoÐa eÐnai to kl�sma tou
qrìnou pou to �tomo paramènei sthn jemeli¸dh kat�stash tou. Mia aujìrmhth ekpomp 
mporeÐ na prokÔyei e�n to �tomo brÐsketai sth jemeli¸dh tou kat�stash, wc ek toÔtou,
autì to eÐdoc thc ekpomp c, kai wc apotèlesma h tim  thc dÔnamhc skèdashc, periorÐzetai
apì to kl�sma tou qrìnou pou to �tomo pern� se diegermènh kat�stash. Autì to kl�sma
tou qrìnou èqei mègisth tim  1/2, kai ètsi Fsc,max = ~kΓ/2.

Mèqri autì to shmeÐo, den èqoume l�bei upìyh th metatìpish Doppler pou emfanÐzetai
ìtan to �tomo kineÐtai me k�poia taqÔthta ~v. Sthn pragmatikìthta, exaitÐac aut c thc taqÔ-
thtac, to �tomo blèpei mia aktinobolÐa suqnìthtac ω me mia tropopoihmènh suqnìthta ω−~k~v,
ìpou ~k eÐnai to kumat�nusma thc dèsmhc lèizer. Sthn perÐptwsh aut , o aposuntonismìc
metaxÔ thc aktinobolÐac pou to �tomo aisj�netai kai thc atomik c suqnìthtac suntonismoÔ
ω0 eÐnai ∆ = (ω − ~k~v) − ω0 kai wc ek toÔtou, h dÔnamh pou askeÐ h dèsmh epÐ tou atìmou
tropopoieÐtai wc

FDoppler = ~k
Γ

2

I/Isat

1 + I/Isat + 2(ω − ω0 − ~k~v)2/Γ2
(2.3)

B. Optik  mel�sa (OM)

Sthn prohgoÔmenh enìthta suzht jhke h dÔnamh skèdashc pou askeÐtai se èna �tomo
pou kineÐtai me taqÔthta ~v apì mia aktÐna lèizer me kumat�nusma ~k, lamb�nontac upìyh
th metatìpish Doppler sth suqnìthta thc aktÐnac. Exet�zontac pr¸ta thn perÐptwsh thc
miac di�stashc, èna �tomo pou kineÐtai proc thn antÐjeth kateÔjunsh apì thn dèsmh ja
epibradÔnei en¸ èna �tomo pou kineÐtai par�llhla me thn aktÐna ja aux sei thn taqÔthta
tou. Wc ek toÔtou, aut  h di�taxh (mia par�llhlh dèsmh lèizer   anti-par�llhla me thn
kÐnhsh tou atìmou) den epibradÔnei ìla ta �toma, afoÔ aut� kinoÔntai tìso proc ìso ki
apomakrunìmena apì thn aktÐna. Gia to lìgo autì, mia di�taxh me dÔo antidiametrikèc
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aktinec thc Ðdiac suqnìthtac ω kai èntashc mporoÔn na qrhsimopoihjoÔn gia na epibradÔnoun
ta �toma tou nèfouc. H anisorropÐa twn dun�mewn apì tic dÔo dèsmec prokÔptei gia èna
kinoÔmeno �tomo, wc apotèlesma tou fainomènou Doppler. Gia na to exhg soume autì,
upojètoume ìti oi aktÐnec lèizer èqoun suqnìthta mikrìterh thc suqnìthtac suntonismoÔ
tou atìmou. 'Ena kinoÔmeno �tomo ja blèpei apì thn antijeth apì thn kÐnhs  tou mia aktÐna
suqnìthtac pio kont� sth suqnìthta suntonismoÔ tou, en¸ gia thn aktÐna pou diadÐdetai
par�llhla me to �tomo, h metatìpish suqnìthtac Doppler aux�nei thn apìstas  thc apì
ton atomikì suntonismì. Kat� sunèpeia, ta �toma aporrofoÔn p�ntote perissìtera fwtìnia
apì thn antijeth sthn kinhs  touc aktina pou ta anagk�zei se epibr�dunsh.

Me telikì stìqo èna aplì posotikì montèlo gia aut  th di�taxh twn dÔo lèizer, prèpei
na k�noume k�poiec shmantikèc upojèseic: �toma dÔo energeiak¸n epipèdwn kai èna adÔnamo
pedÐo aktinobolÐac. Sthn perÐptwsh aut , oi dÔo dun�meic pou askoÔntai apì tic dÔo antÐje-
tec aktÐnec mporoÔn na antimetwpistoÔn anex�rthta, qwrÐc h Ôparxh thc mÐac na metab�llei
thn �llh. Wc ek toÔtou, h sunolik  dÔnamh pou askeÐtai se k�je �tomo apì tic en lìgw
aktÐnec mporeÐ na grafteÐ wc

FOM = ~k
Γ

2

[
I/Isat

1 + I/Isat + 2(ω − ω0 − ~k~v)2/Γ2
− I/Isat

1 + I/Isat + 2(ω − ω0 + ~k~v)2/Γ2

]
(2.4)

H dÔnamh aut  apeikonÐzetai sto sq ma ??.

Sq ma 2.2: Poiotik�, h dÔnamh pou askeÐtai se
èna �tomo wc sun�rthsh thc taqÔtht�c tou gia
èna zeÔgoc antÐjetwn aktin¸n ìtan h suqnìthta
touc einai mikrìterh apì th suqnìthta suntoni-
smoÔ tou atìmou. Gia mikrèc taqÔthtec h dÔnamh
eÐnai grammik  se sqèsh me thn taqÔthta. Gia
megalÔterec taqÔthtec h ex�rthsh paÔei na eÐnai
grammik , all� epÐshc odhgeÐ se mia dÔnamh apì-
sbeshc.

Oi epiprìsjetec upojèseic ìti ta �toma kinoÔntai arket� arg�, ìti h metatìpish Doppler
eÐnai mikr  se sqèsh me to linewidth twn aktÐnwn, dhlad  kv � Γ, kai ìti oi ent�seic
twn aktÐnwn I eÐnai polÔ mikrìterec apì thn èntash koresmoÔ, I � Isat, mac prosfèroun
th dunatìthta na proseggÐsoume thn parap�nw dÔnamh, qrhsimopoi¸ntac seir� Taylor, me
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apotèlesma:

FOM = Fsc(ω − ω0 − kv)− Fsc(ω − ω0 + kv)

≈ Fsc(ω − ω0)− kv∂Fsc

∂ω
−
(
Fsc(ω − ω0) + kv

∂Fsc

∂ω

)
≈ −2

∂Fsc

∂ω
kv

≈ −bv

(2.5)

me b = 2k ∂Fsc
∂δ = − 4~k2I/Isat

[1+(2(ω−ω0)/Γ)2]2
2(ω−ω0)

Γ . To parap�nw apotèlesma mporeÐ na ermhneujeÐ

wc mia dÔnamh apìsbeshc pou epibradÔnei ta �toma se perÐptwsh pou b > 0. Mia jetik 
tim  thc b sunep�getai ω < ω0, pr�gma pou shmaÐnei ìti to lèizer èqei mikroterh suqnìthta
se sqèsh me thn suqnìthta suntonismoÔ tou atìmou. To parap�nw èrqetai se sumfwnÐa me
thn fusik  epex ghsh thc epibr�dunshc twn atìmwn pou dìjhke sthn arq  tou parìntoc
tm matoc. Dedomènou ìti aut  h dÔnamh apìsbeshc eÐnai parìmoia me th dÔnamh pou dra
epÐ enìc antikeimènou mèsa se èna paqÔrreusto reustì, aut  h di�taxh twn dÔo antÐjetwn
aktÐnwn lèizer eÐnai eurèwc gnwst  wc {Optikh mel�sa}. H FOM mporeÐ na eÐnai apote-
lesmatik  gia èna periorismèno eÔroc taqut twn tou atìmou. P�nw apì autì to ìrio, h
grammik  morf  thc dÔnamhc aut c paÔei na eÐnai mia kal  prosèggish kai mia epakìloujh
meÐwsh parousi�zetai. Aut  h krÐsimh taqÔthta eÐnai vmax = ±δ/k. MporeÐ kaneÐc na dei
aut  th sumperifor� sthn eikìna ?? parap�nw.

To ìrio Doppler gia th jermokrasÐa. Sthn par�grafo aut  ja diereun soume
thn el�qisth jermokrasÐa pou mporoÔme na epitÔqoume me th qr sh thc teqnik c Optik c
mel�sac. Gia èna nèfoc atìmwn m�zac m me qamhlèc arqikèc taqÔthtec ¸ste h dÔnamh na
eÐnai sth grammik  perioq , mporoÔme na gr�youme gia thn kinhtik  enèrgeia EK:

dEK

dt
=

d

dt

(
1

2
mv2

)
= mv

dv

dt
= vFOM = −bv2 = −2b

m
EK = − EK

τdamp
(2.6)

Wc ek toÔtou, sÔmfwna me thn efarmog  thc teqnik c OM, h kinhtik  enèrgeia twn atìmwn
mei¸netai ekjetik� me mÐa stajer� qrìnou τdamp = m/2b, fj�nontac telik� to ìrio thc
mhdenik c kinhtik c enèrgeiac. Me �lla lìgia, qrhsimopoi¸ntac to je¸rhma isokatanom c,
fj�noume to ìrio thc mhdenik c jermokrasÐac. Parola aut�, sthn aprap�nw an�lush de
l�bame upìyh th jèrmansh pou prokÔptei apì tic diakum�nseic thc dÔnamhc. Up�rqoun dÔo
eÐdh tètoiwn diakum�nsewn, pou sqetÐzontai me th jèrmansh: oi diakum�nseic tou arijmoÔ
twn fwtonÐwn pou aporrofìntai se mia dedomènh qronik  stigm  kai autèc pou proèrqontai
apì thn tuqaÐa kateÔjunsh twn ekpempomènwn fwtonÐwn. H tuqaiìthta thc aujìrmhthc
ekpomp c eÐnai o lìgoc gia tic dÔo autèc diakum�nseic. An epikentr¸soume to endiafèron
mac sto q¸ro thc taqÔthtac, k�je diakÔmansh mporeÐ na perigrafeÐ apì èna tuqaÐo b ma,
parìmoia me thn kÐnhsh Brown twn swmatidÐwn. O rujmìc aÔxhshc thc kinhtik c enèrgeiac
lìgw aut¸n twn tuqaÐwn bhm�twn eÐnai

d 〈EK〉
dt

=
1

2m

d 〈p2〉
dt

=
R~2k2

m
(2.7)
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Sta parap�nw, h mèsh tetragwnik  orm  ekfr�zetai wc d 〈p2〉 /dt = 2R~2k2, ìpou R eÐnai to
posostì skèdashc twn fwtonÐwn, hbark eÐnai to mègejoc tou opoioud pote tuqaÐou b matoc
sto q¸ro twn taqut twn kai o par�gontac 2 prokÔptei apì to gegonìc ìti up�rqoun dÔo
tètoia b mata gia k�je sumb�n skèdashc, to èna apì thn aporrìfhsh kai to �llo apì thn
ekpomp  tou fwtonÐou. Apì thn �llh pleur�, o rujmìc yÔxhc thc kinhtik c enèrgeiac lìgw
thc efarmog c thc dÔnamhc apìsbeshc eÐnai

d 〈EK〉
dt

= 〈vFOM〉 = −b 〈v2〉 = −bkBT

m
(2.8)

ìpou sthn teleutaÐa isìthta èqoume k�nei qr sh tou antÐstoiqou se mÐa di�stash jewr matoc
isokatanom c.

Se isorropÐa, o rujmìc jèrmanshc gÐnetai Ðsoc me ton rujmì yÔxhc kai epomènwc me
qr sh thc exic.1.30 gia ton rujmì skèdashc kai ton tÔpo gia to suntelest  apìsbeshc b,
mporoÔme na gr�youme.:

kBTD =
R~2k2

b
=

~Γ

4

1 + 4[(ω − ω0)/Γ]2

(ω − ω0)/Γ
(2.9)

Aut  eÐnai h jermokrasÐa Doppler gia thn perÐptwsh thc mÐac di�stashc thc teqnik c optik c
mel�sac. Elaqistopoi¸ntac th jermokrasÐa Doppler se sqèsh me ton aposuntonismì, ft�-
noume sto apotèlesma kBTD,min = ~Γ/2, to opoÐo emfanÐzetai gia δ = −Γ/2 kai kajorÐzei
to ìrio yÔxhc Doppler. Gia to roubÐdio, to ìrio Doppler eÐnai 145µK.

G. Magnhto-optik  pagÐdeush (MOT)

H optik  mel�sa eÐnai mia teqnik  pou epibradÔnei ta �toma, mia teqnik  yÔxhc. Tautì-
qrona h OM periorÐzei amudr� to nèfoc, me thn ènnoia ìti ta �toma antilamb�nontai mia
tètoia dÔnamh apìsbeshc pou h mèsh eleÔjerh diadrom  touc gÐnetai mikr  se sÔgkrish me
tic diast�seic thc mel�sac. Wc apotèlesma, h kÐnhsh twn atìmwn sth mel�ssa eÐnai di�quth
kai o periorismìc pragmatopoieÐtai apì thn arket� makr� paramon  touc sthn perioq  twn
lèizer. Wstìso, k�ti tètoio den eÐnai eparkèc gia thn pagÐdeush twn atìmwn se mia stajer 
kat�stash. Mia tètoia pagÐdeush mporeÐ na gÐnei dunat  se perÐptwsh pou oi dun�meic thc
skèdashc pou yÔqoun to nèfoc na gÐnoun ìqi mìno exart¸menec thc taqÔthtac, all� kai
thc jèshc. Autì mporeÐ na epiteuqjeÐ me thn prosj kh enìc magnhtikoÔ pedÐou kai thn
kat�llhlh epilog  thc pìlwshc twn desm¸n lèizer sthn prohgoumènwc perigrafeÐsa dia-
mìrfwsh thc optik c mel�sac. To efarmozìmeno magnhtikì pedÐo eÐnai polÔ asjenèc gia
na pagideÔsei ta �toma �mesa, all� prosfèrei thn epijumht  ex�rthsh thc dÔnamhc apì th
jèsh, en¸ h pìlwsh twn aktÐnwn empodÐzei th di�taxh apì to na parameÐnei summetrik . Mia
tropopoihmènh di�taxh ìpwc aut , onom�zetai "magnhto-optik  pagÐda� (MOT).

Sthn monodi�stath perÐptwsh, dÔo antÐjetec kuklik� polwmènec me antÐjeth pìlwsh
(σ±) aktÐnec lèizer thc Ðdiac suqnìthtac kai thc Ðdiac èntashc qrhsimopoioÔntai se mia
perioq  tou q¸rou ìpou efarmìzetai èna tetrapolikì magnhtikì pedÐo, me klÐsh a. Autì
to pedÐo metab�lletai grammik� me th jèsh ìntac mhdèn sth mèsh twn dÔo aktÐnwn. 'Ena
kinoÔmeno �tomo ja aisjanjeÐ mia megalÔterh dÔnamh, lìgw tou fainomènou Zeeman pou
metatopÐzei ta epÐpeda enèrgeiac, apì thn aktÐna pou eÐnai pio kont� se autì apì ì, ti apì
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thn aktÐna pou eÐnai pio makri�. Kat� sunèpeia, ta �toma wjoÔntai proc to kèntro thc
perioq c, akrib¸c ìpou to magnhtikì pedÐo eÐnai mhdèn, ki ètsi, pagideÔontai.

Gia na ekfrasteÐ h parap�nw ex ghsh me majhmatikì trìpo, jewroÔme tic akìloujec
aplousteÔseic: Gia na gÐnei h arq  pagideushc saf c jewroÔme thn aplopoihmènh perÐptw-
sh thc paramèlhshc tou purhnikoÔ spin kai upojètoume ìti èna �tomo èqei mia jemeli¸dh
kat�stash me mhdenik  sunolik  stroform  J = 0 kai mia diegermènh kat�stash me J = 1.
Sthn perÐptwsh aut , h parousÐa enìc magnhtikoÔ pedÐou pou anagk�zoume na eÐnai grammi-
kì se mègejoc B(z) = az (ìpou a eÐnai h klÐsh tou pedÐou) odhgeÐ se diaqwrismì Zeeman
sÔmfwna me thn exÐc.1.42

∆E|FmF 〉 = µBgFmFaz (2.10)

twn tri¸n epipèdwn thc diegermènhc kat�stashc, o opoÐoc diaqwrismìc eÐnai grammikìc se
sqèsh me th jèsh gia tic mF = ±1 katast�seic ìpwc mporeÐ kaneÐc na dei sto sq ma 2.3.
Ed¸, upojèsame kai p�li mia monodi�stath di�taxh me z th jèsh suntetagmènwn kai z = 0
to kèntro twn dÔo aktÐnwn. Wc ek toÔtou, an h sunj kh yÔxhc isqÔei, dhlad  k�je dèsmh
èqei suqnìthta mikrìterh thc suqnìthtac suntonismoÔ tou atìmou, tìte, kaj¸c apomakru-
nìmaste apì to kèntro, ìpou B = 0, up�rqei p�nta mia kat�stash ìpou o aposuntonismìc
metaxÔ tou lèizer kai thc suqnìthtac met�bashc tou atomou gÐnetai mikrìteroc, me apotèle-
sma megalÔterh dÔnamh na askeÐtai epÐ tou atìmou wj¸ntac to proc to kèntro. Prokeimènou
aut  h met�bash na mporeÐ na pragmatopoihjeÐ, h swst  pìlwsh fwtìc prèpei na epilegeÐ.
H σ± dèsmh diegeÐrei �toma sthn mF = ±1 kat�stash, antÐstoiqa. Autì ofeÐletai sto
gegonìc ìti h met�bash epitrèpetai an h sunolik  peristrof  tou fwtonÐou kai tou atomou
diathreÐtai. Gia z > 0 h J = 1 kat�stash me mJ = −1 eÐnai pio kont� ston suntonismì
kai wc ek toÔtou mia dèsmh me σ− pìlwsh prèpei na èrqetai sto kentro apì meg�lec timèc
z > 0. OmoÐwc, h aktÐna pou proèrqetai apì ton q¸ro me z < 0 prèpei na eÐnai kuklik� σ+

polwmènh.

Sq ma 2.3: O diaqwrismìc Zeeman twn kata-
st�sewn me J = 0 kai J = 1. Sth je-
meli¸dh kat�stash, kaj¸c kai thc kat�stashc
|J = 1,mJ = 0〉 den up�rqei kamÐa metabol  apì
thn parousÐa enìc adÔnamou grammikoÔ magnhti-
koÔ pedÐou. AntÐjeta, oi mJ = ±1 katast�seic
thc J = 1 metab�llontai grammik� se sqèsh me th
jèsh. Autì mporeÐ na prosfèrei mia megalÔterh
dÔnamh, kaj¸c to �tomo metakineÐtai makri� apì
to kèntro lìgw tou mikrìterou aposuntonismoÔ.
H pìlwsh twn desm¸n prèpei na eÐnai kat�llhla
epilegegmenh gia na epitrèyei autèc tic metab�-
seic.

Se mia tètoia di�taxh, h suqnìthta suntonismoÔ enìc atìmou sth jèsh z tropopoieÐtai
wc ω′0 = ω0 + ∆ω = ω0 + ∆E|FmF 〉/~ = ω0 + κ′z (me κ′ = µBgFmFa/~) kai, wc ek toÔtou,
h dÔnamh pou askeÐtai se autì apì tic dÔo aktÐnec lèizer, kat' analogÐa me th dÔnamh sthn
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optik  mel�sa, mporeÐ na grafteÐ wc ex c:

FMOT = Fsc(ω − ω0 − κ′z − kv)− Fsc(ω − ω0 + κ′z + kv)

≈ Fsc(ω − ω0)− kv∂Fsc

∂ω
+ κ′

∂Fsc

∂ω0
−
(
Fsc(ω − ω0) + kv

∂Fsc

∂δ
− κ′z ∂Fsc

∂ω0

)
≈ −2

∂Fsc

∂ω
kv + 2

∂Fsc

∂ω0
κ′z

≈ −bv − κz

(2.11)

Sta parap�nw, oi dÔo dun�meic apì tic aktÐnec lèizer aisj�nontai diaforetikoÔc aposunto-
nismoÔc omega0 pm k′apa((z, lìgw twn diaforetik¸n pol¸sewn touc, κ = −2∂Fsc

∂ω0
κ′ =

− 4~kI/Isat
[1+(2(ω−ω0)/Γ)2]2

2(ω−ω0)
Γ

µBgFmF a
~ , en¸ tautìqrona upojètoume epark¸c mikrèc taqÔthtec

kai qwrikèc metatopÐseic apì to kèntro thc di�taxhc, ¸ste na kajist�tai ègkurh h prosèg-
gish Taylor pr¸thc t�xhc. Aut  h dÔnamh FMOT èqei thn Ðdia morf  me ènan aposbenÔmeno
armonikì talantwt . O exart¸menoc apì thn taquthta ìroc thc dÔnamhc yÔqei ta �toma
en¸ o ìroc pou sqetÐzetai me th jèsh ta pagideuei sto kentro thc di�taxhc.

To ìrio puknìthtac sto MOT. Kat� th diadikasÐa thc yÔxhc me lèizer se mia
magnhto-optik  pagÐda tìso h jermokrasÐa ìso kai h puknìthta tou nèfouc periorÐzontai
se timèc pou o sunduasmìc touc den eÐnai se jèsh na fèrei to epijumhtì sumpÔknwma. Sthn
prohgoÔmenh enìthta, melet same to ìrio Doppler gia th jermokrasÐa sthn teqnik  optikhc
mel�sac, h opoÐa isqÔei kat� èna meg�lo mèroc kai sthn teqnik  MOT. Sthn trèqousa
enìthta, ereunoÔme to ìrio sthn puknìthta tou pagideumènou nèfouc sto MOT.

K�poioc mporeÐ na diakrÐnei dÔo sumperiforèc se èna nèfoc: thn perioq  periorismoÔ thc
jermokrasÐac kai thn perioq  twn pollap¸n sked�sewn [33]. To krit rio aut c thc di�krishc
mporeÐ na ekfrasteÐ me thn puknìthta tou nèfouc kai ton arijmì twn atìmwn se autì.
Gia epark¸c qamhl  puknìthta kai mikrì arijmì atìmwn, dhlad  thn perioq  periorismoÔ
thc jermokrasiac, ìla ìsa prohgoumènwc suzht same gia touc mhqanismoÔc thc yÔxhc kai
pagÐdeushc isqÔoun me akrÐbeia, en¸ gia megalÔterouc arijmoÔc kai puknìtera nèfh (thn
perioq  pollapl c skèdashc) prìsjetec dun�meic prokÔptoun kai metab�lloun tic idiìthtec
tou nèfouc. Oi dun�meic autèc èqoun thn proèleus  touc sthn emf�nish thc epanaskèdashc
twn fwtonÐwn apì geitonik� �toma lìgw thc mikr c mèshc eleÔjerhc diadrom c aut¸n twn
fwtonÐwn prin apomakrunjoÔn apì thn pagÐda kai eÐnai kurÐwc apokroustikèc, gegonìc pou
odhgeÐ se èna ìrio sthn puknìthta tou nèfouc.

Sthn perioq  tou periorismoÔ jermokrasÐac, h sunistamènh dÔnamh eÐnai apl� aut  pou
brèjhke sthn prohgoÔmenh enìthta, h dÔnamh enìc aposbennÔmenou armonikoÔ talantwt ,
FMOT = −bv − κz. Par� th fÔsh aut c thc dÔnamhc, o armonikìc ìroc thc mporeÐ na jew-
rhjeÐ wc to apotèlesma enìc armonikoÔ dunamikoÔ. Me to dunamikì autì kat� nou, mporeÐ
kaneÐc na k�nei qr sh tou jewr matoc isokatanom c kai na pei ìti h mèsh kinhtik  enèrgeia
enìc atìmou sthn MOT eÐnai Ðsh me th mèsh dunhtik  armonik  enèrgeia, 1

2κ∆z2
0 = 1

2kBT .
Ed¸, ∆z0 eÐnai h energìc tim  thc jèshc twn atìmwn sthn MOT kai T h jermokrasÐa tou
nèfouc. Mia �mesh sunèpeia autoÔ, eÐnai o orismìc miac eikonik c suqnìthtac ωMOT pou qa-
rakthrÐzei th sumperifor� tou MOT, an kai sthn pragmatikìthta den up�rqoun talant¸seic,
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wc
1

2
mω2

MOT∆z2
0 =

1

2
kBT (2.12)

H parap�nw sqèsh sunep�getai thn ex�rthsh tou megèjouc tou nèfouc mìno apì th jermo-
krasÐa. Me th seir� tou, gia mia orismènh jermokrasÐa, o ìgkoc tou nèfouc eÐnai stajerìc
kai, ètsi, h puknìthta gÐnetai an�logh proc ton arijmì atìmwn, ef �oson h qarakthristik 
suqnìthta ω0 paramènei stajer . Gia èna sfairik� summetrikì nèfoc se treic diast�seic,
mporeÐ kaneÐc na brei [33]

n =
3N

4π

κ3/2

(kBT )3/2
(2.13)

H aÔxhsh tou arijmoÔ twn atìmwn odhgeÐ sthn aÔxhsh thc puknìthtac, mèqri h epa-
naskedash arqÐzei na paÐzei èna shmantikì rìlo sth diadikasÐa. Se aut  thn perÐptwsh,
dÔo prìsjetec dun�meic anadÔontai pou all�zoun th sumperifor� tou nèfouc. Aut  eÐnai
h perioq  twn pollapl¸n sked�sewn. H pr¸th prìsjeth dÔnamh eÐnai apokroustik , pou
proèrqetai apì th diadoqik  aporrìfhsh tou ekpempìmenou fwtonÐou apì geitonik� �toma.
Autì to epanaktinoboloÔmeno fwc akoloujeÐ mia diaforetik  katanom  suqnot twn apì to
fwc tou lèizer[49]. Wc apotèlesma, h mèsh diatom  aporrìfhshc σR pou qarakthrÐzei thn
epanaskèdash diafèrei apì ekeÐnh tou arqikoÔ fwtìc σL. H dÔnamh pou askeÐtai apì thn
epanaskèdash mporeÐ na grafteÐ wc[26]

FR =
σLσRI

4πcr2
(2.14)

ìpou c eÐnai h taqÔthta tou fwtìc kai r h apìstash metaxÔ dÔo atìmwn tou nèfouc. H deÔ-
terh dÔnamh pou prokÔptei lìgw tou puknoÔ nèfouc eÐnai elkustik  kai eÐnai to apotèlesma
thc exasjènhshc thc dèsmhc, exaitÐac thc aporrìfhshc twn fwtonÐwn. O upologismìc [26]
aut c thc dÔnamhc odhgeÐ ston tÔpo

FA = −
Iσ2

L

4πcr2
(2.15)

Sthn perioq  twn pollapl¸n sked�sewn, h mègisth puknìthta tou nèfouc mporeÐ na upolo-
gisteÐ kat� tètoio trìpo ¸ste h dÔnamh pagÐdeushc na exisorropeÐ tic �llec dun�meic:

FMOT + FR + FA = 0⇒ n =
3cκ

Iσ2
L

1

(σR/σL − 1)
(2.16)

ìpou paraleÐpetai o ìroc yÔxhc thc dÔnamhc pagÐdeushc, kaj¸c h jermokrasÐa èpaye na
kajorÐsei to mègejoc thc pagÐdac, lìgw thc epanaskèdashc. K�poioc mporeÐ na parathr sei
ìti h puknìthta den exart�tai plèon apì ton arijmì twn atìmwn sthn pagÐda, all� mènei
m�llon stajer  gia mia orismènh suqnìthta tou MOT kai orismènh èntash dèsmhc.

Gia na auxhjeÐ autì to ìrio puknìthtac, k�poioc ja mporoÔse na aux sei ton aposun-
tonismì   thn klish tou pediou, kaj¸c oi allagèc autèc èqoun wc apotèlesma thn sqetik 
aÔxhsh thc elktik c dÔnamhc FA se sÔgkrish me thn apwjhtik [49]. Wstìso, mia tètoia
aÔxhsh ja odhg sei se antÐstoiqh aÔxhsh tou rujmoÔ anelastik¸n sugkroÔsewn metaxÔ
twn atìmwn pou prokaleÐ ap¸leia ston arijmì twn atìmwn sthn pagÐda.
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2.2.2 Ta b mata gia thn ulopoÐhsh thc yÔxhc lèizer kai thc pagÐ-
deushc

H ulopoÐhsh tou MOT pou mporeÐ na prosfèrei thn epituq  pro-yÔxh gia thn emf�nish tou
sumpukn¸matoc eÐnai teqnik� apaithtik . Diaforetikèc diat�xeic èqoun protajeÐ kai pragma-
topoihjeÐ, prokeimènou na dhmiourghjeÐ èna krÔo kai pagideumèno atomikì nèfoc[45][53][54].
'Olèc touc moir�zontai ta Ðdia kÔria sustatik�: èna sÔsthma kenoÔ gia apomìnwsh, mia mon�-
da dianom c twn atìmwn gia th dhmiourgÐa atmoÔ, sÔsthma lèizer gia thn yÔxh kai magnhtik�
phnÐa gia thn pagÐdeush. Sthn enìthta aut , dÐnoume mia sÔntomh parousÐash thc suskeu c
pou qrhsimopoieÐtai gia ta peiramatik� apotelèsmata mac, pou ja perigrafoÔn sta epìmena
kef�laia.

Gia thn ulopoÐhsh tou yuqroÔ nèfouc roubidÐou, qreiazìmaste èna sÔsthma atmoÔ apì
to opoÐo mporeÐ na fortwjeÐ to MOT. Par� to gegonìc ìti to krÔo nèfoc ja mporoÔse
na paraqjeÐ se sqetik� uyhlèc pièseic, h di�rkeia zw c tou ja eÐnai anepark c, lìgw twn
suqn¸n sugkroÔsewn twn atìmwn me ta uyhl c enèrgeiac �toma tou perib�llontoc. 'Etsi,
apaitoÔme mia perioq  exairetik� qamhl c pÐeshc. Gia to lìgo autì, qrhsimopoioÔme èna
diplì sÔsthma kenoÔ gia to diaqwrismì thc phg c twn atìmwn apì thn pagÐda. To pr¸to
mèroc autoÔ tou diploÔ sust matoc kenoÔ onom�zetai kÔttaro 2D-MOT kai h pÐesh mèsa se
autì to kelÐ fj�nei timèc thc t�xewc twn 10−8mbar, en¸ to deÔtero mèroc, to kÔttaro UHV,
qarakthrÐzetai apì mia pÐesh perÐpou 10−11mbar. AutoÐ oi dÔo j�lamoi pou sundèontai kai
tautìqrona diaqwrÐzontai apì mia op  thc opoÐac h di�metroc eÐnai 2,4 qiliost�.

Ta �toma apì ton pr¸to j�lamo wjoÔntai proc to j�lamo uperuyhloÔ kenoÔ me mÐa
teqnik  gnwst  wc h teqnik  2D-MOT, ìpou to nèfoc pagideÔetai apì th qr sh thc teqnik c
3D-MOT.

2D-MOT

DÔo zeÔgh antÐjetwn aktÐnwn lèizer, k�jeta metaxÔ touc se dÔo apì tic treic kateujÔnseic
(aujaÐreta tic x kai z apì t¸ra kai sto ex c) me thn kat�llhlh (σ± gia k�je zeÔgoc)
pìlwsh kai èna tetrapolikì magnhtikì pedÐo sunjètoun thn teqnik  pou onom�zetai 2D-
MOT. Aut� ta zeÔgh twn antÐnwn efarmìzontai sthn perioq  ìpou ènac swl nac sundèei
touc dÔo jal�mouc kai pragmatopoioÔntai apì dÔo opisjoanakl¸menec aktÐnec lèizer me
diast�seic 50× 50mm2 kai σ+ pìlwsh. Ta lèizer pou qrhsimopoioÔntai rujmÐzontai merik�
linewidths mikrìtera apì th met�bash 5S1/2F = 2 → 5P3/2F = 3 87. To magnhtiko pedÐo
dhmiourgeÐtai apì dÔo orjog¸nia phnÐa. Ektìc apì aut�, up�rqei mia �llh speÐra (pou
onom�zetai phnÐo ¸jhshc), ètsi ¸ste na elègqetai h jèsh thc dèsmhc twn atìmwn kat�
m koc tou orizìntiou epipèdou.

Ta �toma roubidÐou apì ton atmì yÔqontai kai pagideÔontai se dÔo kateujÔnseic kat�
m koc tou �xona y. Sthn trÐth kateÔjunsh eÐnai eleÔjera na kinoÔntai me tic prohgoÔmenec
taqÔthtec touc. Me th bo jeia miac aktÐnac ¸jhshc (blèpe sq ma 2.4) sthn y-kateÔjunsh,
perissìtero apì to  misu twn yuqr¸n atìmwn kinoÔntai proc thn trÔpa kai to kÔttaro
uperuyhloÔ kenoÔ. H trÔpa prosfèrei th sÔndesh twn dÔo kutt�rwn pou brÐskontai se
diaforetik  pÐesh kai epÐshc filtr�rei ta �toma me uyhl  diam kh taqÔthta. To teleutaÐo
epitugq�netai dedomènou ìti ta �toma uyhl c enèrgeiac den xodeÔoun arketì qrìno sthn
pagÐda 2D-MOT gia na yuqjoÔn epark¸c stic x kai z kateujÔnseic. Wc apotèlesma, mìno
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Sq ma 2.4: H di�taxh 2D-MOT. MporoÔme na diakrÐnoume to orizìntio kai k�jeto zeÔgoc twn aktÐnwn
lèizer, to kÔttaro kenoÔ 2D-MOT kai tic 3 speÐrec pou pragmatopoioÔn to magnhtikì pedÐo kai ton èlegqo
tou.

ta �toma me qamhl  diam kh taqÔthta odhgoÔntai ston j�lamo uperuyhloÔ kenoÔ.
H ro  tou 2D-MOT exart�tai apì ton aposuntonismì twn lèizer, kaj¸c kai apì thn

pÐesh ston j�lamo 2D-MOT. Uyhl  pÐesh prosfèrei sto kÔttaro UHV me perissìtera
�toma, all� mei¸nei th di�rkeia zw c thc pagÐdac. Sta peir�mat� mac, h ro  sto 2D-MOT
eÐnai perÐpou 5 × 109 �toma/deuterìlepto, me kat�llhla epilegmènec parametrouc gia to
magnhtikì pedio kai ta lèizer.

3D-MOT

Met� th diadikasÐa tou 2D-MOT, mia arg  atomik  dèsmh pou par�getai taxideÔei proc
to deÔtero kÔttaro. Se autì to kÔttaro, trÐa zeÔgh antÐjetwn aktÐnwn lèizer stouc treic
�xonec x, y kai z me thn prosj kh enìc magnhtikoÔ pedÐou tetrapìlou sunistoÔn mazÐ
thn teqnik  pou eÐnai gnwst  wc 3D-MOT. Autì to sÔnolo twn desm¸n lèizer yÔqei ta
�toma se ìlec tic kateujÔnseic, en¸ to magnhtikì pedÐo ta pagideÔei kont� sto kèntro tou
jal�mou. Gia to 3D-MOT, qreiazìmaste pollapl  optik  prìsbash. Oi èxi aktÐnec yÔxhc,
h dèsmh gia thn ¸jhsh, h optik  apeikìnish kai �llec qr simec aktÐnec prèpei na eÐnai se
jèsh na eisèljoun sto j�lamo. Autìc eÐnai o lìgoc gia to idiìmorfo sq ma polug¸nou
pou èqei to kÔttaro tou jal�mou. Oi aktÐnec eÐnai 20 qiliost� se di�metro me isqÔ perÐpou
20mW/cm2. PragmatopoioÔme to apaitoÔmeno tetrapolikì pedÐo me th qrhsh dÔo phnÐwn,
ta eponomazomena wc meg�la Ioffe phnÐa thc eikìnac 2.5 se anti-Helmholtz diamìrfwsh
(dÔo reÔmata se antÐjetec kateujÔnseic). Oi aktÐnec lèizer tou 3D-MOT mporoÔn na eÐnai
diaforetik c suqnìthtac apì autèc sth diamìrfwsh 2D-MOT, all� gia thn Ðdia 5S1/2F =
2→ 5P3/2F = 3 met�bash.

To pagideumèno nèfoc fort¸netai apì thn atomik  aktÐna tou 2D-MOT. Sto sq ma
2.6(a), mporeÐ kaneÐc na dei th fìrtwsh tou MOT se sqèsh me th stigm  pou h dèsmh
apostèlletai proc to kÔttaro. Se stajer  kat�stash, o arijmìc twn atìmwn gÐnetai sqedìn
1010, èqei jermokrasÐa perÐpou 500 mikro - me 1 milliKelvin Met� thn apenergopoÐhsh thc
atomik c aktÐnac, o arijmìc twn atìmwn mei¸netai ekjetik�, lìgw twn sugkroÔsewn twn
atìmwn me ton atmì twn krÔwn atìmwn. Sto sq ma 2.6(b)parousi�zetai aut  h meÐwsh. H
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Sq ma 2.5: (a) Oi dèsmec lèizer me tic pol¸seic touc eisèrqontai sthn perioq  ìpou ta �toma pagideÔontai
kai yÔqontai sto kÔttaro uperuyhloÔ kenoÔ. Autèc ta èxi dèsmec sthn trèqousa diamìrfwsh eÐnai gnwstèc
wc 3D-mel�sa. K�poioc mporeÐ epÐshc na diakrÐnei ta dÔo kuklik� phnÐa sthn anti-Helmholtz diamìrfwsh
pou dhmiourgoÔn to grammikì magnhtikì pedÐo gia thn magnhto-optik  pagÐdeush. (b) Mia apeikonish ìlwn
twn speir¸n sthn perioq  tou MOT. Gia to MOT qrhsimopoioÔntai mìno ta meg�la phnÐa Ioffe. EÐnai aut�
pou apeikonÐzontai kai sto (a). Ta upìloipa phnÐa qrhsimopoioÔntai sta epìmena stadia.

metroÔmenh di�rkeia zw c faÐnetai na eÐnai perÐpou 10 deuterìlepta. To sq ma tou nèfouc
MOT apeikonÐzetai sto sq ma 2.6(g). Prìkeitai gia èna m�llon sfairikì nèfoc. To MOT
autì èqei mia polÔ qamhl  puknìthta kai mia polÔ uyhl  jermokrasÐa. Gia na belti¸soume
ta qarakthristik� tou, efarmìzoume peraitèrw sumpÐesh kai yÔxh.

Sumpiesmèno MOT kai Optik  mel�sa

Ja  tan meg�lo pleonèkthma e�n mporoÔsame na aux soume peraitèrw thn puknìthta tou
nèfouc, kaj¸c kai na mei¸soume th jermokrasÐa qwrÐc shmantikèc ap¸leiec ston arijmì twn
atìmwn, prin apì thn efarmog  thc deuterhc teqnik c yÔxhc, thn ex�tmish. Mia MOT me
paramètrouc san kai tic dikèc mac, prosarmosmènec gia na megistopoioÔn ton rujmì sul-
log c, brÐsketai sthn perioq  twn pollapl¸n sked�sewn, ìpwc suzht jhke sto kef�laio
2.2.1.G, kat� to opoÐoorizetai èna ìrio sthn puknìthta tou nèfouc. To ìrio autì eÐnai to
apotèlesma tou mhqanismoÔ skèdashc twn fwtonÐwn kai thn ek nèou aporrìfhsh, h opoÐa
mporeÐ na perigrafeÐ wc h polu-aporrìfhsh enìc fwtonÐou apì �lla �toma sthn perioq  tou
atìmou pou ekpèmpontai prin apì to fwtìnio diafÔgei to aèrio. Aut  oi diadikasÐa eis�gei
anepijÔmhth jèrmansh kai apopìlwsh twn atìmwn. Epiplèon, dedomènou ìti èna fwtìnio
proèrqetai apì èna parakeimeno �tomo, up�rqei mia apwjhtik  dÔnamh metaxÔ aut¸n twn dÔo
atìmwn pou mei¸nei epÐshc thn puknìthta tou nèfouc.

Gia na aux soume aut n thn periorismènh puknìthta, dÔo eÐdh teqnik¸n èqoun protajeÐ
kai efarmosteÐ. H pr¸th, h MOT skoteinoÔ shmeÐou [55] tropopoieÐ tic paramètrouc tou
MOT sto q¸ro, en¸ h deÔterh teqnik , h sumpiesmènh-MOT (CMOT) [56], tropopoieÐ th
MOT qronik�. Sto peÐram� mac, k�noume qr sh thc teqnik c CMOT, dedomènou ìti aut 
den apaiteÐ kamÐa tropopoÐhsh thc suskeu c, ektìc apì thn an�gkh na elègqoume ta reÔmata
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Sq ma 2.6: (a) H fìrtwsh tou 3D-MOT. O arijmìc twn atìmwn èqei fj�sei th mègisth tim  tou met� apì 4
deuterìlepta. Aut  h mègisth tim  eÐnai perÐpou 1010. (b) H kampÔlh thc zw c tou 3D-MOT. H metrhmènh
zw  tou eÐnai perÐpou 7 deuterìlepta. Met� apì sqedìn 40 deuterìlepta, o arijmìc twn atìmwn paÔei na
mei¸netai lìgw thc isorropÐac metaxÔ twn apwlei¸n kai thn ek nèou fìrtwsh twn atìmwn pou brÐskontai
trigÔrw. (g) To sfairikì sq ma tou nèfouc MOT. (d) H puknìthta tou nèfouc MOT ìpwc apeikonÐzetai
me thn teqnik  thc apeikìnishc aporrìfhshc met� thn eleÔjerh diastol  tou nèfouc gia 12 deuterìlepta.
Autèc oi dÔo teqnikèc ja exhghjoÔn sto epìmeno kef�laio.

kai tic aktÐnec lèizer pou qrhsimopoioÔntai sto MOT. Sto tm ma 2.2.1.G anafèrame ìti mia
aÔxhsh sthn puknìthta tou nèfouc mporeÐ na epiteuqjeÐ me ènan peraitèrw aposuntonismì
twn desm¸n lèizer se sunduasmì me thn aÔxhsh tou magnhtikoÔ pedÐou thc MOT. Autìc
eÐnai akrib¸c o trìpoc leitourgÐac thc CMOT. Met� thn olokl rwsh miac stajer c MOT,
h aÔxhsh tou aposuntonismoÔ prokaleÐ meÐwsh sto mhqanismì epanaskèdashc, epeid  t¸ra
eÐnai ligìtero dunatì gia ta fwtìnia na allhlepidroÔn me ta �toma tou nèfouc. Apì thn
�llh pleur�, h aÔxhsh twn magnhtik¸n pedÐwn periorÐzei ta �toma me austhrìtero trìpo,
aux�nontac thn puknìthta touc1. Sta peir�mat� mac, met� th fìrtwsh tou MOT, to nèfoc
xodeÔei 5 qiliost� tou deuterolèptou sthn perioq  twn aktÐnwn pou eÐnai akìma pio apo-
suntonismènec apì sqedìn 3Γ sta 13Γ = 40MHz me thn megisth dunat  tim  thc klÐshc tou
magnhtikoÔ pedÐou.

Met� apì aut n thn isqurìterh pagÐdeush, h opoÐa odhgeÐ se èna mikrìtero nèfoc,
h jermokrasÐa tou aux�nei lìgw thc ek nèou aporrìfhshc thc skèdashc. Me stìqo th
meÐwsh thc jermokrasÐac, sb noume to magnhtikì pedÐo pou prokaleÐtai apì ta reÔmata sta

1An kai den eÐnai jewrhtik� proteinìmeno, sta peir�mat� mac o peraitèrw periorismìc twn atìmwn epi-
tugq�netai me th meÐwsh thc klÐshc antÐ gia thn aÔxhsh tou.
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meg�la Ioffe phnÐa en¸ krat�me gia sqedìn 3 epiplèon qiliost� tou deuterolèptou tic aktÐnec
lèizer. Autì to qronikì di�sthma eÐnai aneparkèc gia ta �toma na metakinhjoÔn ousiastika
apì to kèntro thc pagÐdac, all� kai arket� mikrì gia na apofeuqjoÔn oi ap¸leiec lìgw tou
sqhmatismoÔ twn morÐwn. Aut  akrib¸c eÐnai h teqnik  thc optik c mel�sac, pou perigr�fhke
parap�nw.

To apotèlesma aut¸n twn teqnik¸n eÐnai èna mikrì kai arket� krÔo nèfoc gia to epìme-
no st�dio thc magnhtik c pagÐdeushc kai thn yÔxh mèsw thc ex�tmishc. H jermokrasÐa tou
eÐnai perÐpou 100 millikelvin, en¸ to nèfoc èqei sqedìn 9 × 1010 �toma. Mia mikr  meÐwsh
ston arijmì atìmwn ofeÐletai sthn aÔxhsh tou rujmoÔ twn anelastik¸n sugkroÔsewn pou
prokaleÐ h CMOT. Gia to upìloipo aut c thc ergasÐac, ìlec autèc oi teqnikèc pou qrh-
simopoioÔntai h mia met� thn �llh (MOT, CMOT, mel�sa) ja onom�zetai apl� wc MOT.
Epiplèon, wc ωMOT ja sumbolÐzetai h eikonik  suqnìthta thc MOT met� th sumpÐesh.

2.3 YÔxh me ex�tmish se mia magnhtik  pagÐda Ioffe-
Pritchard (IP)

H jemeli¸dhc arq  thc yÔxhc me ex�tmish enìc jermikoÔ atomikoÔ nèfouc basÐzetai sthn
epilektik  apom�krunsh aut¸n twn atìmwn pou èqoun enèrgeia megalÔterh apì to mèso ìro
thc enèrgeiac tou nèfouc. Aut  h apom�krunsh èqei san apotèlesma th meÐwsh thc mèshc
enèrgeiac twn upìloipwn sto nèfoc kai, wc ek toÔtou, mia qamhlìterh jermokrasÐa. Gia na
eÐmaste se jèsh na suzht soume sqetik� me th jermokrasÐa, h apom�krunsh twn atìmwn ja
prèpei na odhg sei se mia nèa kat�stash jermik c isorropÐac perigrafìmenh apì mia jermik 
katanom , apì thn our� thc opoÐac ja proèrqontai ta �toma pou apomakrÔnontai. Aut  h
isorropÐa epitugq�netai me thn parousÐa elastik¸n sugkroÔsewn metaxÔ twn paramènontwn
atìmwn, oi opoÐec, tautìqrona, prowjoÔn ta �toma se enèrgeiec uyhlìterec apì th mèsh
enèrgeia. Apì thn �llh pleur�, ta �toma uyhl c enèrgeiac mporoÔn na af soun thn pe-
rioq  ìpou h yÔxh pragmatopoieÐtai dia exatmÐsewc mìno an h pagÐda twn atìmwn èqei èna
peperasmèno b�joc sugkrÐsimo me thn enèrgei� touc. Gia to lìgo autì, h yÔxh me ex�tmish
pragmatopoieÐtai se mia sunthrhtik  magnhtik  pagÐda, ìpou h apomìnwsh tou nèfouc apì to
perib�llon eÐnai epark c kai ìpou oi anelastikèc sugkroÔseic mporoÔn na eÐnai mikrìterec
apì ì,ti tic antÐstoiqec elastikèc kai, wc ek toÔtou, ta �toma apomakrÔnontai lìgw thc
ex�tmishc kai ìqi lìgw ap¸leiwn.

'Oloi eÐmaste exoikeiwmènoi me to mhqanismì yÔxhc thc ex�tmishc apì thn kajhmerin  zw-
 . Aut  eÐnai upeÔjunh gia thn yÔxh enìc flitzanioÔ kafè kai gia th metafor� jermìthtac
apì to anjr¸pino s¸ma kat� th di�rkeia thc �skhshc. Stic arqèc tou 16ou ai¸na, o Leo-
nardo da Vinci qrhsimopoÐhse thn ex�tmish gia na kataskeu�sei to pr¸to ugrìmetro[57].
Oi fusikoÐ melèthsan thn yÔxh mèsw ex�tmishc sta sfairwt� sm nh apì ìpou ta astèria
exatmÐzontai. Sthn atomik  fusik , h pr¸th dhmosÐeush pou sqetÐzetai me thn yÔxh me ex�-
tmish twn atìmwn udrogìnou, dìjhke sth dhmosiìthta apì ton Hess[58] to 1986, sthn opoÐa
epes mane pollèc shmantikèc ènnoiec thc diadikasÐac aut c, metaxÔ twn opoÐwn tic elastikèc
kai anelastikèc sugkroÔseic. Mìnte K�rlo prosomoi¸seic gia thn ex�tmish oloklhr¸jhkan
gia pr¸th for� apì ton Monrìe[59]. To 1989 oPritchard upost rixe [60] ìti h ex�tmish ja
mporoÔse na eÐnai perissìtero apotelesmatik  me th qr sh RF-aktinobolÐac, me thn opoÐa
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mporei na kajoristeÐ akrib¸c h perioq  thc apom�krunshc apì to q¸ro tou magnhtikoÔ pedÐ-
ou. Met� apì merik� qrìnia, to 1994, o mhqanismìc yÔxhc me ex�tmish epekt�jhke se �toma
alkalÐwnn, Ôstera apì thn arqikh touc yÔxh me lèizer [61]. Epiplèon, anex�rthta apì tic
prosp�jeiec gia thn ex�tmish, mia magnhtik  pagÐda twn oudèterwn atìmwn parathr jhke
gia pr¸th for� to 1985 [62] kai ìqi polÔ argìtera shmantikèc belti¸seic epiteÔqjhkan apì
tic om�dec tou MIT kai tou 'Amsterntam [63][64]. H pr¸th IP pagÐda, to eÐdoc thc pagÐdac
pou qrhsimopoioÔme sta peir�mat� mac kai sqetÐzetai me thn paroÔsa ergasia prot�jhke gia
pr¸th for� kai ulopoi jhke apì ton Pritchard[65].

H yÔxh me ex�tmish èqei èna asÔgkrito pleonèkthma: ulopoiei to sumpÔknwma, se an-
tÐjesh me �llec teqnikèc yÔxhc, ìpwc h yÔxh me lèizer, twn opoÐwn o periorismìc sth
jermokrasÐa kai thn puknìthta tic kajistoÔn aneparkeÐc gia to BEC. Pèra apì autì, h
ex�tmish eÐnai mia sqetik� apl  kai kal� melethmènh diadikasÐa, toul�qiston sthn klasik 
perioq  thc kÐnhshc tou atìmou, me èna eurÔ f�sma jermokrasi¸n kai puknot twn. Wstìso,
o mhqanismìc thc ex�tmishc wc teqnik  yÔxhc èqei orismèna shmantik� meionekt mata, ta
opoÐa prèpei kaneÐc na xeper�sei prokeimènou na epiteuqjeÐ o skopìc tou sumpukn¸matoc.
To pio krÐsimo apì aut� eÐnai h shmantik  ap¸leia tou arijmoÔ twn atìmwn kat� th di�r-
keia thc exatmistik c yÔxhc. Kat� th di�rkei� thc sqedìn treic t�xeic megèjouc mei¸netai
o arijmìc twn atìmwn apì thn arq  mèqri to tèloc thc. Par �ola aut�, jewreÐtai wc mia
apotelesmatik  teqnik , dedomènou ìti, kat� thn Ðdia stigm , h puknìthta tou q¸rou f�shc
aux�netai kat� èxi t�xeic megèjouc, fj�nontac sto sumpÔknwma.

Stic enìthtec pou akoloujoÔn, ja suzht soume tic arqèc kai tic di�forec jewrhtikèc
ptuqèc thc magnhtik c pagÐdeushc kai thc teqnik c yÔxhc, ja perigr�youme th sugkekrimènh
pagÐda pou qrhsimopoioÔme, dhlad  thn pagÐda IP kai, tèloc, ta diadoqik� b mata pou prag-
matopoioÔntai mèqri thn emf�nish tou sumpukn¸matoc. Met� thn yuxh me lèizer sto MOT,
èqoume èna krÔo kai puknì nèfoc me èna meg�lo arijmì atìmwn kai sqetik� uyhlì rujmì
elastikwn sugkroÔsewn. O stìqoc thc yÔxhc mèsw ex�tmishc eÐnai apl� na pragmatopoi sei
to BEC upì tic kalÔterec sunj kec.

2.3.1 Basikèc arqèc leitourgÐac thc ex�tmishc se IP magnhtik 
pagÐda

A. Arqèc magnhtik c pagÐdeushc

Prokeimènou na diathrhjeÐ to nèfoc sfiqt� periorismèno gia th diadikasÐa thc yÔxhc
mèsw thc ex�tmishc, apaiteÐtai mia pagÐda me thn idiìthta na parèqei arket� qamhlì rujmì
jèrmanshc. K�ti tètoio mporeÐ na ikanopoihjeÐ apì mia sunthrhtik  magnhtik  pagÐda, ìpou
oi rujmoÐ ap¸leiac thc pagÐdeushc eÐnai sqetik� mikroÐ kai to b�joc pagÐdeus c mporeÐ na
qwrèsei to arqikì nèfoc thc MOT. Mia magnhtik  pagÐda gia ta atomik� nèfh eÐnai mia
efarmog  tou fainomènou Zeeman, ìpwc perigr�fthke sto perigr�fetai sto 1.3.

Efarmìzontac èna magnhtikì pedÐo ~B sthn perioq  tou nèfouc, h enèrgeia enìc atìmou
pou brÐsketai sthn kat�stash mF qrhsimopoi¸ntac thn exic.1.42 gr�fetai

EF,mF
= EF + µBgFmFBz (2.17)

ìpou EF eÐnai to energeiakì epÐpedo thc uperlèpthc uf c qwrÐc ton diaqwrismì Zeeman.
Sthn perÐptwsh pou to magnhtikì pedÐo eÐnai anomoiogenèc, h enèrgeia tou atìmou pou eÐnai
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se aut  thn kat�stash exart�tai apì th jèsh tou. 'Opwc eÐnai gnwstì, ta swmatÐdia teÐnoun
na kinhjoÔn proc perioqèc ìpou h energei� touc gÐnetai el�qisth. Wc ek toÔtou, an�loga
me to prìshmo tou megèjouc gFmF, to el�qisto thc EF,mF

emfanÐzetai ìtan to mègejoc tou
magnhtikoÔ pedÐou eÐnai mègisto (gFmF < 0)   el�qisto (gFmF > 0).

Wstìso, oi exis¸seic tou Maxwell apagoreÔoun thn perÐptwsh pagÐdeushc se megisto pe-
dÐou. O lìgoc gia thn apagìreush aut  eÐnai to legìmeno je¸rhma "mh Ôparxhc megistou�[66]
pou dhl¸nei ìti se perioqèc qwrÐc fortia kai reÔmata to magnhtiko pedÐo den mporeÐ na è-
qei topikì mègisto. Gia mia sÔntomh exhghsh, mporeÐ kaneÐc na gr�yei gia to mègejoc tou
magnhtikoÔ pedÐou:

∇2B2 = 2
∂

∂xj

(
Bi
∂Bi
∂xj

)
= 2Bi∇2Bi + 2

(
∂Bi
∂xj

)2

(2.18)

Par �ola aut�, xekin¸ntac apì tic exis¸seic tou Maxwell (∇ ~B = 0 kai ∇× ~B = 0 an den
up�rqoun reÔmata se ekeÐno to shmeÐo), mporeÐ kaneÐc na antl sei gia tic sunist¸sec tou
magnhtikoÔ pedÐou

∇2Bi = 0 (2.19)

Qrhsimopoi¸ntac tic exis¸seic 2.18 kai 2.19, eÔkola mporeÐ kaneÐc na brei ìti

∇2B2 ≥ 0 (2.20)

h opoÐa eÐnai asumbÐbasth me thn Ôparxh enìc anwt�tou pou apaiteÐ ∂B2/∂xi = 0 kai
∂2B2/∂x2

i < 0. 'Etsi, mìno katast�seic pou to el�qistì touc emfanÐzetai sto el�qisto
tou pedÐou mporoÔn na qrhsimopoihjoÔn gia magnhtik  pagÐdeush. Sthn perÐptwsh tou Rb,
treic eÐnai autèc oi kat�st�seic: |F = 1,mF = −1〉, |F = 2,mF = 1〉 and |F = 2,mF = 2〉.

'Etsi, prokeimènou na epiteuqjeÐ magnhtik  pagÐdeush se oudètera �toma, prèpei kaneÐc
na sqedi�sei èna magnhtikì pedÐo me mÐa klÐsh pou prosfèrei anomoiogèneia kai èna el�qisto.
To b�joc thc pagÐdac ja eÐnai thc t�xhc twn

kBT = µBgFmF(Bmax −Bmin) (2.21)

ìpou Bmin eÐnai to el�qisto tou pedÐou kai Bmax to plhsièstero topikì to mègisto. Gia
sun jeic magnhtikèc pagÐdec, h isqÔc tou pedÐou eÐnai tètoia ¸ste to b�joc na eÐnai polÔ
mikrìtero apì 1 Kelvin.

To gegonìc ìti oi katast�seic pou qarakthrÐzontai apì el�qisth enèrgeia sto mègi-
sto enìc magnhtikoÔ pedÐou den eÐnai qr simec gia thn pagÐdeush, metatrèpei thn magnhtik 
pagÐda se epirrep  se ast�jeiec. Autèc prokaloÔntai apì pijanèc metab�seic metaxÔ twn
katast�sewn, me apotèlesma ta �toma ta �toma na apomakrÔnontai apì thn pagÐda. Tètoiec
metab�seic anafèrontai wc metab�seic Majorana. Gia na exasfalisteÐ ìti den ja sumboÔn
autèc oi metab�seic, h magnhtik  rop  tou atìmou ja prèpei na akoloujeÐ adiabatik� thn
kateÔjunsh tou magnhtikoÔ pedÐou. OrÐzontac wc θ th gwnÐa metaxÔ thc magnhtik c rop c
tou atìmou kai tou pedÐou, tìte h parap�nw apaÐthsh mporeÐ na ekfrasteÐ wc

dθ

dt
<
µBgFmF|B|

~F
(2.22)

Aut  h anisìthta parabi�zetai gia mikr� magnhtik� pedÐa kai prosoq  prèpei na dojeÐ sthn
apofug  tètoiwn pedÐwn, prokeimènou ta �toma na parameÐnoun sthn pagÐda.
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B. Perigraf  thc IP pagÐdac

Mia apì tic pio suqn� qrhsimopoioÔmenec kai apì tic pr¸tec diat�xeic pou prosfèrei to
el�qisto magnhtikì pedÐo gia thn pagÐdeush eÐnai h legìmenh Ioffe-Pritchard (IP) pagÐda. H
epituqÐa thc ofeÐletai en mèrei sto gegonìc ìti prosfèrei èna armonikì dunamikì pou eÐnai
h qamhlìterh t�xh kai, sunep¸c, h pio sfiqt  pagÐda pou mporeÐ na èqei epiplèon mia mh
mhdenik  el�qisth tim  (bias field).

H IP pagÐda apoteleÐ mÐa tropopoÐhsh thc pagÐdac tetrapìlou (sthn opoÐa to magnhtikì
pedÐo metab�lletai grammik� me thn apìstash proc ìlec tic kateujÔnseic), prokeimènou na
apofeuqjeÐ h met�bash Majorana sto kèntro thc pagÐdac. 'Opwc mporeÐ na faneÐ apì to
sq ma 1.3, se perioqèc ìpou to pedÐo eÐnai arket� mikrì kai sthn ousÐa mhdenikì, oi katast�-
seic ekfulÐzontai, ¸ste èna �tomo mporeÐ eÔkola na metakinhjeÐ metaxÔ twn katast�sewn se
katast�seic pou den epitrèpoun pagideush kai sunep¸c na apomakrunjoÔn apì thn pagÐda.
Me thn prosj kh enìc omoiogenoÔc pedÐou B0 kat� m koc thc axonik c kateÔjunshc, to su-
nolikì pedÐo den eÐnai plèon mhdèn sto kèntro thc pagÐdac, antijètwc proc thn perÐptwsh tou
tetrapìlou. Me ton trìpo autì, mporoÔn na apofeuqjoÔn tètoiec ap¸leiec. To B0 autì,
ìmwc, èqei mia shmantik  epÐdrash sth morf  tou dunamikoÔ ìpwc amèswc ja diapist¸soume.

Mia pagÐda IP sth pio sunhjismènh thc morf  [65] apoteleÐtai apì tèsseric eujÔgrammec
r�bdouc, oi opoÐec dhmiourgoÔn èna pedÐo tetrapolikì stic aktinikèc dieujÔnseic kai dÔo
kuklik� phnÐa pou qrhsimopoioÔntai gia th dhmiourgÐa parabolikoÔ pedÐou sthn axonik 
kateÔjunsh. Sta peir�mata pou èginan sto plaÐsio thc paroÔsac ergasÐac, qrhsimopoi same
mia enallaktik  pagÐda IP pou apoteleÐtai apì tèssera kuklik� phnÐa (phnÐa Ioffe) pou
dhmiourgoÔn dÔo zeÔgh phnÐwn se anti-Helmholtz di�taxh se k�jetec metaxÔ tousdieujÔnseic
kai dÔo kuklik� phnÐa (phnÐa pinch) se Helmholtz di�taxh. Aut  h di�taxh apeikonÐzetai sto
sq. 2.5(b). Ta dÔo zeÔgh phnÐwn Ioffe mazÐ dhmiourgoÔn èna pedÐo tetrapolikì sthn aktinik 
kateÔjunsh, en¸ ta phnÐa pinch qrhsimopoioÔntai gia èna parabolikì pedÐo sthn axonik 
kateÔjunsh. 'Ena epiplèon zeug�ri phnÐwn (phnÐa compensate), pou epÐshc faÐnontai sto
Ðdio sq ma, eÐnai upeÔjuno gia thn kajorismì tou megèjouc tou el�qistou pedÐou B0.

To sunolikì magnhtikì pedÐo pou qarakthrÐzei thn IP pagÐda sthn perÐptws  mac IP
mac [36] einai

~B = a

 x
−y
0

+B0

0
0
1

+
1

2
β

 −xz
−yz

z2 − 1
2(x2 + y2)

 (2.23)

ìpou a eÐnai h klÐsh tou pedÐou pou dhmiourgeÐtai apì ta phnÐa Ioffe kai β h kampulìthta
apì ta pinch phnÐa. To mètro autoÔ tou pedÐou eÐnai

B =

√(
ax− 1

2
βxz

)2

+

(
ay +

1

2
βyz

)2

+

(
B0 +

1

2
β

[
z2 − 1

2
(x2 + y2)

])2

(2.24)

An a >> β1/2, o periorismìc stic aktinikèc dieujÔnseic pou prokaleÐtai apì thn klÐsh
eÐnai polÔ isqurìteroc apì ekeÐnon pou ofeiletai sthn kampulìthta. Se aut  thn perÐptwsh,
mporeÐ kaneÐc na agno sei thn aktinik  armonik  ex�rthsh kai, wc ek toÔtou, to mètro tou
pedÐou mporeÐ na proseggisteÐ apì to gnwstì jewrhtikì magnhtikì pedÐo pou qarakthrÐzei
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thn pagÐda IP

B =

√
(aρ)2 + (B0 +

1

2
βz2)2 (2.25)

me ρ2 = x2 + y2.
T¸ra ja exet�soume poia eÐnai h morf  tou mètrou kat� thn aktinik  dieÔjunsh. Gia

z = 0, to mètro gr�fetai: B =
√

(ar)2 +B2
0 . Sthn perÐptwsh pou to B0 eÐnai polÔ

mikrì (se sÔgkrish me th jermokrasÐa tou aerÐou), tìte to mètro tou pedÐou eÐnai apl¸c
B = ar kai to dunamikì kat� kÔrio lìgo grammikì proc aut  thn kateÔjunsh. Apì thn �llh
pleur�, e�n to pedÐo pìlwshc B0 kajÐstatai meg�lo, tìte qrhsimopoi¸ntac thn prosèggish
(1 + x)n = (1 + nx) gia mikr� x to mètro gÐnetai

B = [(aρ)2 +B2
0 ]1/2 = B0

(
1 +

(
aρ

B0

)2
)1/2

≈ B0 +
a2

2B0
ρ2 (2.26)

kai to dunamikì metatrèpetai se armonikì stic aktinikèc dieujÔnseic me èna el�qisto B0.
Sthn pio genik  perÐptwsh (kai ìqi mìno sth gramm  me z = 0), sto ìrio meg�lou B0, mporeÐ
kaneÐc na akolouj sei thn Ðdia diadikasÐa kai na sumper�nei ìti to dunamikì eÐnai autì enìc
3D anisìtropou armonikoÔ talantwt 

B ≈ B0 +
a2

2B0
ρ2 +

1

2
βz2 (2.27)

me suqnìthtec

ωr =

√
gFmFµB

m

a2

B0
ωz =

√
gFmFµB

m
β (2.28)

Sq ma 2.7: Sto (a) to mègejoc tou magnhtikoÔ pedÐou kat� thn aktinik  dieÔjunsh se perÐptwsh B0 = 0.
Kaj¸c èna mh-mhdenikì B0 prostÐjetai sthn pagÐda (b) kai to el�qisto paÔei na eÐnai mhdèn, h di�taxh
prosfèrei èna armonikì dunamikì gia mikr� r. To pedÐo pou èna �tomo blèpei exart�tai apì thn kinhtik 
enèrgeia tou. Gia kBT << µBB0, to �tomo brÐsketai sto k�tw mèroc thc pagÐdac kai aisj�netai èna
armonikì dunamikì. Gia kBT >> µBB0, h grammik  ex�rthsh apokatajÐstatai kai oi suqnìthtec pou
dÐnontai parap�nw den èqoun fusik  shmasÐa pia.
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Jermodunamikèc Idiìthtec thc IP pagidac. Gia na upologisteÐ h energeiak 
puknìthta katast�sewn thc pagÐdac PE, mporoÔme na qrhsimopoi soume ton genikì orismì
thc se èna tuqaÐo dunamikì U wc

D(ε) = (2π~)−3

∫
dr3dp3δ(ε− U(r)− p2/2m) (2.29)

ìpou r eÐnai h jèsh enìc swmatidÐou, p h orm  tou kai δ h sun�rthsh dèlta. HD(ε) orÐzetai me
tètoion trìpo, ¸steD(ε)dε eÐnai o arijmoc twn idiokatast�sewn tou pagideÔsimou dunamikoÔ
U(r) = −µBB(r) me enèrgeia metaxÔ ε kai ε+dε. Qrhsimopoi¸ntac to dunamikì pou par�gei
h IP 2.25, prokÔptei

DIP(ε) = AIP(ε3 + 2U0ε
2) (2.30)

me U0 = µBB0 kai

AIP =
(2π2m)3/2

(2π~)32(µBgFmFa)2
√
µBgFmFβ/2

(2.31)

Mia �llh idiaÐtera qr simh par�metroc gia thn perigraf  twn statistik¸n idiot twn thc
pagÐdac eÐnai h sun�rthsh epimerismoÔ Z. Sth gl¸ssa thc Statistik c Fusik c, h posì-
thta aut  proèrqetai apì to mètrhma twn swmatidÐwn pou dianèmontai p�nw stic diajèsimec
katast�seic sÔmfwna me mia orismènh katanom  pijanìthtac. Se qamhlèc jermokrasÐec prè-
pei kaneÐc na qrhsimopoi sei thn katanom  Bose-Einstein, en¸ se uyhlìterec jermokrasÐec
qrhsimopoieÐtai h katanom  Boltzmann. H sun�rthsh epimerismoÔ gia thn katanom  aut 
orÐzetai wc

Z = (2π~)−3

∫
dr3dp3exp{−(U(r) + p2/2m)/kBT}

=

∫
dεD(ε)exp{−ε/kBT}

(2.32)

H sun�rthsh epimerismoÔ eÐnai èna mètro tou bajmoÔ ston opoÐo ta swmatÐdia apl¸nontai
p�nw apì ta epÐpeda enèrgeiac. Autì eÐnai perissìtero emfanèc sthn kbantik  mhqanik ,
ìpou h Z paÐzei to rìlo tou lìgou tou arijmoÔ twn swmatidÐwn sto sÔsthma, N ,wc proc
ton arijmì twn swmatidÐwn sth jemeli¸dh tou kat�stash, N0, dhlad  Z = N/N0. Qrh-
simopoi¸ntac thn puknìthta katast�sewn 2.30, h sun�rthsh epimerismoÔ thc pagÐdac IP
gÐnetai

ZIP = 6AIP(kBT )4

(
1 +

2µBB0

3kBT

)
(2.33)

Mia trÐth qr simh gia touc skopoÔc mac posìthta eÐnai o eikonikìc ìgkoc thc pagÐdac.
Autìc orÐzetai wc o lìgoc tou arijmoÔ twn atìmwn proc th mègisth puknìthta touc sto
kèntro thc pagÐdac

Veff = N/n0 (2.34)

kai paÐzei to rìlo tou pragmatikoÔ ìgkou tou nèfouc sthn pagÐda. Qrhsimopoi¸ntac autìn
ton eikonikì ìgko, h sun�rthsh epimerismoÔ mporeÐ na xanagrafeÐ ek nèou [8] wc Z =
VeffΛ−3

T Aut  h morf  prosfèrei mia �llh diaisjhtik  ex ghsh thc sun�rthshc epimerismoÔ.
EÐnai o lìgoc tou eikonikoÔ ìgkou thc pagÐdac wc proc ton eikonikì ìgko tou enìc atìmou
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me m koc kÔmatoc ΛT. Pollaplasi�zontac kai ta dÔo mèrh thc parap�nw exÐswshc, kaneÐc
paÐrnei

Z = N/Dp (2.35)

Wc ek toÔtou, h sun�rthsh epimerismoÔ perilamb�nei ìlec tic qr simec posìthtec pou prè-
pei na beltistopoi soume me skopì to sumpÔknwma, dhlad  ton arijmì twn atìmwn, thn
puknìthta kai th jermokrasÐa tou nèfouc.

G. Jewrhtik  melèth thc ex�tmishc

'Opwc anafèrjhke sthn arq  tou trèqontoc kefalaÐou, h yÔxh me ex�tmish eÐnai mia di-
pl  ergasÐa: �toma me enèrgeia pou xepern� to b�joc thc pagÐdac, epsilont xefeÔgoun
apì to nèfoc, en¸ oi elastikèc sugkroÔseic twn upoloÐpwn atìmwn apokajistoÔn jermik 
isorropÐa se nèa qamhlìterh jermokrasÐa. E�n to b�joc thc pagÐdac paramènei stajerì,
ìtan ta pio drast ria �toma egkataleÐyoun thn pagÐda h mèsh enèrgeia twn atìmwn sto
sÔnnefo kajÐstatai shmantik� mikrìterh apì εt kai, ètsi, ìlo kai ligìtera �toma eÐnai ikan�
na apokt soun epark  enèrgeia gia na xefÔgoun apì thn pagÐda. 'Ena sen�rio san ki autì
onom�zetai epÐpedh ex�tmish [72] kai wc ek toÔtou, h yÔxh me ex�tmish gÐnetai ligìtero a-
potelesmatik  me thn p�rodo tou qrìnou. Prokeimènou na diathrhjeÐ ènac apotelesmatikìc
rujmìc exìdou apì thn pagÐda gia ta �toma uyhl c taqÔthtac, h enèrgeia apom�krunshc
εt, h opoÐa orÐzei to b�joc thc pagÐdac, ja prèpei na mei¸netai me thn p�rodo tou qrìnou.
AutoÔ tou eÐdouc h teqnik  yÔxhc onom�zetai exanagkasmènh ex�tmish. Mia sqetizìmenh
posìthta pou prosfèrei bo jeia sthn perigraf  thc yÔxhc mèsw ex�tmishc eÐnai h par�me-
troc apokop c η, ètsi ¸ste εt = ηkBT , h opoÐa eÐnai sthn genik  perÐptwsh exart¸menh apì
ton qrìno.

H epanajermopoÐhsh kai h perikommènh sun�rthsh katanom c. Me ken-
trikì stìqo na dikaiolog soume mia jermik  katanom  gia to paramènon nèfoc, ja akolou-
j soume ta epiqeir mata pou probl jhkan apì ton Walraven sto [67]. Gia ton skopì autì,
prèpei kaneÐc na eisag�gei mia seir� apì upojèseic pou faÐnontai na leitourgoÔn kal� stic
perioqèc thc jermokrasÐac kai thc puknìthtac pou mac endiafèroun. H pr¸th upìjesh eÐnai
h ergodikìthta. Sth jewrÐa thc statistik c Mhqanik c, ergodikìthta shmaÐnei ìti sto q¸-
ro twn f�sewn enìc sust matoc h katanom  twn swmatidÐwn f(r, p) exart�tai apokleistik�
apì thn enèrgei� touc. Se majhmatik  gl¸ssa:

f(r, p) =

∫
δ(U(r) + p2/2m− ε)f(ε)dε (2.36)

Sthn parap�nw exÐswsh, h posìthta f(ε) mporeÐ na ermhneujeÐ wc o arijmìc twn kata-
st�sewn me enèrgeia ε. DeÔteron, ja k�noume qr sh thc upìjeshc {pl rouc ex�tmishc}.
SÔmfwna me aut , k�je �tomo pou apokt� enèrgeia megalÔterh apì εt mèsw twn elastik¸n
sugkroÔsewn xefeÔgei apì thn pagÐda qwrÐc peraitèrw sugkroÔseic me �lla �toma. Au-
t  h upìjesh faÐnetai logikh e�n h mèsh eleÔjerh diadrom  λ tou enìc atìmou eÐnai polÔ
megalÔterh apì thn di�stash l tou nèfouc [68]

λ� l (2.37)
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Epiplèon, upojètoume klasik� �toma pou perigr�fontai apì mia katanom  Boltzmann. Mia
teleutaÐa all� ìqi ligìtero shmantik  upìjesh eÐnai to gegonìc ìti oi elastikèc sugkroÔseic
prokÔptoun mìno apì to kan�li skèdashc s-kum�twn (s-wave scattering). Kat� sunèpeia,
h elastik  diatom  σel twn atìmwn gÐnetai [69] mÐa sun�rthsh tou m kouc skèdashc as,
sÔmfwna me th sqèsh σel = 8πa2

s.
Qrhsimopoi¸ntac ta apotelèsmata thc prosomoÐwshc, o Walraven apèdeixe ìti kat� th

di�rkeia thc ex�tmishc o jermikìc qarakt rac thc katanom c twn atìmwn eÐnai kal� diath-
rhmènoc. Wc ek toÔtou, h katanom  tou nèfouc mporeÐ na perigrafeÐ apì mia perikommènh
sto b�joc thc pagÐdac katanom  Boltzmann:

f(ε) = n0Λ3
T e
−ε/kBTΘ(εt − ε) (2.38)

ìpou Θ eÐnai h sun�rthsh b matoc. Apì thn exiswsh 2.36, mporeÐ kaneÐc na upologÐsei thn
katanom  sto q¸ro thc f�shc

f(r, p) = n0Λ3
T e
−(U(r)+p2/2m)/kBTΘ(εt − U(r)− p2/2m) (2.39)

kai me thn olokl rwsh thc teleutaiac p�nw stic taqÔthtec, lamb�noume thn katanom  pu-
knìthtac

n(r) = n0e
−U(r)/kBTP [3/2, (εt − U(r))/kBT ] (2.40)

me P [a, b] thn atel  sun�rthsh g�mma [70] kai n0 th mègisth puknìthta tou nèfouc sto
kèntro thc pagÐdac.

O rujmìc ex�tmishc. H exèlixh thc katanom c tou q¸rou f�sewn kat� th di�rkeia
thc diadikasÐac thc ex�tmishc perigr�fetai sto plaÐsio thc kinhtik c jewrÐac apì thn exÐ-
swsh Boltzmann [71]. Aut  h exÐswsh metatrèpetai se mia aploÔsterh gia thn f(ε) sthn
perÐptwsh pou oi upojèseic pou anafèrjhkan prohgoumènwc exakoloujoÔn na isqÔoun. O
rujmìc metabol c tou arijmoÔ twn atìmwn pou ofeÐletai se ex�tmish, se perÐptwsh apousÐac
twn mhqanism¸n ap¸leiac, dÐnetai apì

dNev

dt
=

∫ ∞
εt

dεD(ε)
df(ε)

dt
(2.41)

Gia thn perikommènh katanom  Boltzmann 2.38, paÐrnoume [67]

dNev

dt
= −Nn0σelve

−η Vev

Veff
(2.42)

Sthn parap�nw exÐswsh, v = (16kBT/πm)1/2 eÐnai h mèsh taqÔthta twn atìmwn kai

Vev =
Λ3
T

kBT

∫ εt

0
dεD(ε)[(εt − ε− kBT )e−ε/kBT+kBTe

−η
] (2.43)

Tèloc, me b�sh thn exÐswsh 2.30 gia thn puknìthta katast�sewn se mia pagÐda IP, mporeÐ
kaneÐc na antl sei ton akrib  tÔpo gia to rujmì ex�tmishc se mia tètoia pagÐda. Wstìso,
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ja d¸soume megalÔterh prosoq  sthn perÐptwsh twn meg�lwn η. Gia meg�lec timèc tou η,
mporoÔme na proseggÐsoume Vev/Veff ≈ η kai, sunep¸c,

dNev

dt
= −Nn0σelvηe

−η (2.44)

EÐnai shmantikì na shmeiwjeÐ ìti h parap�nw exÐswsh isqÔei gia opoiod pote poluwnumikì
dunamikì ìso h timh η paramènei epark¸c meg�lh, lìgw tou gegonìtoc ìti to b�joc thc
pagÐdac gÐnetai t�xhc megèjouc megalÔtero apì ton mèso ìro thc enèrgeiac tou nèfouc
  isodÔnama apì to kBT kai, wc ek toÔtou, h akrib c morf  tou dunamikoÔ kont� sto
el�qisto paÔei na diadramatÐzei shmantikì rìlo. H teleutaÐa exÐswsh 2.44 sunep�getai ìti
h yÔxh me ex�tmish lamb�nei q¸ra se mia ekjetik  klÐmaka me mia stajer� qrìnou τev =
(n0σelvηe

−η)−1.

H apotelesmatikìthta thc ex�tmishc kai o rìloc twn sugkroÔsewn. 'O-
pwc anafèrjhke parap�nw, oi allhlepidr�seic paÐzoun kajoristikì rìlo gia thn yÔxh mèsw
ex�tmishc kaj¸c epanafèroun jermik  isorropÐa sto upìloipo nèfoc. Oi sugkroÔseic sthn
pagÐda mporeÐ na diairejoÔn se dÔo tÔpouc: tic elastikèc sugkroÔseic pou eÐnai upeÔju-
nec gia thn anakatanom  thc kinhtik c enèrgeiac kaj¸c dÔo �toma sugkroÔontai kai tic
anelastikèc sugkroÔseic pou odhgoÔn se ap¸leiec atìmwn apì thn pagÐda.

Oi elastikèc sugkroÔseic metaxÔ dÔo atìmwn leitourgoÔn upèr thc diadikasÐac ex�tmi-
shc. Pr¸ta ap �ola, eÐnai upeÔjunec gia thn epanajermopoÐhsh tou nèfouc pou odhgeÐ se
jermik  isorropÐa. Epiplèon, tètoiec sugkroÔseic dÔo atìmwn suqn� dÐnoun se èna apì aut�
ta �toma enèrgeia megalÔterh apì to kat¸tato ìrio apoq¸rhshc apì thn pagida, en¸ to
�llo �tomo apokt� ligìterh thc arqik c tou enèrgeia. Wc apotèlesma, h diadikasÐa aut 
bohj� sthn meÐwsh thc jermokrasÐac, di¸qnontac enèrgeia me èna taqÔtero rujmì. O rujmìc
elastik¸n sugkroÔsewn dÐnetai apì thn akìloujh exÐswsh [72]

γel = nσelv

= n(8πa2
s)(16kBT/πm)1/2

(2.45)

me as to gnwstì m koc skèdashc.
Wstìso, h apotelesmatikìthta thc ex�tmishc den exart�tai apì thn apìluth taqÔthta

twn elastik¸n sugkroÔsewn, all� apì ton sqetikì lìgo tou rujmoÔ elastik¸n sugkrou-
sewn proc ton rujmì twn apwlei¸n pou sumbaÐnoun exaitÐac twn anelastik¸n sugkroÔsewn.
Up�rqoun treic diadikasÐec pou sumb�lloun sthn ap¸leiec se mia magnhtik  pagÐda:

1. SugkroÔseic me �toma tou upìbajrou: Anelastikèc sugkroÔseic pagideumènwn atìmwn
me uyhl c enèrgeiac �toma apì to perib�llon. O rujmìc twn en lìgw sugkroÔsewn
exart�tai mìno apì thn pÐesh thc pagideumènhc perioq c kai, wc ek toÔtou, o rujmìc
γbg eÐnai stajerìc wc proc thn atomik  puknìthta, me tim  −Kbg, ìpou Kbg mia jetik 
stajer�.

2. Dipolik  qal�rwsh: Anelastikèc sugkroÔseic metaxÔ dÔo pagideumènwn atìmwn, ìpou
antall�ssoun stroform  metaxÔ thc troqiak c kÐnhs c touc kai tou spin, diaskor-
pizìmena se mh pagideÔsimec katast�seic. Autì to eÐdoc tou rujmoÔ ap¸leiac eÐnai
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an�logo me thn puknìthta tou nèfouc. Wstìso, h dipolik  qal�rwsh den eÐnai du-
nat  se deigmata pl rwc spin-polwmènwn atìmwn. Mia tètoia sÔgkroush ja prèpei
na odhg sei se èna gÔrisma tou spin, gegonìc pou shmaÐnei ìti to spin den mporeÐ
na diathrhjeÐ efìson den up�rqei an¸terh kat�stash na p�te. Autì epalhjeÔetai
peiramatik� sto [73].

3. SugkroÔseic tri¸n swm�twn: Anelastikèc sugkroÔseic metaxÔ tri¸n pagideumènwn
atìmwn, ìpou dÔo apì ta �toma sqhmatÐzoun èna mìrio pou af nei thn pagÐda (to
trÐto �tomo eÐnai aparaÐthto gia th diat rhsh thc enèrgeiac kai thc orm c). O rujmìc
ap¸leiac eÐnai an�logoc me to tetr�gwno thc puknìthtac, γ3b = −K3bn

2, me K3b mia
jetik  stajer�.

O sunolikìc rujmìc apwlei¸n ekfr�zetai wc to �jroisma ìlwn twn parap�nw rujm¸n, wc

γls = −Kbg −K3bn
2 (2.46)

H analogÐa twn elastik¸n {(kal¸n}) na mh elastik¸n {(kak¸n}) sugkroÔsewn R =
γel/γls kajorÐzei touc periorismoÔc gia thn yÔxh mèsw ex�tmishc. Me �lla lìgia, h kÔria
apaÐthsh gia thn efarmog  thc exatmistik c yÔxhc eÐnai h di�rkeia zw c tou deÐgmatoc sthn
pagÐda na meg�lh se sqèsh me to qrìno thc epanajermopoÐhshc. Ektìc apì autì, èna
shmantikì krit rio gia thn epituq  ex�tmish eÐnai h diat rhsh   akìma kalÔtera h aÔxhsh
tou rujmoÔ twn elastik¸n sugkroÔsewn kaj¸c h diadikasÐa suneqÐzetai. An aut  eÐnai h
perÐptwsh, mporeÐ na pei kaneÐc ìti h ex�tmish gÐnetai sthn perioq  runaway. Me �lla lìgia,
gia runaway ex�tmish, h akìloujh sunj kh prèpei na ikanopoieÐtai:

dlnγel
dlnN

< 0 (2.47)

Qrhsimopoi¸ntac thn exÐswsh 2.45 h parap�nw sunj kh gr�fetai wc

dln(nT 1/2)

dlnN
< 0 (2.48)

Mia shmantik  par�metroc gia thn perigraf  thc ex�tmishc, dedomènou ìti pragmatopoieÐtai
se ekjetikoÔc qrìnouc, eÐnai

ξ =
dlnT

dlnN
(2.49)

Aut  h par�metroc ekfr�zei th meÐwsh thc jermokrasÐac an� �tomo ap¸leiac thc pagÐdac.
Prìkeitai gia èna genikì apotèlesma [72] ìti gia k�je poluwnumikì dunamikì, o eikonikìc
ìgkoc thc pagÐdac, ìpwc orÐzetai sthn 2.34, klimak¸netai wc Veff ∝ T δ, me δ mia tim 
pou exart�tai apì to dunamikì thc pagÐdac. Gia thn perÐptwsh enìc armonikoÔ dunamikoÔ,
δ = 3/2 kai, wc ek toÔtou,

Veff = CeffT
3/2 (Ceff : positive constant) (2.50)

Sundu�zontac tic exis¸seic 2.48 kai 2.50 kaneÐc pairnei

dln(nT 1/2)

dlnN
=
dln([N/Veff]T 1/2)

dlnN

=
dlnN

dlnN
− dlnT

dlnN
− dlnCeff

dlnN
< 0

(2.51)
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h opoÐa dÐnei tic timèc thc ξ gia runaway ex�tmish: ξ > 1. H fusik  ènnoia thc runaway
ex�tmishc eÐnai ìti h meÐwsh thc jermokrasÐac eÐnai taqÔterh me meÐwsh twn atomwn.

An h tim  thc paramètrou ξ paramènei stajer  kat� th di�rkeia thc ex�tmishc, tìte apì
ton orismì thc up�rqei mia ex�rthsh thc morf c

T ∝ N ξ (2.52)

metaxÔ tou arijmoÔ twn atìmwn kai thc jermokrasÐac kaj¸c h diadikasÐa suneqÐzetai. Au-
t  eÐnai h perÐptwsh pou diapist¸netai apì èna meg�lo arijmo twn om�dwn pou y�qnoun
gia sumpÔknwma kai ja apotelèsei meg�lh bo jeia gia thn perigraf  twn peiram�twn mac
[74][75][76][89].

2.3.2 Diadoqika b mata gia thn ulopoÐhsh thc ex�tmishc

Fìrtwsh thc pagidac - Mèjodoc antistoÐqishc

Met� thn MOT, to nèfoc metafèretai sthn IP pagÐda. H metafor� gÐnetai me thn ape-
nergopoÐhsh thc optik c mel�sac pou eÐqe prohgoumènwc yÔxei to nèfoc MOT kai me thn
xafnik  energopoÐhsh twn reum�twn se ìlec tic speÐrec thc pagÐdac. Aut  h diakop  lei-
tourgÐac twn lèizer kai h arq  leitourgiac tou magnhtikoÔ pedÐou prèpei na eÐnai taqeÐec se
sqèsh me tic suqnìthtec pagÐdeushc, prokeimènou na apofeuqjeÐ opoiad pote allag  sthn
pagideush tou nèfouc. H apotelesmatikìthta thc fìrtwshc tou MOT sthn pagÐda IP dia-
dramatÐzei krÐsimo rìlo sth diadikasÐa gia thn epÐteuxh tou sumpukn¸matoc, afoÔ prosfèrei
tic arqikèc sunj kec gia thn yÔxh mèsw ex�tmishc. O rujmìc elastik¸n sugkroÔsewn, o a-
rijmìc twn atìmwn pou arqik� briskotan sthn pagÐda kai h puknìthta tou q¸rou f�shc eÐnai
metaxÔ twn posot twn pou prèpei na megistopoihjoÔn gia mia epituq  diadikasÐa ex�tmishc.

'Olec autèc oi posìthtec megistopoioÔntai [77] ìtan to sÔnnefo diathreÐ to mègejoc kai
to sq ma tou kat� th di�rkeia thc metafor�c apì th MOT sthn magnhtik  pagÐda. Wc
apotèlesma aut c thc diat rhshc, h jermokrasÐa paramènei amet�blhth. Anaferìmaste se
aut n thn idanik  metafor� wc leitourgÐa antistoÐqishc mode-matching. Se k�je diafore-
tik  perÐptwsh, ìtan h metafor� den eÐnai katw apì autèc tic idanikèc sunj kec, to nèfoc
ja jermanjeÐ peraitèrw. Gia austhrìterh magnhtik  pagÐdeush thc idanik c, ta �toma a-
poktoÔn auxanìmenh dunamik  enèrgeia, pou odhgeÐ se èna pio jermì nèfoc. Gia mia pio
qalar  magnhtik  pagÐdeush, mh adiabatik  ektìnwsh tou nèfouc ja prokalèsei kai p�li
thn jèrmansh.

Sth MOT, to nèfoc mporeÐ ikanopoihtik� na perigrafeÐ wc èna sfairikì, gkaousianì
nèfoc mèsa se èna eikonikì armonikì dunamikì me suqnìthtec ωMOT proc ìlec tic kateu-
jÔnseic, pou dinontai apì 2.12. Wc ek toÔtou, gia na exasfalisteÐ ìti to nèfoc diathreÐ th
jermokrasÐa tou, to mègejoc kai to sq ma tou, to dunamikì pagÐdeushc thc IP pagÐdac ja
prèpei na eÐnai armonikì me suqnìthta Ðsh me ωMOT proc ìlec tic kateujÔnseic. H pr¸th
proôpìjesh ekplhr¸netai me th qr sh enìc uyhloÔ pedÐou pìlwshc B0. 'Opwc upost rixa-
me sto prohgoÔmeno kef�laio, h pagÐda eÐnai armonik  an kBT � µBB0. Qrhsimopoi¸ntac
to megalÔtero dunato B0 pou eÐnai dunato na epitÔqoume peiramatik�, mporeÐ kaneÐc na upo-
logÐsei th beltistopoihmènh klÐsh kai kampulìthta gia th leitourgÐa thc antistoÐqishc apì
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thn exiswsh 2.28 kai me gnwst  thn eikonik  suqnìthta thc MOT.

a =
m

µBgFmF
ω2
MOT β = ωMOT

√
mB0,max

µBgFmF
(2.53)

Gia ta peir�mat� mac, ωMOT ≈ 8Hz ki ètsi oi jewrhtikèc timèc thc klÐshc kai thc kampulì-
thtac gia th leitourgÐa antistoÐqishc eÐnai a ≈ 82G/cm kai β ≈ 40G/cm2 antÐstoiqa.

Wstìso, sthn pr�xh, up�rqei ènac meg�loc arijmìc periorism¸n gia th leitourgÐa an-
tistoÐqishc pou mac anagk�zoun na beltistopoi soume thn fìrtwsh thc pagÐdac mìno pei-
ramatik�. O pr¸toc aut¸n twn periorism¸n eÐnai h jèsh pagÐda. Oi dèsmec lèizer kai ta
magnhtik� phnÐa, apì ta opoÐa apoteleÐtai h MOT, èqoun dhmiourg sei èna nèfoc me èna
orismèno kèntro to opoÐo mporeÐ na metablhjeÐ apì to kleÐsimo twn lèizer kai thn allag 
twn magnhtik¸n pedÐwn. Tètoia met�bash sto kèntro tou nèfouc prokaleÐ talant¸seic sto
kentro m�zac tou oi opoÐec gia mia rhq  pagÐda odhgeÐ ta �toma èxw apì thn pagÐda. 'E-
nac �lloc shmantikìc periorismìc eÐnai to b�joc thc pagÐdac. Gia na diathr soume ìso to
dunatìn perissìtera �toma, h pagÐda prèpei na eÐnai ìso to dunatìn bajÔterh.

'Ena �llo shmantikì jèma kat� th di�rkeia thc fìrtwshc thc pagÐdac eÐnai h ap¸leia twn
atìmwn. O trìpoc pou h magnhtik  pagÐda leitourgeÐ prokaleÐ anapìfeukta ap¸leia enìc
meg�lou mèrouc twn atìmwn se sÔgkrish me ton antÐstoiqo arijmì sth MOT. To gegonìc
eÐnai arket� krÐsimo dedomènou ìti o skopìc thc pagÐdeushc eÐnai h yÔxh twn atìmwn me
ex�tmish, k�ti pou mei¸nei peraitèrw ton arijmì twn atìmwn. Pr¸ta apì ìla, met� thn
yÔxh me lèizer qrhsimopoi¸ntac th met�bash 5S1/2F = 2 → 5P3/2F = 3, ta �toma eÐnai
perÐpou exÐsou katanemhmèna se ìlec tic 5 mF -katast�seic sto F = 2 upèrlepto sÔnolo.
Wstìso, ta �toma pagideÔontai sth magnhtikh pagina mono an brÐskontai stic katast�seic
pou èna el�qisto magnhtikì pedÐo tic pagideÔei. Wc apotèlesma, ta 3/5 twn atìmwn exaitÐac
thc fÔshc thc magnhtik c pagÐdeushc q�nontai. Pèra apì autì, ta �toma sta mF = 1
kat�stash mporoÔn epÐshc na apomakrunjoÔn lìgw thc barÔthtac e�n h magnhtik  klÐsh
eÐnai arket� mikr  (α < 15G/cm). Tèloc, sthn idanik  perÐptwsh, oi ap¸leiec ofeÐlontai
mìno sthn katanom  twn mF katast�sewn, dhlad  mìno to 1/5 twn atìmwn paramènoun
pagideumena. O arijmìc autìc mei¸netai peraitèrw gia atel  antistoÐqish twn pagÐdwn.

SumpÐesh thc IP pagÐdac

Prokeimènou na epiteuqjeÐ to sumpÔknwma sto suntomìtero dunatì qrìno   me to mega-
lÔtero dunatì arijmì atìmwn, o rujmìc twn elastik¸n sugkroÔsewn gia thn epanajermo-
poÐhsh tou sust matoc prèpei na eÐnai ìso to dunatìn megalÔteroc. Kat� th di�rkeia thc
fìrtwshc thc magnhtik c pagÐda, to dunamikì eÐnai arket� adÔnamo, ¸ste na epiteuqjeÐ h
leitourgÐa antistoÐqishc kai h apofug  thc jèrmanshc kai twn apwlei¸n sthn pagÐda. Met�
th fìrtwsh, sumpièzoume thn pagÐda ìso to dunatìn perissìtero, me apotèlesma thn aÔxhsh
thc puknìthtac kai thc jermokrasÐac kai wc ek toÔtou tou rujmoÔ sugkroÔsewn

H dÔnamh thc pagÐdeushc aux�nei me thn aÔxhsh twn reum�twn pou rèoun mèsa apì ta
phnÐa sth mègisth tim  touc se eÔlogo qronikì di�sthma kai me logikì trìpo. To apotèlesma
aut c thc aÔxhshc eÐnai mia epakìloujh aÔxhsh sthn klÐsh kai thn kampulìthta thc pagÐdac,
kai sth sunèqeia, mia aÔxhsh stic suqnìthtec pagÐdeushc. Apì thn exÐswsh 2.28, mporeÐ
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kaneÐc na parathr sei ìti h meÐwsh sthn tim  tou B0 bohj� epÐshc sthn kalÔterh aktinik 
pagÐdeush.

Arketèc upojèseic prèpei na gÐnoun, prokeimènou na melethjeÐ h diadikasÐa sumpÐeshc
thc magnhtik c pagÐdac. Pr¸ton, upojètoume ìti to jermikì nèfoc apoteleÐtai apì idani-
k� klasik� monoatomik� swmatÐdia. 'Ena idanikì aèrio orÐzetai wc ekeÐno sto opoÐo ìlec
oi sugkroÔseic metaxÔ twn atìmwn eÐnai apolÔtwc elastikèc kai sto opoÐo den up�rqoun
diatomikèc elktikèc dun�meic. To idanikì aèrio upakoÔei sto nìmo twn idanik¸n aerÐwn, mia
aplopoihmènh katastatik  exÐswsh, h opoÐa ekfr�zetai wc

PV = NRT (2.54)

me P thn pÐesh tou aerÐou, V ton ìgko tou kai R mia stajer� Ðsh me 8.314JK−1mol−1.
EÐnai shmantikì na shmeiwjeÐ ìti gia èna idanikì aèrio, h eswterik  enèrgeia Uint exart�tai
mìno apì th jermokrasÐa [78] mèsa apì th sqèsh

dUint = CvdT (2.55)

me Cv thn eidik  jermoqwrhtikìthta tou aerÐou.
DeÔteron, upojètoume ìti h sumpÐesh eÐnai mia adiabatik  kai anastrèyimh diadikasÐa. H

adiabatikìthta mac eggu�tai ìti den up�rqei metafor� thc jermìthtac sto nèfoc kat� th
di�rkeia thc sumpÐeshc

δQ = 0 (2.56)

To krit rio gia th diat rhsh thc adiabatikìthtac eÐnai [79]

dω

dt
<< ω2 (2.57)

me ω = (ω2
rωz)

1/3 th mèsh suqnìthta thc pagÐdac.
Se autì to shmeÐo, ja prèpei na anafèroume mia periplok  thc IP pagÐdac pou sqetÐzetai

me thn parap�nw sunj kh: Kaj¸c to B0 mei¸netai toul�qiston kat� mÐa t�xh megèjouc,
h aktinik  suqnìthta gÐnetai megalÔterh apì thn axonik  me apotèlesma èna nèfoc sumpie-
smènou sq matoc (cigar-shaped). Autì èqei wc apotèlesma èna epiplèon krit rio gia thn
adiabatikìthta: o rujmìc thc sumpÐeshc prèpei na eÐnai mikrìc se sqèsh me to rujmì elasti-
k¸n sugkroÔsen, ¸ste na apofeuqjeÐ h anisotropÐa thc jermokrasÐac. Sta peir�mat� mac,
ta a kai β aux�nontai grammik� mèqri tic mègistec timèc touc, en¸ to B0 mei¸netai ekjetik�
me stajer� qrìnou perÐpou Ðsh me 3 deuterìlepta. H poreÐa aut  exasfalÐzei th diat rhsh
thc adiabatikìthtac. Apì thn �llh pleur�, h anastreyimìthta uponoeÐ ìti to nèfoc eÐnai
suneq¸c se isorropÐa kai to mìno èrgo pou emplèketai eÐnai autì exaitÐac thc sumpÐeshc

δW = −PdV (2.58)

K�je anastrèyimh kai adiabatik  diadikasÐa eÐnai isentropik  [78] dhlad  ∆S = 0, ìpou S
h entropÐa tou sust matoc.

Qrhsimopoi¸ntac ta parap�nw apotelèsmata pou perigr�foun mia anastrèyimh adiaba-
tik  diadikasÐa gia èna idanikì aèrio ston pr¸to nìmoc thc Jermodunamik c, o opoÐoc orÐzei
ìti Uint = δQ− δW , mporeÐ kaneÐc na gr�yei:

V CvdT = −RTdV ⇒ dT

T
= −(γ − 1)

dV

V
(2.59)
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ìpou γ = (R + Cv)/Cv. Gia idanik� monoatomik� aèria eÐnai γ = 5/3 stajer  kai, wc ek
toÔtou:

T = cV −2/3 (c : constant) (2.60)

H anwtèrw sqèsh ekfr�zei to gegonìc ìti h meÐwsh tou ìgkou twn pagideumènwn atìmwn
odhgeÐ se mÐa aÔxhsh thc jermokrasÐac.

Sthn enìthta 2.3.1 orÐsame ènan eikonikì ìgko gia to nèfoc sthn pagÐda IP, o opoÐoc
paÐzei to rìlo tou pragmatikoÔ ìgkou tou aerÐou. Me antikat�stash tou Veff apì thn 2.34
sthn parap�nw sqèsh, paÐrnoume:

T 3/2ZΛTT
3 = const. (2.61)

Me th seir� tou, an qrhsimopoi soume ton tÔpo thc sun�rthshc diamerismoÔ apì thn exÐswsh
2.33 gia thn pagÐda IP kai to jermikì m koc kÔmatoc ΛT =

√
2π~2/mkBT , mporoÔme na

gr�youme:

T 3/2(
√

2π~2/mkBT )36AIP(kBT )4

(
1 +

2µBB0

3kBT

)
= const. (2.62)

Afair¸ntac ìlec tic stajerèc pou eÐnai anex�rthtec apì tic paramètrouc pagÐdeushc, ft�nou-
me telik� sto shmantikì apotèlesma gia thn antistrept  adiabatik  sumpÐesh tou idanikoÔ
aerÐou: (

kBT

~ω

)3(
1 +

3kBT

2µBB0

)
= const. (2.63)

Sthn parap�nw sqèsh, o orismìc thc ω, pou ìpwc èqei  dh anaferjeÐ eÐnai ω = (ω2
rωz)

1/3,
proèrqetai apì to gegonìc ìti to mègejoc AIP pou eis�getai sth sqèsh exart�tai apì ta a
kai β wc AIP ∝ 1

a2
√
β
. H par�metroc ω sumpÐptei me to gewmetrikì mèso ìro twn suqnot twn

ìso to dunamikì paramènei armonikì. 'Otan eÐnai sthn grammik  perioq  den up�rqei k�poio
fusikì nìhma thc ω pèra apì th morf  thc ex�rthshc apì thn klÐsh kai thn kampulìthta.

'Ena �llo shmantikì apotèlesma thc adiabatik c sumpÐeshc eÐnai to gegonìc ìti ìso h
di�rkeia zw c thc pagÐdac eÐnai polÔ megalÔterh apì to qrìno sumpÐeshc, o arijmìc twn
atìmwn paramènoun stajer�, dedomènou ìti den up�rqoun anelastikèc sugkroÔseic.

Exanagkasmènh ex�tmish me qr sh radiosuqnot twnRF

Se mia sumpiesmènh magnhtik  pagÐda me uyhlì rujmo elastik¸n sugkroÔsewn, h ex�tmish
mporeÐ na pragmatopoihjeÐ me ènan apotelesmatikì trìpo ¸ste na pragmatopoihjeÐ to sum-
pÔknwma. Gia thn efarmog  thc ex�tmishc, qrhsimopoioÔme thn teqnik  thc exanagkasmènhc
ex�tmishc me prosj kh radiosuqnìthtac, h opoÐa, se antÐjesh me �llec sqetikèc mejìdouc,
epitrèpei thn ex�tmish se treic diast�seic. Sthn teqnik  aut , èna radio-suqnìthtac meta-
ballìmeno magnhtikì pedÐo efarmìzetai sto nèfoc thc pagÐdac, to opoÐo pedÐo suzeÔgnei tic
pagideÔsimec me mh pagideÔsimec katast�seic pou odhgoÔn sth metabol  tou spin sta �toma,
kai wc ek toÔtou èxw apì thn pagÐda. Se èna anomoiogenèc magnhtikì pedÐo ìpwc autì pou
èqoume qrhsimopoi sei gia thn pagÐdeush, h suqnìthta suntonismoÔ metaxÔ dÔo katast�-
sewn exart�tai apì th jèsh sthn pagÐda kai wc apotèlesma èna RF -pedÐo me mia orismènh
suqnìthta ωrf suntonÐzetai me thn met�bash mìno se sugkekrimènec jèseic. O suntonismìc
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sumbaÐnei gia ta �toma se mia perioq  thc pagÐdac ìpou to mègejoc tou pedÐou B plhroÐ th
sunj kh suntonismoÔ:

~ωrf = µBB (2.64)

Sthn parap�nw, µBB eÐnai o diaqwrismìc Zeeman metaxÔ twn sqetik¸n upèrleptwn epipè-
dwn.

Sunep¸c, xekin¸ntac me èna uyhl c suqnìthtac ωrf pedio kai mei¸nont�c thn kaj¸c o
qronoc pern�, �toma me meioÔmenh enèrgeia ja xefeÔgoun apì thn pagÐda, mei¸nontac th
jermokrasÐa tou nèfouc. Kat� thn stigm  ìtan h suqnìthta eÐnai ωrf, h enèrgeia apokop c
mporeÐ na grafteÐ wc

εt = µF~(ωrf − ωmin) (2.65)

ìpou ωmin = µBgFB0/~ eÐnai h suqnìthta suntonismoÔ twn epimèrouc epipèdwn sto k�tw mè-
roc thc pagÐdac. Kat� th sugkekrimènh qronik  stigm , �toma me enèrgeia ε > εt pijanìtata
ja èqoun  dh fÔgei apì thn pagÐda.

Gia th jewrhtik  perÐptwsh enìc aerÐou me �toma se dÔo epÐpeda, h pijanìthta gia èna
�tomo na all�xei kat�stash kaj¸c diasqÐzei thn perioq  suntonismoÔ mporeÐ na upologisteÐ
qrhsimopoi¸ntac thn jewrÐa Landau-Zener [80][81]. Me b�sh aut , to pedÐo pagÐdeushc
upotÐjetai ìti poikÐlei grammik� se sqèsh me thn klÐsh a sthn perioq  tou suntonismoÔ.
An ta �toma diasqÐzoun thn perioq  aut  me taqÔthta n, tìte h pijanìthta thc met�bashc
brÐsketai na eÐnai

p = 1− exp{−ζ} (2.66)

me ζ = πµBavB
2
⊥/~. Ed¸, B⊥ eÐnai to pl�toc tou pedÐou RF k�jeta proc to magnhtikì

pedÐo pìlwshc B0.
H meÐwsh thc suqnìthtac prèpei na eÐnai arg  se sqèsh me to qrìno epanajermopoÐhshc,

  alli¸c oi elastikèc sugkroÔseic den mporoÔn na apokatast soun th jermik  isorropÐa.
Apì thn �llh, ènac polÔ mikrìc rujmìc meÐwshc thc suqnìthtac kajÐstatai anapotelesma-
tikìc kai odhgeÐ se mia meg�lh ap¸leia atìmwn lìgw thc peperasmènhc di�rkeiac zw c thc
pagÐdac. Gia touc lìgouc autoÔc, mia beltistopoihmènh troqi� thc radiosuqnìthtac prèpei na
pragmatopoihjeÐ. Sta peir�mat� mac, to pedÐo radiosuqnot twn energopoieÐtai sta 50MHz
kai sth sunèqeia epib�lloume ex�tmish mei¸nontac to grammik� me to qrìno mèqri thn tim 
twn sqedìn 0.4MHz. EÐnai shmantikì na shmeiwjeÐ ìti h qamhlìterh tim  tou RF kajorÐzei
thn telik  jermokrasÐa tou upìloipou nèfouc. H di�rkeia aut c thc allag c brÐsketai na
eÐnai apotelesmatik  sthn perÐptwsh twn sqedìn 10 deuterolèptwn.

Peiramatik� dedomèna apì yÔxh mèsw ex�tmishc. Mia grammik  meÐwsh thc RF suqnì-
thtac pragmatopoieÐtai apì ta 50MHz mèqri ta 0.4MHz se 10 deuterìlepta. H klÐsh tou
diagr�mmatoc, pou antiproswpeÔei thn tim  thc paramètrou ξ paramènei stajer  kat� th
di�rkeia sqedìn ìlhc thc diadikasÐac. H tim  eÐnai xi ≈ 1.17. ApoklÐseic apì aut n th
stajer  tim  emfanÐzontai mìno sthn arq  thc diadikasÐac kai sto tèloc thc, ìpou epitug-
q�netai to sumpÔknwma. H mplè perioq  eÐnai o q¸roc f�shc tou sumpukn¸matoc, ìpwc
prokÔptei apì th sqèsh 1.18 gia thn perÐptwsh enìc armonikoÔ dunamikoÔ.

Sto sq ma 2.8 sqedi�zoume ton arijmì twn atìmwn se sqèsh me th jermokrasÐa kat�
th di�rkeia thc ìlhc diadikasÐac thc exatmistik c yÔxhc. H klÐsh thc kampÔlhc aut c
antiproswpeÔei thn par�metro ξ pou suzhtiètai sthn enìthta 2.3.1. GÐnetai safèc ìti h ξ
peiramatik� paramènei stajer  se mia tim  twn ξ ≈ 1.2 gia to megalÔtero qronikì di�sthma
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Sq ma 2.8: Peiramatik� dedomèna apì yÔxh mèsw ex�tmishc. Mia grammik  meÐwsh thc RF suqnìthtac
pragmatopoieÐtai apì ta 50MHz mèqri ta 0.4MHz se 10 deuterìlepta. H klÐsh tou diagr�mmatoc, pou
antiproswpeÔei thn tim  thc paramètrou ξ paramènei stajer  kat� th di�rkeia sqedìn ìlhc thc diadika-
sÐac. H tim  eÐnai xi ≈ 1.17. ApoklÐseic apì aut n th stajer  tim  emfanÐzontai mìno sthn arq  thc
diadikasÐac kai sto tèloc thc, ìpou epitugq�netai to sumpÔknwma. H mplè perioq  eÐnai o q¸roc f�shc
tou sumpukn¸matoc, ìpwc prokÔptei apì th sqèsh 1.18 gia thn perÐptwsh enìc armonikoÔ dunamikoÔ.

thc yÔxhc me ex�tmish. Parìmoia stajerìthta thc ξ faÐnetai na dièpei èna meg�lo posì
twn peiram�twn �llwn om�dwn[74][75][76][89]. Sthn perÐptws  mac, aut  h stajerìthta
parabi�zetai mìno sthn arq  thc ex�tmishc, ìpou faÐnetai na eÐnai ligìtero apotelesmatik ,
kai sto tèloc thc, akrib¸c kat� thn emf�nish tou sumpukn¸matoc.

H anarmonikìthta thc pagÐdac kat� th di�rkeia twn diadikasi¸n fìrtw-
shc, sumpÐeshc kai ex�tmishc.

AfoÔ perigr�yame thn ìlh diadikasÐa thc magnhtik c pagÐdeushc kai thc yÔxhc me ex�-
tmish, eÐnai shmantikì na diereunhjeÐ h sumperifor� thc pagÐdac IP kat� th di�rkeia thc
leitourgÐac antistoÐqishc, thc sumpÐeshc kai thc ex�tmishc. 'Opwc anafèrjhke sto kef�-
laio pou perigr�fei jewrhtik� thn pagÐda IP, eÐnai h sqetik  tim  tou el�qistou tou pedÐou
se sqèsh me thn kinhtik  enèrgeia twn atìmwn pou kajorÐzei e�n aut� antilamb�nontai mia
grammik  pagÐda sthn aktinik  kateÔjunsh   armonik  ình (blèpe thn eikìna 2.7 kai th sqè-
sh 2.26). Gia kBT << µBB0 to dunamikì eÐnai armonikì, en¸ gia kBT >> µBB0 gÐnetai
grammikì.

Sto sq ma ?? parousi�zoume ta peiramatik� mac dedomèna gia thn par�metro kBT/µBB0.
Sth leitourgÐa antistoÐqishc, h pagÐda sumperifèretai wc armonik  sÔmfwna me thn jewrh-
tik  prìbleyh ìti prokeimènou na epiteuqjeÐ h kalÔterh fìrtwsh thc pagÐdac apaiteÐtai mia
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Sq ma 2.9: (a) Gia kBT << µBB0 ta �toma sugkentr¸nontai sto k�tw mèroc thc IP-pagÐdac kai aisj�-
nontai èna armonikì dunamikì. (b) Gia kBT >> µBB0, ta �toma èqoun genik� metakinhjeÐ makri� apì to
kèntro thc pagÐdac kai apokajÐstatai h grammik  ex�rthsh thc pagÐdac.

armonik  pagÐda me tic suqnìthtec thc MOT. Met� th leitourgÐa antistoÐqhshc, h sumpÐesh
thc pagÐdac me thn ekjetik  meÐwsh tou B0 odhgeÐ se mia grammik  pagÐda, h opoÐa gÐnetai
ìlo kai "pio grammik ", kaj¸c h sumpÐesh suneqÐzetai, me thn uyhlìterh tim  tou kBT/µBB0

sto pl rwc sumpiesmèno nèfoc, opìte akrib¸c arqÐzei ki h ex�tmish. Apì thn �llh, kat� th
di�rkeia thc ex�tmishc, to el�qisto B0 diathreÐtai se mia stajer  tim , en¸ h jermokrasÐa
mei¸netai, me apotèlesma mia mikrìterh tim  thc paramètrou kBT/µBB0. To sumpÔknwma
emfanÐzetai p�nta se mÐa armonik  pagÐda.
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H
kBT/µBB0 kat� th di�rkeia thc leitourgÐac antistoÐqishc, thc sumpÐeshc kai thc

ex�tmishc mèqri na epiteuqjei to sumpÔknwma. H pagÐda paÐrnei thn pio grammik  morf 
thc ìtan telei¸nei h sumpÐesh kai xekin�ei h ex�tmish. Apì thn �llh pleur�, eÐnai armonik 

kat� thn ènarxh thc leitourgÐac antistoÐqishc kai sto tèloc thc ex�tmishc.
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Kef�laio 3

Qarakthrismìc tou nèfouc kai
twn teqnik¸n anÐqneus c tou

Sto prohgoÔmeno kef�laio perigr�fhke h diadikasÐa me thn opoÐa telik� par�goume to
sumpukn¸mata Bose-Einstein. Strèfoume t¸ra thn prosoq  mac proc thn an�lush aut¸n
twn sumpuknwm�twn. Aut  h diadikasÐa upologismoÔ mporeÐ na diairejeÐ se dÔo st�dia: sthn
apeikìnish tou nèfouc kai thn exagwg  twn apotelesm�twn mèsw enìc kat�llhlou fit sthn
apeikìnish.

Gia to pr¸to st�dio thc apeikìnishc, diaforetikèc teqnikèc èqoun protajeÐ, ìlec apì tic
opoÐec èqoun wc koinì thn efarmog  miac dèsmhc lèizer sto jermikì nèfoc   to sumpÔknwma
kai thn parat rhsh tou fwtìc met� thn allhlepÐdrash tou me ta �toma. H apeikìnish me
aporrìfhsh, h apeikìnish me fjorismì, h dark-ground apeikìnish kai h phase-contrast apei-
kìnish eÐnai oi pio koinèc teqnikèc. Se ìlec autèc tic teqnikèc, h �mesh exaqjeÐsa plhroforÐa
eÐnai h atomik  puknìthta tou nèfouc. Sta plaÐsia aut c thc jèshc, ja epikentrwjoÔme sthn
teqnik  apeikìnishc aporrìfhshc, dedomènou ìti aut  eÐnai pou qrhsimopoieÐtai sta peir�-
mata mac.

MazÐ me thn teqnik  pou èqei epilegeÐ gia thn apeikìnish, prèpei kaneÐc na epilèxei th
stigm  kat� thn opoÐa ja emfanisjeÐ aut  h eikìna. Up�rqoun dÔo diaforetikèc proseggÐ-
seic se autì to prìblhma pou èqoun qrhsimopoihjeÐ se ergast ria: h mejodoc to in-situ kai
h mèjodoc time-of-flight (ToF). Sthn pr¸th perÐptwsh, fwtografÐzoume thn katanom  thc
puknìthtac tou nèfouc sthn pagÐda, en¸ sthn teleutaÐa, afoÔ pr¸ta èqei afejeÐ na ekto-
nwjeÐ ston eleÔjero trìpo. H teqnik  thc apeikìnishc me aporrìfhsh gia to sumpÔkn¸ma
douleÔei swst� mìno met� th eleÔjerh epèktash tou nèfouc, kai, wc ek toÔtou, se autì to
kef�laio mac endiafèrei h mèjodoc ToF.

Treic basikoÐ lìgoi od ghsan sthn epilog  aut c thc prosèggishc kai thn epèktash tou
nèfouc prin l�bei q¸ra h apeikìnish. Kat' arq�c, to nèfoc kai to sumpÔknwma mporoÔn na
gÐnoun mikrìtera se ìgko apì to ìrio thc optik c an�lushc, k�ti pou kajist� eÔkolh thn
esfalmènh ermhneÐa twn apotelesm�twn. DeÔteron, h Ôparxh pukn¸n nef¸n mporeÐ na odh-
g sei sthn emf�nish {estiasmoÔ}, kat� ton opoÐo to pragmatikì mèroc tou deÐkth di�jlashc
gÐnetai tìso shmantikì ìso h aporrìfhsh. Aut  h epÐdrash estiasmoÔ mporeÐ na odhg sei
se susthmatik� sf�lmata kat� ton prosdiorismì tou arijmoÔ twn swmatidÐwn   to mègejoc
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tou nèfouc. TrÐton, dedomènou ìti h met�dosh tou fwtìc mei¸netai ekjetik� me thn atomik 
puknìthta, gia èna puknì nèfoc, ìpwc ekeÐno sthn pagÐda, h ski� (pou ekmetalleuìmaste
sthn teqnik  apeikìnishc me aporrìfhsh ìpwc ja doÔme sth sunèqeia), ja eÐnai entel¸c
maÔrh q�nontac ètsi tic di�forec posotikèc plhroforÐec. Qrhsimopoi¸ntac thn teqnik 
ToF, mporeÐ kaneÐc na prosdiorÐsei to sumpÔknwma apì thn anisotropik  tou epèktash kai,
wc ek toÔtou, h teqnik  aut  den apagoreÔei thn parat rhsh tou sumpukn¸matoc, ìpwc ja
suzht soume sthn epìmenh enìthta. Wstìso, h teqnik  aut  parousi�zei orismèna meione-
kt mata pou prèpei na èqoume kat� nou: opoiad pote kajustèrhsh sto kleÐsimo thc pagÐdac
prin apì thn ènarxh thc ektìnwshc mporeÐ na odhg sei se aprìbleptec sumperiforèc exai-
tÐac tou èrgou pou par�getai kat� thn epèktash tou aerÐou. H adunamÐa thc fwtogr�fishc
pollapl¸n eikìnwn tou Ðdiou nèfouc eÐnai èna �llo meionèkthma pou prosjètei anapìfeukta
qronokajustèrhsh sta peir�mat� mac.

Met� th l yh thc eikìnac kai thn apeikonish thc katanom c puknìthtac tou nèfouc,
prèpei kaneÐc na ex�gei axiìpista apotelèsmata gia tic endiaferìmenec posìthtec, ìpwc
to mègejoc, to sq ma, h jermokrasÐa tou nèfouc, o arijmìc twn atìmwn klp Aut� ta
apotelèsmata eÐnai epituq , mìno an k�poioc proseggÐsei to nèfoc me èna fit pou moi�zei me
thn pragmatik  morf  thc katanom c tou. Gia to lìgo autì, pr¸ta suzht�me, sthn epìmenh
enìthta, to sq ma tou nèfouc sta di�fora st�dia thc diadikasÐac mèqri na ft�sei sto BEC
kai thn katanom  puknìthtac tou sth jewrÐa kai sth sunèqeia perigr�foume tic teqnikèc
pou qrhsimopoioÔntai gia thn apeikìnish kai thn paragwg  twn apotelesm�twn.

3.1 Katanom  puknìthtac tou nèfouc kaj' ìlh th dia-
dikasÐa gia thn epÐteuxh tou sumpukn¸matoc

3.1.1 ProfÐl puknìthtac sth MOT

Sto tm ma 2.2.1 diakrÐname dÔo perioqèc leitourgÐac thc MOT me diaforetik  sumperifor�,
thn perioq  periorismènhc jermokrasÐac kai thn perioq  pollapl¸n sked�sewn. Oi dÔo autèc
perioqèc qarakthrÐzontai apì diaforetikh ex�rthsh thc puknìthtac apì ton arijmì atìmwn
kai th jermokrasÐa. Sto Ðdio tm ma, upologÐsame thn puknìthta sto kèntro thc pagÐdac
gia tic dÔo perioqèc, (ìpwc dÐnontai apì tic sqèseic 2.13 kai 2.16 antÐstoiqa). Se autì to
tm ma endiaferìmaste gia ton trìpo pou ta �toma katanemhmèna sto q¸ro. Gia to lìgo
autì, prokeimènou na diathrhjeÐ mia aplìthta qwrÐc na qajeÐ hepaf  me ta peiramatik�
apotelèsmata, k�noume thn aparaÐthth upìjesh: to pagideumèno nèfoc apoteleÐtai apì thn
klasik� �toma. Aut  eÐnai mia logik  upìjesh, dedomènou ìti h jermokrasÐa kaj �olh th
diadikasÐa thc MOT eÐnai uyhl  se sÔgkrish me ekeÐnh ìpou ta kbantik� fainìmena arqÐzoun
na anadÔontai.

Gia opoiod pote isìtropo nèfoc me tanust  t�sewn pou apoteleÐtai apokleistik� apì
kanonikèc t�seic P , apì thn efarmog  thc Kinhtik  jewrÐa, isqÔei h exÐswsh [82]

∇P (r) = Ftot(r)n(r) (3.1)

Ed¸, Ftot(r) eÐnai h sunolik  dÔnamh pou askeÐtai se èna �tomo tou nèfouc puknìthtac n
pou brÐsketai sth jèsh r (sto ex c, r eÐnai h jèsh se opoiad pote apì tic kÔriec kateujÔnseic
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{x, y, z, ρ}). Wc ek toÔtou, h parap�nw exÐswsh eÐnai ègkurh, epÐshc, sthn perÐptwsh tou
nèfouc sthn MOT. 'Enac eÔkoloc trìpoc gia na exhghjeÐ h egkurìthta thc parap�nw sqèshc
eÐnai h akìloujh: Mia diataragmènh katanom  tou nèfouc, qwrÐc na èqei epiteuqjeÐ isorropÐa,
perigr�fetai apì qrìno-exart¸menec posìthtec, ìpwc h jermokrasÐa T (t) = T0 + δT (t), h
puknìthta n(t) = n0 + δn(t) kai h taqÔthta twn atìmwn v(t) = v0 + δv(t) (me v0 = 0).
Qrhsimopoi¸ntac ta apotelèsmata tou [83], mporeÐ kaneÐc na brei gia tic diakum�nseic thc
taqÔthtac:

mn0
∂δv(t)

∂t
= −[∇P (r)− Ftot(r)n(r)] (3.2)

Sthn isorropÐa, h dexi� pleur� thc exÐswshc 3.2 prèpei na eÐnai mhdèn, kai wc ek toÔtou,
fr�noume sthn exÐswsh 3.1.

H exÐswsh aut  mporeÐ na axiopoihjeÐ gia na brejeÐ h qwrik  katanom  tou nèfouc. Gia
thn perioq  thc periorismènhc jermokrasÐac, ta �toma eÐnai ousiastik� mh-allhlepidr¸nta,
h mình dÔnamh pou energeÐ se aut� eÐnai h FMOT, ìpwc brèjhke sthn 2.11, kai h upìjesh
enìc idanikoÔ aerÐou (blèpe thn exiswsh 2.54) dÐnei:

∇P (r) = kB[T (r)∇n(r) + n(r)∇T (r)] = n(r)FMOT(r) (3.3)

E�n h jermokrasÐa eÐnai stajer  sto q¸ro, T (r) = T , mporeÐ kaneÐc na gr�yei telik�

kBT∇n(r) = −κn(r)r (3.4)

LÔnontac thn parap�nw pr¸thc t�xhc diaforik  exÐswsh, pairnoume

ntl(r) = n0e
−κr2/2kBT (3.5)

me n0 dosmeno apì thn exÐswsh 2.13. Aut  eÐnai mia sfairik  Gkaousian  katanom  me
pl�toc ∆r =

√
2kBT/κ.

Mèqri t¸ra, upojètame ìti h stajer� tou elathrÐou, κ, eÐnai h Ðdia proc ìlec tic ka-
teujÔnseic. H upìjesh aut  mac dÐnei èna sfairikì nèfoc. Sta peir�mat� mac, h klÐsh tou
pedÐou eÐnai dÔo forèc megalÔterh kat� m koc tou �xona y (o opoÐoc eÐnai k�jetoc proc
ta meg�la Ioffe phnÐa pou qrhsimopoioÔntai gia thn MOT) se sÔgkrish me thn klÐsh stic
�llec kateujÔnseic. Wc ek toÔtou, h sfairik  summetrÐa tou nèfouc plèon den einai al -
jeia. H Elleiyoeid c eÐnai mia kalÔterh prosèggish gia to sq ma tou nèfouc me apoklÐseic
∆x = ∆z 6= ∆y. Par �ola aut�, h diafor� metaxÔ aut¸n twn megej¸n den eÐnai tìso
shmantik  kai mporeÐ kaneÐc na upojèsei èna sfairikì nèfoc.

Apì thn �llh, sthn perioq  pollapl¸n sked�sewn, oi prìsjetec dun�meic pou anadÔontai
FR kai FA, ìpwc dÐnontai apì tic exis¸seic 2.14 kai 2.15 antÐstoiqa, k�noun thn kat�stash
pio perÐplokh. Se aut n thn perioq , to jermikì nèfoc den mporeÐ plèon na jewrhjeÐ ìti
eÐnai idanikì kai, wc ek toÔtou, mia exÐswsh parìmoia me thn 3.3 paÔei na isqÔei. Wstìso,
mporoÔme na upojèsoume ìti h Gkaousian  prosèggish gia thn katanom  thc puknìthtac
exakoloujeÐ na eÐnai ègkurh. H prosèggish aut  ofeÐletai kat� kÔrio lìgo sta peiramatik�
mac dedomèna, sta opoÐa mia Gkaousian  katanom  faÐnetai idiaÐtera epituq c sthn perigraf 
thc pragmatik c katanom c tou nèfouc (Blèpe sq ma 3.3).

nms(r) = n0exp{−
κr2

2kBT
} (3.6)
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Sq ma 3.1: (a) To sfairikì sq ma thc 1010

atìmwn MOT ìpwc lamb�netai me th qr -
sh thc teqnik c apeikìnishc me aporrìfh-
sh kai th mèjodo time-of-flight pou peri-
gr�fontai sthn epìmenh enìthta. Ed¸ a-
peikonÐzetai to epÐpedo x − y. (b) (g) H
Gkaousian  prosèggish thc katanom c pu-
knìthtac stic x kai y dieujÔnseic eÐnai m�l-
lon epituq c gia thn perigraf  thc prag-
matik c katanom c. Ta shmeÐa me paÔla
antiproswpeÔoun ta peiramatik� metrhjèn-
ta, en¸ h suneq c gramm  antistoiqeÐ sthn
Gkaousian  prosèggish. Ta pl�th aut¸n
twn epektetamènwn Gkaousian¸n eÐnai sqe-
dìn 16mm. tToF = 12.5ms

ìpou n0 eÐnai h megisth puknìthta ìpwc sthn exiswsh kai κ mia fitting par�metroc.
Sth sumpiesmènh MOT, sÔmfwna me th jewrÐa, aux�noume thn klÐsh tou magnhtikoÔ

pedÐou kai ton aposuntonismì twn lèizer se sqèsh me thn suqnìthta suntonismoÔ. Upì
thn proôpìjesh ìti o aposuntonismìc gÐnetai arket� meg�loc kai, tautìqrona, h klÐsh
aux�nei se mia epark¸c uyhl  tim , to sumpiesmèno nèfoc diathreÐ thn Gkaousian  katanom 
gia thn taqÔtht� tou, ìpwc mporoÔme na diapist¸soume apì ta apotelèsmata sto [84].
H aÔxhsh thc klÐshc odhgeÐ se antÐstoiqh aÔxhsh thc stajer�c elathrÐou thc MOT kai
thn eikonik  suqnìthta tou, h opoÐa, me th seir� thc, èqei wc apotèlesma th meÐwsh tou
pl�touc tou GkaousianoÔ nèfouc. Dedomènou ìti o arijmìc twn atìmwn paramènei sqedìn
stajerìc, h Gkaousian  pou qarakthrÐzei thn katanom  puknìthtac gÐnetai pio apìtomh me
megalÔterh mègisth tim , prokeimènou na diathrhjeÐ stajerì to embadìn pou dÐnei ton arijmì
twn atìmwn sto gr�fhma thc katanom c puknìthtac wc proc th jèsh twn atìmwn. Aut  h
diat rhsh tou sq matoc thc katanom c den eÐnai autonìhth. 'Opwc exhgeÐtai, p�li, sto [84],
gia mikroÔc aposuntonismoÔc   gia mikr  aÔxhsh sthn klÐsh, mporoÔme na parathr soume mh-
kanonikìthtec sthn katanom , h opoÐa paÔei na eÐnai Gkaousian , en¸ o arijmìc twn atìmwn
eÐnai shmantik� meiwmènoc. Apì thn �llh, gia uyhlìterec klÐseic, èna di�quto nèfoc atìmwn
faÐnetai ìti perib�llei ta sten� Gkaousian� katanemhmèna �toma. Wstìso, sthn pr�xh,
mei¸noume thn klÐsh tou magnhtikoÔ pedÐou. K�ti tètoio eÐnai mia peiramatik  apìfash pou
odhgeÐ se èna kalÔtera sumpiesmèno nèfoc. Sta peir�mat� mac, h Gkaousian  katanom  thc
sumpiesmènhc MOT faÐnetai na diathreÐtai.

3.1.2 ProfÐl puknìthtac sthn IP magnhtik  pagÐda

Sthn enìthta aut , ja diereunhjeÐ h katanom  thc puknìthtac tou jermikoÔ nèfouc kaj¸c
eÐnai periorismèno sthn IP magnhtik  pagÐda (kat� th di�rkeia thc fìrtwshc thc pagÐdac,
thc adiabatik c sumpÐeshc tou nèfouc kai thc ex�tmishc).

DiadikasÐa AntistoÐqishc. Kat� th di�rkeia thc fìrtwshc thc magnhtik c pagÐdac,
to jermikì nèfoc qarakthrÐzetai apì mia sqetik� uyhl  jermokrasÐa, ètsi ¸ste ta kbantik�
fainìmena na mporoÔn na agnohjoÔn. Me �lla lìgia, mporoÔme na upojèsoume èna klasikì
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pagideumèno nèfoc. Sto plaÐsio autì kai me thn prìsjeth proôpìjesh ìti to nèfoc eÐnai
idanikì, h katanom  thc enèrgeiac f(ε) tou aerÐou perigr�fetai apì thn katanom  Boltzmann

f(ε) = n0Λ3
Te
−ε/kBT (3.7)

kai h katanom  tou q¸rou twn f�sewc eÐnai

f(r, p) =

∫
dεf(ε)δ[U(r) + p2/2m− ε] (3.8)

Me antikat�stash thc exÐswshc 3.7 sthn exÐswsh 3.8 paÐrnoume

f(r, p) = n0Λ3
Te
−(U(r)+p2/2m)/kBT (3.9)

kai oloklhr¸nontac p�nw ston q¸ro thc orm c paÐrnoume thn katanom  puknìthtac

n(r) = n0e
−U(r)/kBT (3.10)

Apì thn exÐswsh 3.14 mporoÔme na sumper�noume ìti to qwrikì profÐl tou nèfouc e-
xart�tai apì th morf  tou dunamikoÔ pagÐdeushc. Wc ek toÔtou, h leitourgÐa antistoÐqishc
eÐnai dunatì na epiteuqjeÐ me th swst  epilog  tou dunamikoÔ U(r). Prokeimènou na epi-
teuqjeÐ h antistoÐqish, to nèfoc pou èqei topojethjeÐ sthn pagÐda ja prèpei na diathr sei
thn gkaousian  katanom  pou eÐqe sthn MOT (tìso sthn orm  ìso kai th jèsh). 'Ena

armonikì dunamikì U(r) = 1
2mω

2r2 prosfèrei aut  thn katanom , me pl�toc ∆r =
√

2kB
mω2 .

Autìc eÐnai ènac epiplèon lìgoc pou h pagÐda prèpei na eÐnai armonik  kat� thn fìrtwsh
tou aerÐou. An parathr soume thn eikìna ??, mporoÔme na uposthrÐxoume ìti, pr�gmati,
kat� th di�rkeia thc leitourgÐac antistoÐqishc, to dunamikì thc pagÐdac eÐnai armonikì. Wc
ek toÔtou, h katanom  puknìthtac tou nèfouc proseggÐzetai epituq¸c apì mia gkaousian 
sun�rthsh.

Adiabatikh sumpÐesh. 'Opwc kai sthn sumpÐesh thc MOT, sumpièzontac adiabatik� h
pagÐda diathreÐ to gkaousianì profil thc katanom c puknìthtac. Ta peiramatik� apotelè-
smata mporoÔn na fanoÔn sto sq ma 3.2. Wstìso, to sqedìn sfairikì sq ma pou odhgeÐ se
mia isotropik  katanom  se ìlec tic kateujÔnseic all�zei se èna sumpiesmeno proc th mÐa
kateÔjunsh sq ma. Autì ofeÐletai sto gegonìc ìti kat� th di�rkeia thc adiabatik c sumpÐ-
eshc, h aktinik  suqnìthta (ìpwc sthn exiswsh 2.28) gÐnetai mia t�xh megèjouc megalÔterh
apì th suqnìthta kat� thn axonik  kateÔjunsh, dÐnontac mia isqurìterh pagÐdeush se au-
thn thn kateÔjunsh. Wc apotèlesma, gkaousianèc katanomèc diaforetikoÔ pl�touc prèpei
na uiojethjoÔn gia thn axonik  kai thn aktinik  dieÔjunsh, ¸ste na tairi�zei h katanom 
tou nèfouc me swstì trìpo.

Ex�tmish. Sthn prohgoÔmenh suz thsh gia thn katanom  puknìthtac sthn MOT, kat�
th di�rkeia thc fìrtwshc thc pagÐdac IP kai kat� th di�rkeia thc adiabatik c sumpÐeshc,
qrhsimopoi same mia klasik  prosèggish gia thn pagideumèno aèrio, h opoÐa eÐnai ègkurh,
dedomènou ìti h jermokrasÐa paramènei se polÔ uyhlìterec timèc apì thn krÐsimh. Se
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antÐjesh, kat� th di�rkeia thc exatmistik c yÔxhc, to nèfoc arqÐzei me sqetik� uyhlèc
jermokrasÐec pou l gei se mia perioq  ìpou ta kbantik� fainìmena kuriarqoÔn. Wc ek
toÔtou, prèpei na qeiristoÔme to aèrio sthn pagÐda me diaforetikì trìpo, prokeimènou na
upologÐsoume thn katanom  thc puknìtht�c tou.

Apì kbantomhqanik c skopi�c, h puknìthta twn mh-allhlepidr¸ntwn mpozonÐwn eÐnai

n(r) =
∑
i

fi|φi(r)|2 (3.11)

ìpou fi eÐnai o arijmìc kat�lhyhc thc kat�stashc i thc opoÐac h kumatosun�rthsh sumbo-
lÐzetai me φi. Par�ola aut�, ja egkataleÐyoume aut n thn akrib  sqèsh gia thn puknìthta
kai ja uiojet soume mia hmi-klasik  prosèggish, h opoÐa isqÔei gia to jermikì nèfoc sthn
pagÐda pou apoteleÐtai apì �toma stic diegermènec katast�seic, dedomènou ìti ta m kh kÔma-
toc touc eÐnai mikr� se sÔgkrish me thn klÐmaka m kouc epÐ thc opoÐac to dunamikì diafèrei
shmantik�. Sto plaÐsio aut c thc prosèggishc, eÐmaste se jèsh na qrhsimopoi soume mia
hmi-klasik  sun�rthsh katanom c f(r, p), h opoÐa gia to aèrio Bose lamb�nei th morf 

f(r, p) =
1

e(εp−µ)/kBT − 1
(3.12)

me tic enèrgeièc εp = p2/2m + U(r) (U(r) to dunamikì pagÐdeushc). Aut  h sun�rthsh
katanom c orÐzetai kat� tètoio trìpo, ¸ste sto q¸ro f�shc h f(r, p)dpdr/(2π~)3 na eÐnai
o mèsoc arijmìc twn atìmwn se èna ìgko dpdr me to kèntro (p, r).

Sthn prosèggish aut , h puknìthta tou nèfouc mporeÐ na grafteÐ wc

n(r) =

∫ ∞
0

dp

(2π~)3
f(r, p) =

∫ ∞
0

dp

(2π~)3

1

e(εp−µ)/kBT − 1
(3.13)

Me thn eisagwg  twn metablht¸n x = p2/2mkBT kai z = exp[(µ − U(r))/kBT ] brÐskei
kaneÐc [26]

nmagn(r) =
2√
πΛ3

T

∫ ∞
0

dxx1/2

z−1ex − 1
=

1

Λ3
T

g3/2(z) (3.14)

me g3/2 =
∑∞

n=0
zn

n3/2 th sun�rthsh Bose. H sun�rthsh aut  eis�gei tic sunèpeiec thc kbanti-
k c statistik c sthn katanom  thc puknìthtac. ParakaleÐste na shmei¸sete ìti h exÐswsh
3.14 den lamb�nei upìyh thn jemeli¸dh kat�stash tou sust matoc. Aut  h prosèggish
eÐnai apìluta dikaiologhmènh mìno se uyhlìterec jermokrasÐec ìpou ta �toma brÐskontai
se poll� epÐpeda enèrgeiac. Apì thn �llh pleur�, sthn perÐptwsh thc jemeli¸douc ka-
t�stashc, oi qwrikèc diakum�nseic eÐnai sugkrÐsimec me ekeÐnec tou dunamikoÔ thc pagÐdac,
kajist¸ntac aut n thn hmi-klasik  prosèggish �kurh. Wstìso, den prèpei na anhsuqoÔme
gia ton diaqwrismì autì, afoÔ mac endiafèrei mìno h katanom  thc puknìthtac tou jermikoÔ
nèfouc sthn pagÐda ki ìqi to sumpÔknwma sthn jemeli¸dh kat�stash.

Mèqri ta teleutaÐa st�dia thc exatmistik c yÔxhc, to qhmikì dunamikì eÐnai meg�lo
kai arnhtikì (  h jermokrasÐa sqetik¸c uyhl ), ki ètsi mporeÐ kaneÐc na proseggÐsei thn
puknìthta apì thn pr¸thc t�xhc prosèggish thc sun�rthshc Bose

nmagn(r) =
1

Λ3
T

z =
1

Λ3
T

e(µ−U(r))/kBT (3.15)
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Aut  h prosèggish mac odhgeÐ nauposthrÐxoume ìti èna gkaousianì profÐl gia thn katanom 
thc puknìthtac exakoloujeÐ na isqÔei. Sto sq ma 3.2 parak�tw, mporeÐ kaneÐc na dei ìti
aut  eÐnai h perÐptwsh sta peir�mata mac.

Sq ma 3.2: (a) To elleiptikì sq ma enìc jermikoÔ
nèfouc sta pr¸ta st�dia thc ex�tmishc sto x−y e-
pÐpedo, ìpwc lamb�netai me th qr sh thc teqnik c
thc apeikìnishc me aporrìfhsh kai thc teqnik c
time-of-flight. Sthn pragmatikìthta, to nèfoc pou
apeikonÐzetai èqei èna sq ma thganÐtac stic treic
diast�seic, ìpwc ja suzhthjeÐ sto epìmeno tm ma.
(b)-(g) H gkaousian  prosèggish thc katanom c
puknìthtac stic x kai y dieujÔnseic eÐnai m�llon
epituq c gia thn perigraf  thc pragmatik c ka-
tanom c. a shmeÐa me paÔla antiproswpeÔoun ta
peiramatik� metrhjènta, en¸ h suneq c gramm  an-
tistoiqeÐ sthn Gkaousian  prosèggish. Ta pl�th
aut¸n twn epektetamènwn Gkaousian¸n eÐnai sqe-
dìn 6.5mm kai 7.5mm antistoiqa. tToF = 12.5ms

3.1.3 ProfÐl puknìthtac sto sumpÔknwma

Upojètoume gia aplìthta ìti se mhdenik  jermokrasÐa ìla ta �toma tou nèfouc an koun
sto sumpÔknwma. Dedomènou ìti o arijmìc twn atìmwn sta peir�mata mac eÐnai meg�loc (thc
t�xewc twn 106), eÐnai ègkuro na upojèsoume ìti to sumpÔknwma eÐnai sto ìrio Thomas-
Fermi. 'Opwc anafèrjhke sto kef�laio 1.1.3, se authn thn perioq  mporeÐ k�poioc na
agno sei ton kinhtikì ìro sthn exÐswsh 1.24 kai na odhghjeÐ sthn 1.25 gia thn puknìthta
tou sumpukn¸matoc, thn opoÐa epanalamb�noume ed¸ gia lìgouc eukolÐac

ncond(r) =
1

g
[µ− U(r)] (3.16)

SÔmfwna me to analutikì apotèlesma pou perigr�fetai sthn exiswsh 2.27 to opoÐo peira-
matik� epalhjeÔetai sto sq ma ??, ìtan sumbaÐnei to sumpÔknwma, to dunamikì eÐnai polÔ
armonikì, to opoÐa dÐnetai apì

U(ρ, z) = µBB0 + µB
a2

2B0
ρ2 +

1

2
µBβz

2 (3.17)

Antikajist¸ntac to U sth sqèsh 3.16, brÐskei kaneÐc

ncond(ρ, z) =
1

g
(µ− µBB0)− µB

g

(
a2

2B0
ρ2 +

1

2
βz2

)
(3.18)

O parap�nw tÔpoc antiproswpeÔei mia anestrammènh parabolik  katanom  puknìthtac tou
nèfouc tìso sthn axonik  ìso kai sthn aktinik  kateÔjunsh. Kai stic dÔo peript¸seic, to
apìtomo mègisto touc èqei thn tim  (µ−µBB0)/g. To qhmikì dunamikì mporeÐ na ekfrasteÐ
mèsa apì thn sunj kh kanonikopoÐhshc gia ton arijmì twn atìmwn apì thn exÐswsh 1.9
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wc µ = ~ωm
2

(
15Na
am

)2/5
me ωm ton gewmetrikì mèso ìro twn suqnot twn pagÐdeushc kai

am = [~/mωm]1/2 to qarakthristikì m koc tou armonikoÔ periorismoÔ. To pl�toc1 twn

parabol¸n eÐnai Wρ = 4µB
g

a2

B0
kai Wz = 2µB

g β.
Apì thn �llh, kont� sthn krÐsimh jermokrasÐa kai k�tw apì aut , ta sumpuknwmèna

�toma sunup�rqoun me to jermikì nèfoc. An kai den up�rqei k�poia jewrhtik  ermhneÐa,
eÐnai eÔlogo na isquristoÔme ìti h puknìthta thc sunÔparxhc mporei na perigrafeÐ apì mia
ditropik  (bimodal) sun�rthsh. 'Amesh einai h epilog  miac gkaousian c katanom c gia to
jermikì nèfoc kai enìc parabolikoÔ profÐl puknìthtac gia to sumpÔknwma

ntot(r) = nthe
− 1

2
mω2r2 + nc(1−

4Wr

nc
r2) (3.19)

tìso gia thn axonik  ìso kai gia thn aktinik  katanom . Ed¸, nth kai nc eÐnai oi korufèc
aut¸n twn dÔo katanom¸n. Sthn perÐptwsh pou o arijmìc twn atìmwn sto sumpÔknwma eÐnai
sugkrÐsimoc me ta jermik� �toma, dedomènou ìti h parabolik  katanom  eÐnai megalÔterh apì
thn gkaousian , tìte nc � nth.

Sq ma 3.3: (a) To BEC sto x − y
epÐpedo. (b)-(g) H dÐtroph prosèg-
ghsh gia ta peiramatik� dedomèna.
Mia gkaousian  sun�rthsh qrhsi-
mopoieÐtai gia to jermikì nèfoc kai
mia parabol  gia to sumpÔknwma. H
koruf  thc parabol c eÐnai megalÔ-
terh apì thc gkaousian c, h opoÐa
emfanÐzetai wc mia our� sthn kata-
nom . tToF = 12.5ms.

3.2 Teqnikèc gia thn katagraf  kai tic metr seic

3.2.1 Teqnik  Time of Flight (ToF)

Sthn enìthta aut , perigr�foume ton trìpo me ton opoÐon to nèfoc kai to sumpÔknwma
ekton¸nontai prokeimènou na apeikonÐsoume thn katanom  puknìthtac touc qrhsimopoi¸ntac
thn teqnik  time-of-flight. To jermikì nèfoc kai to sumpÔknwma sumperifèrontai me ènan
entel¸c diaforetikì trìpo ìtan af nontai eleÔjera. Sth sunèqeia, perigr�foume autèc tic
sumperiforèc.

1To pl�toc thc sun�rthshc y = ax2 + bx + c orÐzetai wc W = 4|a| kai ekfr�zei èna mètro tou pìso
plati� aut  h parabol  eÐnai
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Ektìnwsh tou jermikoÔ nèfouc

'Ena jermikì nèfoc ìtan to af noume eleujero na ektonwjeÐ met� thn pagÐdeus  tou
sthn pagÐda mporeÐ na emfanÐsei dÔo diaforetikèc sumperiforèc an�loga me thn puknìtht�
tou. Se qamhlèc puknìthtec, ìpou h mèsh eleÔjerh diadrom  enìc atìmou prin sugkrousteÐ
me èna �llo gÐnetai meg�lh se sÔgkrish me to mègejoc tou nèfouc kai, wc ek toÔtou, oi
sugkroÔseic eÐnai sp�niec, to nèfoc diastèlletai eleÔjera. Aut  h sumperifor� eÐnai gnwst 
wc   EleÔjerh Ektìnwsh. Apì thn �llh, se uyhlèc puknìthtec me mÐa mèsh eleÔjerh
diadrom  twn atìmwn mikrìterh apì to mègejoc tou nèfouc, oi sugkroÔseic diadramatÐzoun
shmantikì rìlo. H sumperifor� se aut n thn perioq  onom�zetai Udrodunamik  Ektìnwsh.
Sthn teleutaÐa perÐptwsh, h diadikasÐa mporeÐ na jewrhjeÐ wc isentropik . Akolouj¸ntac
ta epiqeir mata gia thn isentropik  sumpÐesh sthn enìthta 2.3.2, perimènei kaneÐc ìti up�rqei
mia meÐwsh thc jermokrasÐac kaj¸c to nèfoc diastèlletai pou sqetÐzetai me thn puknìtht�
tou wc T ∝ n2/3. Perissìterec leptomèreiec sqetik� me aut n th sumperifor� mporeÐte na
breÐte sto [85].

Sto upìloipo aut c thc enìthtac ja epikentr¸soume thn prosoq  mac sth diadikasÐa
thc eleÔjerhc diastol c   me �lla lìgia thn ektìnwsh enìc idanikoÔ aerÐou. Dedomènou
ìti to aèrio diastèlletai eleÔjera, den askeitai p�nw tou èrgo, dhlad  δW = 0. Epiplèon,
h ektìnwsh gÐnetai gr gora kai sunep¸c den up�rqei metafor� jermìthtac proc   apì to
nèfoc, δQ = 0. Apì ton pr¸to nìmo thc Jermodunamik c, h eswterik  enèrgeia dUint eÐnai
mhdenik  kai apì thn exiswsh 2.55 prokÔptei dT = 0. Wc ek toÔtou, h jermokrasÐa tou
nèfouc kat� thn di�rkeia thc elèujerhc ektìnwshc paramènei amet�blhth. To parap�nw
eÐnai èna shmantikì apotèlesma, dedomènou ìti h jermokrasÐa pou metr�tai einai h Ðdia me
aut  sto pagideumèno nèfoc pou mac endiafèrei.

Ja ex�goume t¸ra thn katanom  puknìthtac tou ektonwmènou nèfouc met� qronikì di�-
sthma tToF ektìnwshc, ìtan h arqik  katanom  puknìthtac tou pagideumènou aerÐou kai h
arqik  katanom  thc taqÔthtac tou eÐnai gnwst�. Ac upojèsoume ìti èna �tomo apì to
nèfoc brÐsketai sth jèsh ri akrib¸c thn stigm  t0 kai ìti to sÔnnefo af netai na epektajeÐ
me taqÔthta v. H taqÔthta tou atìmou ja parameÐnei stajer , dedomènou ìti den aisj�netai
kamÐa dÔnamh, en¸ kai h jermokrasÐa tou aerÐou den all�zei. 'Etsi, sÔmfwna me thn klasik 
mhqanik , met� apì tToF h telik  jèsh tou rf ja eÐnai

rf = ri + vtToF (3.20)

Up�rqoun di�foroi sunduasmoÐ twn arqik¸n jèsewn kai twn taqut twn pou odhgoÔn se
mÐa sugkekrimènh telik  jèsh, rf , gia èna �tomo met� apì di�sthma tToF. H pijanìthta
eÔreshc tou atìmou sth jèsh aut  eÐnai Ðsh me to �jroisma twn pijanot twn ìlwn aut¸n
twn sunduasm¸n, h kajemÐa apì tic opoÐec eÐnai to ginìmeno thc pijanìthtac gia to �tomo
na eÐnai sth jèsh ri thn t0 kai thn pijanìthta na èqei taqÔthta v

Pf (rf , tToF) =

∫ ∞
−∞

Pi(ri)fv(v)dri (3.21)

ìpou Pi(ri) eÐnai h katanom  puknìthtac tou pagideumènou nèfouc thn t0 kai fv h katanom 
thc taqÔthtac tou pou paramènei amet�blhth kat� th di�rkeia thc diastol c.
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'Etsi, prokeimènou na brejeÐ h telik  katanom  Pf , ofeiloume na gnwrÐzoume tic Pi kai
fv. Gia thn arqik  katanom  puknìthtac, upojèsame logik� sthn prohgoÔmenh enìthta 3.1
mia Gkaousian  katanom , tìso gia to nèfoc MOT ìso kai gia ekeÐno ath magnhtik  pagÐda.
Se pio afairetik  morf , mporoÔme na gr�youme

Pi(ri) =
1√
π∆ri

e−r
2
i /∆r

2
i (3.22)

me ∆ri to pl�toc thc katanom c. Oi taqÔthtec twn atìmwn, sthn perÐptwsh pou to fusikì
aèrio eÐnai idanikì, epÐshc upakoÔoun se mia Gkaousian  katanom , thn gnwst  katanom 
Maxwell-Boltzmann [11]:

fv(v) =

√(
m

2πkBT

)3

2pv2e−mu
2/2kBT (3.23)

h opoÐa isqÔei tìso gia to metro thc taqÔthtac ìso kai gia opoiod pote apì ta sustatik�
thc. H anwtèrw sqèsh eÐnai to apotèlesma tou H-jewr matoc, basikoÔ jewr matoc thc
statistik c mhqanik c. To pl�toc thc katanom c thc taqÔthtac eÐnai ∆v =

√
2kBT/m.

Gia na exaqjeÐ h katanom  tou ektonwmènou nèfouc, mporeÐ kaneÐc na sundu�sei tic
exis¸seic 3.20 kai 3.21 gia na gr�yei

Pf (rf , tToF) =

∫ ∞
−∞

Pi(ri)fv

(
rf − ri
tToF

)
dri (3.24)

H teleutaÐa sqèsh mporeÐ na jewrhjeÐ wc h sunèlixh thc Pi(ri) me thn sun�rthsh fv(ri/tToF.
EÐnai gnwstì, qrhsimopoi¸ntac opoiod pote biblÐo thc Statistik c, ìti h sunèlixh dÔo gka-
ousian¸n sunart sewn eÐnai mia gkaousian  sun�rthsh, me pl�toc Ðso me thn tetragwnik 
rÐza tou ajroÐsmatoc twn tetrag¸nwn tou pl�touc thc kaje epimèrouc gkaousian c. 2.

∆r =

√
∆r2

0 +
2kBT

m
t2ToF (3.25)

Apì thn parap�nw sqèsh, lamb�nontac upìyh th meg�lh qronik  di�rkeia ektìnwshc,

tToF � ωtrap, to mègejoc tou nèfouc mporeÐ na proseggisteÐ wc ∆r ≈
√

2kBTx
m tToF kai

upojètontac ìti h jermokrasÐa eÐnai h Ðdia proc ìlec tic kateujÔnseic, mporoÔme na isquri-
stoÔme ìti to aèrio diastèlletai isotropik� me summetrik  katanom  puknìthtac akìmh kai
an to arqikì sq ma tou nèfouc eÐnai anisìtropo.

Ektìnwsh tou sumpukn¸matoc

Sto tm ma 1.1.3 perigr�yame thn prosèggish Thomas-Fermi gia to sumpÔknwma pou a-
gnoeÐ thn kinhtik  enèrgeia tou atìmou kai aut  h prosèggish qrhsimopoi jhke sto tm ma
3.1 gia na prosdioristeÐ h katanom  puknìthtac tou sumpukn¸matoc. 'Otan to BEC af -
netai eleÔjero na ektonwjeÐ, h genik  exÐswsh Gross-Pitaevskii gÐnetai exart¸menh apì to

2Sthn pragmatikìthta, QrhsimopoioÔme mia epipleon idiìthta, ìti an f(x) eÐnai mia gkaousian  sun�rthsh
me pl�toc W , tìte h sun�rthsh f(ax) eÐnai epÐshc gkaousian  me pl�toc W/a2.
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qrìno kai mia antÐstoiqh prosèggish Thomas-Fermi den mporeÐ na efarmosteÐ, dedomènou
ìti h metabol  tou pediou thc pagideushc ston qrono metatrèpei th dunamik  enèrgeia se
kinhtik , kajist¸ntac adÔnato thn teleutaÐa na agnohjeÐ. Prokeimènou na melet soume ton
trìpo ìpou to sumpÔknwma ekton¸netai, akoloujoÔme to [86] kai mia klasik  prosèggish
me unitary metasqhmatismì pou lÔnei to prìblhma thc paramèlhshc thc kinhtik c enèrgeiac.

SÔmfwna me to montèlo autì, to k�je �tomo tou sumpukn¸matoc antilamb�netai mia
dÔnamh

Fcond(r, t) = −∇(U(r, t) + gncond(r, t)) (3.26)

Upì thn epÐdrash aut c thc dÔnamhc, to nèfoc bi¸nei mia diastol  kai èna �tomo, met� th
stigm  t0 pou af netai eleÔjero, akoloujeÐ mia troqi� sthn j kateÔjunsh (j = {1, 2, 3} gia
tic treic kateujÔnseic tou q¸rou)

rj(t) = λj(t)rj(t0) (3.27)

'Olh h dunamik  thc diastol c perièqetai sthn exèlixh aut¸n twn paramètrwn. H puknìthta
tou nèfouc th stigm  t kajÐstatai

ncond(r, t) =
1

λ1(t)λ2(t)λ3(t)
ncond({rj/λj}, t0) (3.28)

H parap�nw sqèsh mac deÐqnei ìti to sumpÔknwma eÐnai parabolik c morf c exart¸menhc
apì ton qrìno. Antikajist¸ntac thn dÔnamh apì thn exÐswsh 3.26 kai th jèsh apì thn 3.27
sto nìmo tou NeÔtwna, ft�noume epitèlouc stic auto-sunepeÐc diaforikèc exis¸seic

d2λj
dt2

=
ω2
j (t0)

λjλ1λ2λ3
− ω2

j (t)λj (3.29)

Gia thn perÐptwsh mac enìc xafnikoÔ ki olikoÔ anoÐgmatoc thc IP pagÐdac (ìpou λ1 =
λ2 = λρ kai λ3 = λz) thn t0, oi parap�nw diaforikèc exis¸seic gr�fontai

d2λρ
dτ2

=
1

λ3
ρλz

d2λz
dτ2

=
ε2

λ2
ρλ

2
z

(3.30)

Ed¸ orÐsame τ = ωρt kai ε = ωz(t0)/ωρ(t0). EpilÔontac, mèqri kai deÔterh t�xh, paÐrnoume

λr(τ) =
√

1 + τ2

λz(τ) = 1 + ε2[τarctanτ − ln(
√

1 + τ2]
(3.31)

To aspect ratio tou nèfouc Wρ/Wz, me W to pl�toc thc parabolik c katanom c, ìpwc
orÐzetai sthn prohgoÔmenh par�grafo 3.1, exelÐssetai sÔmfwna me

Wρ(t)

Wz(t)
=
λρ(t)Wρ(t0)

λz(t)Wz(t0)
=
λρ(t)

λz(t)
ε (3.32)

K�poioc mporeÐ eÔkola na apodeÐxei ìti to λρ aux�netai se èna polÔ taqÔtero rujmì apì ì,
ti to λz kai, ètsi, to pl�toc kat� thn aktinik  dieÔjunsh gÐnetai megalÔtero apì ekeÐno kat�
thn axonik . Wc apotèlesma, to arqikì sq ma poÔrou tou nèfouc me ε� 1 pairnei met� apì
k�poio qrìno diastol c èna sq ma thganÐtac. Aut  h sumperifor� eÐnai antÐjeth apì thn
perÐptwsh enìc jermikoÔ nèfouc, to opoÐo met� apì epark  qrìno epekteÐnetai isìtropa se
ìlec tic kateujÔnseic, kai mporeÐ na qrhsimopoihjeÐ gia thn tautopoÐhsh thc Ôparxhc tou
sumpukn¸matoc.
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3.2.2 Teqnik  thc apeikìnishc me aporrìfhsh

Met� thn epèktash tou nèfouc mèsw thc diadikasÐac time-of-flight, ìpwc perigr�fetai
parap�nw, h opoÐa mei¸nei thn atomik  puknìthta se apodekt� epÐpeda, h teqnik  thc a-
peikìnishc me aporrìfhsh qrhsimopoieÐtai gia na prob�lei tic idiìthtec tou nèfouc se mia
fwtografÐa. Qrhsimopoi¸ntac thn apeikìnish me aporrìfhsh, parèqetai mia axiìpisth ka-
tanom  puknìthtac tou nèfouc stic dÔo apì tic treic (x kai z) kateujÔnseic. 'Eqontac
apeikonismènh thn katanom  puknìthtac, di�forec plhroforÐec mporoÔn na exaqjoÔn gia to
mègejoc, to sq ma, th jermokrasÐa kai ton arijmì atìmwn tou diogkwmènou nèfouc kai apì
autì tou arqikoÔ pou kurÐwc mac endiafèrei.

H basik  arq  thc teqnik c aut c basÐzetai sthn aporrìfhsh twn fwtonÐwn miac aktinac
lèizer {(dèsmhc apeikìnishc}) h opoÐa brÐsketai kont� ston suntonismì me th suqnìthta
met�bashc twn atìmwn. Aut  h aporrìfhsh gÐnetai pio èntonh se perioqèc me megalÔterh
puknìthta kai h èntash thc dèsmhc apeikìnishc mei¸netai perissìtero se autèc tic perioqèc.
Wc ek toÔtou, me aut  thn teqnik  mporoÔme na apeikonÐsoume th ski� tou nèfouc, h opoÐa
mporeÐ na qrhsimopoihjeÐ gia thn prosèggish thc pragmatik c katanom c twn atìmwn.

Sq ma 3.4: Sqhmatik  perigraf  tou sust matoc apeikìnishc. QrhsimopoieÐ èna thleskìpio se diamìrfwsh
4f . H mple dèsmh eÐnai h dèsmh anÐqneushc pou xekin� apì mia monotropik  optik  Ðna. O pr¸toc fakìc
esti�zei thn dèsmh aut . H kìkkinh eÐnai h aktÐna fjorismoÔ kai h pr�sinh h dèsmh aporrìfhshc pou
dhmioÔrghjhke, met� apì thn allhlepÐdrash thc dèsmhc anÐqneushc me ta �toma.

Apì ton nìmo Lambert-Beer gia thn aporrìfhsh thc dèsmhc apì èna mèso [87], mporoÔme
na gr�youme

I(x, z) = I0(x, z)e−σphn(x,z) (3.33)

ìpou I0 eÐnai h arqik  èntash prin apì thn aporrìfhsh, n(x, z) =
∫
dyn(x, y, z) kai σph h

diatom  thc aporrìfhshc fwtonÐwn pou gia grammik  pìlwsh eÐnai [88]

σph =
7

15

3λ2

2π

1

1 + (2∆/Γ)2
(3.34)

Gia thn ulopoÐhsh aut c thc teqnik c, eÐnai an�gkh na lamb�nontai treic diadoqikèc
eikìnec. Mia pr¸th me th dèsmh anÐqneushc kai to nèfoc, h opoÐa dÐnei mia katanom  èntashc
Iabs(x, z), mia deÔterh mìno me thn aktÐna, all� afoÔ to nèfoc èqei apomakrunjeÐ, me èntash
Iref (x, z) kai mia teleutaÐa qwrÐc oÔte th dèsmh, oÔte to nèfoc Ibg(x, z). 'Eqontac metr sei
autèc tic ent�seic, mporeÐ kaneÐc na sumper�nei:

I(x, z) = Iabs(x, z)− Ibg(x, z)
I0(x, z) = Iref (x, z)− Ibg(x, z)

(3.35)
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Kai me gnwstèc autèc oi ent�seic, mporeÐ kaneÐc na sqedi�sei to profÐl puknìthtac epilÔ-
ontac thn exiswsh 3.33 wc proc n(x, z).

n(x, z) =
ln[I0(x, z)]− ln[I(x, z)]

σph
(3.36)

3.3 Metr seic kai proseggÐseic

3.3.1 Exagwg  tou arijmoÔ twn atìmwn

Me skopì na upologÐsoume ton arijmì twn atìmwn kat� th metroÔmeno st�dio thc dia-
dikasÐac, prèpei kaneÐc na k�nei mia prosèggish (fit) sthn eikìna pou apeikonÐzetai me thn
teqnik  apeikìnishc me aporrìfhsh. Aut  h prosèggish ja gÐnei lamb�nontac upìyh to
profÐl pou upojèsame gia to jermikì kai to sumpuknwmèno nèfoc.

Gia thn perÐptwsh tou jermikoÔ nèfouc, endeÐknutai mia kaousian  prosèggish:

nth(x, z) = Kthexp

[
−
( x

∆x

)2
−
( z

∆z

)2
]

(3.37)

Sthn parap�nw, Kth eÐnai h mègisth optik  puknìthta sthn eikìna diairemènh me σph. Met�
thn prosèggish, o arijmìc twn atìmwn mporeÐ eÔkola na upologisteÐ apì

Nth =

∫ ∫
dxdznth(x, z) = πKth∆x∆z (3.38)

Gia thn perÐptwsh tou sumpukn¸matoc, mia anestrammènh parabolik  prosèggish eÐnai
plèon kat�llhlh

ncond(x, z) = Kcond

[
1−

( x

∆x

)2
−
( z

∆z

)2
]3/2

(3.39)

kai o arijmìc twn atìmwn sto sumpÔknwma eÐnai

Ncond =

∫ ∫
dxdzncond(x, z) =

2

5
πKcond∆x∆z (3.40)

3.3.2 Exagwg  thc jermokrasÐac

Gia ton upologismì thc jermokrasÐac, ja epwfelhjoÔme apì tic sqèseic ?? kai ??. Xana-
gr�font�c tec ed¸

1

2
mω2

x∆x2
0 = kBTx

∆x =

√
∆x2

0 +
2kBTx
m

t2ToF

(3.41)

Gia thn perÐptwsh thc jermokrasÐac sth MOT, oi anwtèrw exis¸seic den eÐnai kat�l-
lhlec gia ton upologismì thc. K�titètoio sumbaÐnei epeid  h suqnìthta pagÐdeushc eÐnai
�gnwsth kai ètsi up�rqoun treic �gnwstec metablhtèc se dÔo exis¸seic. Gia na brejeÐ
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h jermokrasÐa, mporeÐ kaneÐc na akolouj sei ènan apì touc dÔo diaforetikoÔc parak�tw
trìpouc: eÐte k�nei k�poiec proseggÐseic   anagk�zetai na ektelèsei perissìtera apì èna
peir�mata gia na k�nei mia mètrhsh. Sthn pr¸th perÐptwsh, o sun jhc trìpoc eÐnai na a-
f soume to nèfoc na ektonwjeÐ gia meg�lh di�rkeia tToF . 'Otan sumbaÐnei autì, to arqikì
mègejoc tou nèfouc eÐnai polÔ mikrìtero apì to telikì, ki ètsi to mègejoc ∆x0 mporeÐ na
paraleifjeÐ apì th deÔterh exÐswsh sthn 3.41. Tìte, h jermokrasÐa sthn MOT mporeÐ na
upologisteÐ:

TMOT =
m∆x2t2ToF

2kB
(3.42)

Gia th deÔterh perÐptwsh, gia ton upologismì thc jermokrasÐac sthn MOT, pou telik�
akoloujoÔme, k�poioc mporeÐ na trèxei th diadikasÐa dÔo forèc kai na upologÐsei dÔo diafo-
retikèc timèc tou pl�touc ∆x gia duo diaforetikec di�rkeiec tToF . Met� apì autì, mporoÔme
na proseggisoume th deÔterh twn 3.41 kai na broÔme tic timèc twn ∆x0 kai TMOT .

Gia thn perÐptwsh thc jermokrasÐac sth magnhtik  pagÐda, oi exis¸seic 3.41 eÐnai ka-
t�llhlec gia ton upologismì. Sundu�zontac tec, telik� paÐrnoume

T IPi =
mω2

i ∆i
2

2kB

1

ω2
i t

2
ToF + 1

(3.43)

gia i = r, z.
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Kef�laio 4

H paragwg  tou par�gonta
poiìthtac gia thn
posotikopoÐhsh kai th
beltistopoÐhsh thc diadikasÐac
gia to BEC

Sthn enìthta 2.1 xekin same th suz ths  mac anafèrontac th dipl  prosp�jeia pou a-
paiteÐtai gia thn epÐteuxh tou sumpukn¸matoc me apotelesmatikì trìpo. Mèqri t¸ra, peri-
gr�yame mìno to pr¸to mèroc aut c thc prosp�jeiac, th diadikasÐa pou akoloujeÐtai gia
thn aÔxhsh thc puknìthtac sto q¸ro f�shc èwc thn krÐsimh tim  gia thn epÐteuxh tou BEC.
Sta upìloipa kef�laia aut c thc ergasÐac, ja epikentr¸soume to endiafèron mac sto deÔte-
ro mèroc: sth beltistopoÐhsh thc diadikasÐac, prokeimènou na apokt soume to megalÔtero
dunatì sumpÔknwma sto suntomìtero dunatì qronikì di�sthma. Apì ta pr¸ta qrìnia thc
ulopoÐhshc tou BEC, gÐnontai epÐmonec prosp�jeiec (prosomoi¸seic thc diadikasÐac, jew-
rhtikèc melètec kai peiramatik� apotelèsmata [68][90][76] ) gia thn exeÔresh twn bèltistwn
diadikasi¸n yÔxhc. Autèc oi sunj kec poikÐloun, an�loga me thn kateÔjunsh twn peiram�-
twn kai twn efarmog¸n. Gia par�deigma, orismènec efarmogèc qrei�zontai uyhlèc atomikèc
puknìthtec, en¸ �llec apaitoÔn uyhloÔc atomikoÔc arijmoÔc sto sumpÔknwma. Dedomènou
ìti den up�rqei �mesh susqètish aut¸n twn dÔo apait sewn, h apìfash gia to an ja epiqei-
r sei na beltistopoi sei kaneÐc ton arijmì atìmwn   thn atomik  puknìthta exart�tai apì
thn sugkekrimènh efarmog . Se aut  thn ergasÐa, endiaferìmaste gia thn beltistopoÐhsh
se sqèsh me ton arijmì twn atìmwn sto sumpÔknwma.

4.1 H qrhsimìthta enìc suntelest  poiìthtac

Apì ta pr¸ta qrìnia tou BEC se arai� aèria (pr¸th for� to 1995 1995 [15][16]) mèqri
s mera, up rxe meg�loc arijmìc prospajei¸n gia thn epÐteuxh sumpuknwm�twn me ìso to
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dunatìn megalÔtero arijmì atìmwn. O stìqoc autìc pro lje tìso apì jewrhtiko endia-
fèron ìso kai gia praktikoÔc lìgouc. Sthn pr¸th perÐptwsh, meg�loc arijmìc atìmwn
odhgeÐ baji� sthn perioq  Thomas-Fermi, ìpou kuriarqoÔn isqurèc allhlepidr�seic. Pol-
l� kai endiafèronta fainìmena eÐnai dunatìn na diereunhjoÔn ìtan eÐnai paroÔsec isqurèc
allhlepidr�seic. Epiplèon, to ìrio Thomas-Fermi prosfèrei mia eÔkolh lÔsh gia thn exÐ-
swsh Gross-Pitaevskii 1.24, ìpwc parousi�zetai sthn Enìthta 1.1.3, kai èna anestrammèno
parabolikì profÐl twn sumpuknwmènwn atìmwn, ìpwc anafèretai sthn enìthta 3.1. Sthn
deÔterh perÐptwsh, pollèc efarmogèc kai idèec èqoun protajeÐ oi opoÐec apaitoÔn èna meg�lo
arijmì atìmwn N0 sto sumpÔknwma. Lèizer atìmwn kai melètec sqetik� me th sunektikìthta
tou BEC [37] eÐnai metaxÔ aut¸n, me idiaÐtero endiafèron gia thn om�da mac.

Par� th shmasÐa touc gia to skopì autì, mèqri t¸ra  tan dÔskolo na brejoÔn oi
krÐsimec par�metroi gia th megistopoÐhsh tou arijmoÔ twn sumpuknwmènwn atìmwn. Stic
perissìterec peript¸seic, aut  h megistopoÐhsh basÐzetai se dokim  kai oi mèjodoi pou qrh-
simopoioÔntai suqn� paramènoun aìristec. Se �llec peript¸seic, oi ereunhtèc uiojetoÔn
thn puknìthta tou q¸rou f�shc (PSD) wc thn kat�llhlh par�metro, h opoÐa me to na
beltistopoihjeÐ sta di�fora st�dia thc diadikasÐac odhgeÐ sthn megistopoÐhsh tou arijmoÔ
twn atìmwn sto sumpÔknwma. H prosèggish aut  odhgeÐtai apì to gegonìc ìti, lìgw thc
sqèshc 1.15, h opoÐa sundèei thn emf�nish BEC me thn PSD, gÐnetai h idanik  par�metroc
gia th mètrhsh thc eggÔthtac se sqèsh me to BEC kai gia thn tautopoÐhsh tou an kapoia
diergasÐa eÐnai ikan  na to ft�sei. Gia par�deigma, h yÔxh me lèizer èqei protajeÐ na eÐnai
anepark c gia th sumpÔknwsh, dedomènou ìti aux�nei thn PSD mìno èwc kai 6 t�xeic me-
gèjouc mikrìterh apì thn krÐsimh tim  gia to BEC. Sto plaÐsio aut c thc prosèggishc,
èqoun gÐnei gnwst� poll� dhmosieÔmata [91][92][93][94] kai pollèc om�dec qrhsimopoioÔn thn
PSD gia th beltistopoÐhsh thc diadikasÐaswc proc thn N0.

Wstìso, h PSD den eÐnai h kat�llhlh par�metroc pou anazhtoÔme, prokeimènou na megi-
stopoi soume ton arijmì twn sumpiesmènwn atìmwn. Autì gÐnetai emfanèc apì to gegonìc
ìti, ex orismoÔ 1.14, h PSD den exart�tai �mesa apì ton apìluto arijmì twn atìmwn N ,
all� m�llon apì thn puknìthta tou nèfouc (to N diairemèno me to ìgko pou katalamb�nei
to nèfoc). Wc apotèlesma, h beltistopoÐhsh thc PSD den eggu�tai th beltistopoÐhsh tou
sunolikoÔ arijmoÔ twn atìmwn N kai telik�, ìpwc blèpoume sthn epìmenh enìthta, th bel-
tistopoÐhsh twn N0. Me �lla lìgia, èqontac wc stìqo na megistopoi sei thn PSD kaj¸c
h diadikasÐa suneqÐzetai, mporeÐ kaneÐc na to epitÔqei me th meÐwsh tou ìgkou tou nèfouc
qwrÐc kanèna kèrdoc tou arijmoÔ twn atìmwn pou eÐnai pragmatik� autì pou mac endiafèrei.

Par' ìla aut�, h PSD ìpwc kai parìmoiec epilogèc gia ton par�gonta pou epijumoÔ-
me, pou exart¸ntai tìso apì ton arijmì twn atìmwn kai thn puknìthta touc, èqoun èna
shmantikì meionèkthma, to opoÐo akoloujeÐ kai h PSD: thn ex�rths  touc apì thn f�sh
thc diadikasÐac yÔxhc. Aut  h ex�rthsh mporeÐ na ekfrasteÐ eÔkola an k�poioc isquristeÐ
ìti h PSD den paramènei stajer  kat� th di�rkei� thc diadikasÐac. Sthn pragmatikìthta,
h PSD aux�netai kat� th di�rkeia yÔxhc me lèizer kai thc yÔxhc me ex�tmish. Akìma kai
ìtan upotÐjetai ìti paramènei stajer  (kat� th sumpÐesh tou nèfouc sthn IP magnhtik 
pagÐda), h metatrop  thc pagÐdac apì armonik  se grammik  (blèpe eik.??) odhgeÐ se aÔxhsh
thc puknìthtac tou q¸rou f�shc, sÔmfwna me to [96][77]:

Dp,lin

Dp,harm
=

exp{Elin/NkBTlin}
exp{Eharm/NkBTharm}

(4.1)
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ìpou vw Elin/Eharm qarakthrÐzetai h eswterik  enèrgeia tou aerÐou sth grammik /armonik 
pagÐda pou all�zei lìgw thc metabol c thc puknìthtac twn katast�sewn tou dunamikoÔ
pagÐdeushc . Wc apotèlesma aut c thc allag c sthn PSD kat� th di�rkeia thc diadikasÐ-
ac,nèfh se diaforetik� st�dia   akìma kai se diaforetikèc qronikèc stigmèc tou Ðdiou stadÐou
den mporoÔn eÔkola na sugkrijoÔn. Wstìso, h sÔgkrish aut  eÐnai èna basikì qarakthri-
stikì ¸ste na gnwrÐzoume thn apotelesmatikìthta thc diadikasÐac gia ton telikì stìqo thc
megistopoÐhshc tou arijmoÔ twn atìmwn. QwrÐc aut  thn ikanìthta sÔgkrishc, akìmh kai
e�n gnwrÐzoume se opoiod pote shmeÐo thc diadikasÐac pìso kont� eÐmaste sto na ft�soume
sto BEC (metr¸ntac thn apìluth tim  thc PSD kai sugkrÐnont�c th me thn 1.15), den
eÐmaste se jèsh na anafèroume tÐpota gia thn apotelesmatikìthta aut c thc diadikasÐac kai
th beltistopoÐhsh thc. EÐnai, loipìn, an�gkh h posotikopoÐhsh thc diadikasÐac.

To prohgoÔmeno epiqeÐrhma gÐnetai isqurìtero, an l�boume upìyh ìti den mporoÔme na
epitÔqoume mia pagkìsmia beltistopoÐhsh gia thn PSD. Up�rqoun dhmosieÔseic [92][93] pou
deÐqnoun ìti h megistopoÐhsh thc PSD sth MOT den sunep�getai egguhmènh beltistopoÐhsh
thc leitourgÐac antistoÐqishc kai, kat� sunèpeia, kat� th di�rkeia tou nèfouc sthn magnhtik 
pagÐda. Me �lla lìgia, mia mikrìterh tim  thc PSD sth MOT ja mporoÔse na odhg sei se
mia kalÔterh tim  thc sthn IP pagÐda. Akìma ki an den  tan aut  h perÐptwsh, mporoÔme
akìma na isquristoÔme ìti prìkeitai gia èna exairetik� dÔskolo èrgo na prospaj soume na
broume th bèltisth poreÐa gia thn yÔxh mèsw ex�tmishc pou ja megistopoi sei thn PSD.

Gia ìla ta parap�nw, mporeÐ kaneÐc na anazht sei mia par�metro, pou apì t¸ra kai
sto ex c ja thn apokaloÔme wc ton par�gonta poiìthtac, h opoÐa paÔei na diajètei aut�
ta meionekt mata. Eidikìtera,h pr¸th idiìthta, pou prèpei na èqei gia na jewrhjeÐ wc mia
epituqhmènh par�metroc gia ton skopì thc beltistopoÐhshc, eÐnai h �mesh ex�rths  thc apì
ton arijmì twn atìmwn tou sumpukn¸matoc. EÐnai shmantikì autìc o par�gontac poiìthtac
na eÐnai aÔxousa sun�rthsh tou arijmoÔ twn sumpuknwmènwn atìmwn. Epiplèon bo jeia ja
mac prosèfere sthn perÐptwsh pou autìc o par�gontac ja mporoÔse na qrhsimopoihjeÐ gia
thn èkfrash twn �llwn shmantik¸n fusik¸n posot twn ìpwc h PSD.

O par�gontac poiìthtac ja prèpei epÐshc na posotikopoieÐ to nèfoc kai to sumpÔknwma
se diaforetikèc qronikèc stigmèc kai f�seic, ¸ste na mac dojeÐ h dunatìthta sÔgkrishc
metaxÔ touc. Aut  h posotikopoÐhsh èrqetai se dÔo mèrh: th stajer  tim  tou suntelest 
poiìthtac kat� th di�rkeia thc ìlhc diadikasÐac kai thn anexarthsÐa tou apì tic paramè-
trouc thc pagÐdeushc. Sthn pr¸th perÐptwsh, ènac stajerìc par�gontac poiìthtac mporeÐ
na prosfèrei th dunatìthta gia th sÔgkrish nef¸n se diaforetikèc qronikèc stigmèc thc
diadikasÐac yÔxhc se perÐptwsh pou h diadikasÐa aut  exelÐssetai ìpwc ja perÐmene kaneÐc.
ApoklÐseic apì aut n th stajerìthta ja prèpei na epishmaÐnoun tuqìn parekklÐseic apì
aut  thn idanik  perÐptwsh. Sthn deÔterh perÐptwsh, h anexarthsÐa apì tic paramètrouc
pagÐdeushc (dhlad  to el�qisto tou magnhtikoÔ pedÐou B0, thn klÐsh kai thn kampulìthta
thc magnhtik c pagÐdac) prosfèrei ston par�gonta na leitourg sei wc mia pagkìsmia par�-
metro gia th sÔgkrish nef¸n kai diadikasi¸n se diaforetikèc ektelèseic tou peir�matoc  
akìma kai diaforetik� peir�mata diaforetik¸n ergasthrÐwn.
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4.2 Exagwg  tou suntelest  poiìthtac

'Ustera apì th suz thsh gia th shmasÐa enìc par�gonta poiìthtac sthn prosp�jei� mac
gia na posotikopoihjeÐ h poiìthta tou nèfouc kai na megistopoÐhjeÐ o arijmìc twn atìmwn
sto sumpÔknwma, o stìqoc mac ja eÐnai na apodeÐxoume thn Ôparxh miac monadik c tètoiac
paramètrou.

4.2.1 IsodunamÐa thc beltistopoÐhshc tou arijmoÔ twn sumpuknw-
mènwn atìmwn me th beltistopoÐhsh tou krÐsimou arijmoÔ
atìmwn

Xekin�me me mia ousiastik  d lwsh ergasÐac: H beltistopoÐhsh tou arijmoÔ twn sumpie-
smènwn atomwn, N0, th stigmh thc parat rhshc tou sumpukn¸matoc, mporeÐ na antikatasta-
jeÐ apì thn prosp�jeia beltistopoÐhshc tou krÐsimou arijmoÔ atìmwn, Nc, kat� th stigm 
pou mìlic emfanÐzetai to BEC. H isodunamÐa aut  mporeÐ na apodeiqjeÐ en suntomÐa wc ex c.

Upojètoume ìti h t0 = 0 eÐnai h stigm  pou mìlic emfanÐzetai to BEC sthn krÐsimh
jermokrasÐa T (t0 = 0) = Tc kai ston krÐsimo arijmì atìmwn.

N(t0 = 0) = Nth(t0 = 0) = Nc (4.2)

dedomènou ìti se autì to shmeÐo to sumpuknwmèno mèroc N0(t0 = 0) exakoloujeÐ na eÐnai
amelhtèo se sÔgkrish me ton jermikì ìro Nth. H yÔxh me ex�tmish suneqÐzetai kai met� thn
emf�nish tou sumpukn¸matoc, mèqri th stigm  tf, ìtan h klimakoÔmenh proc ta k�tw RF
suqnìthta diakìptetai. Thn tf, to telikì sumpÔknwma èqei dhmiourghjeÐ, me tic paramètrouc
tou wc

N(tf) = N0(tf) +Nth(tf)

T (tf) = Tf

(4.3)

Sthn Enìthta 1.1.2 perigr�yame th sumperifor� tou sumpukn¸matoc gia thn perÐptwsh
pou to dunamikì pagÐdeushc eÐnai armonikì. Me to sunduasmì twn sqèsewn 1.18 kai 1.19,
mporoÔme telik� na gr�youme

N0(tf) = N(tf)−
ζ(3)(kBTf)

3

(~ω)3

N(tf)

Nc
(4.4)

  qrhsimopoi¸ntac th sqèsh 4.3 parap�nw

Nth(tf) =
ζ(3)(kBTf)

3

(~ω)3

N0(tf) +Nth(tf)

Nc
(4.5)

Epiplèon, sto tm ma 2.3.1.C, ìpou suzht same thn idèa thc yÔxhc mèsw ex�tmishc, k�name
thn aparaÐthth upìjesh ìti gia meg�lec timèc thc paramètrou η, ta upìloipa �toma sthn
pagÐda akoloujoÔn mia ekjetik  meÐwsh, h opoÐa dièpetai apì thn exÐswsh 2.44. Aut 
h upìjesh jewreÐtai dedomènh sto plaÐsio thc paroÔsac ergasÐac kai enisqÔetai apì tic
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metr seic mac, ìpwc autèc pou apeikonÐzontai sto sq.2.8. EpilÔontac aut n thn exÐswsh,
mporeÐ kaneÐc na gr�yei

Nth(tf) = Nth(t0 = 0)e−tf/τev

= Nce
−tf/τev

(4.6)

me τev = (n0σelvηe
−η)−1 sÔmfwna me th jewrÐa tou kefalaÐou 3. Se autì to shmeÐo, k�name

th logik  upìjesh ìti mìno ta �toma apì to jermikì nèfoc apodr� apì thn pagÐda, kaj¸c
h diadikasÐa thc yÔxhc me ex�tmish suneqÐzetai.

Wc apotèlesma twn parap�nw, antikajist¸ntac thn exÐswsh 4.6 sthn prohgoÔmenh exÐ-
swsh 4.5 brÐskoume mia sqèsh metaxÔ tou krÐsimou arijmoÔ twn atìmwn kai tou arijmoÔ twn
sumpuknwmènwn atomwn ìtan ìtan h ex�tmish stamat sei.

N0(tf) =
(~ω)3

ζ(3)(kBTf)3
e−tf/τevN2

c − e−tf/τevNc (4.7)

'Otan perigr�yame prohgoumènwc sto st�dio thc RF -yÔxhc me ex�tmish, dhl¸same ìti h
telik  jermokrasÐa Tf kajorÐzetai apì th qamhlìterh tim  twn radiosuqnot twn. Wc ek
toÔtou, gia mia orismènh tim  thc telik c jermokrasÐac, o arijmìc twn atìmwn sto sumpÔ-
knwma sqetÐzetai me ton krÐsimo arijmì twn atìmwn mesw miac parabolikhc sqèshc, ìpwc
dÐdetai apì thn exÐswsh 4.7. Kaj¸c h Nc eÐnai mia jetik  posìthta, h sqèsh metaxÔ N0 kai
Nc eÐnai aÔxousa kai, wc ek toÔtou, h mègisth tim  thc Nc upodhl¸nei th mègisth tim  thc
N0.

4.2.2 Basikèc sqèseic gia thn perigraf  twn diadikasi¸n kat� thn
IP-pagÐdeush

Sthn prohgoÔmenh enìthta, katal xame sto sumpèrasma ìti h BEC beltistopoÐhsh se
sqèsh me ton arijmì twn sumpuknwmènwn atìmwn mporeÐ na epiteuqjeÐ e�n megistopoi soume
ton krÐsimo arijmì twn atìmwn kat� thn mìlic emf�nish tou sumpukn¸matoc.

Sq ma 4.1: DeÐktec se diaforetikèc krÐsimec qronikèc
stigmèc

Prin apì th diereÔnhsh thc dunatìthtac
gia beltistopoÐhsh aut c thc posìthtac me
th qr sh enìc suntelest  poiìthtac, ekme-
talleuìmaste th sumperifor� thc magnhti-
k c pagÐdac me skopì thn exagwg  qr si-
mwn tÔpwn gia th sunèqeia thc suz thshc.
Apì t¸ra kai sto ex c, ja sumbolÐzoume tic
paramètrouc se orismènec krÐsimec stigmèc
thc diadikasÐac me touc deÐktec pou dÐnontai
ston pÐnaka 4.1. K�je par�metroc me èna
deÐkth ja anafèretai sthn antÐstoiqh stig-
m  thc diadikasÐac. Oi par�metroi qwrÐc deÐktec ja anafèrontai se mÐa mètrhsh se opoiad -
pote tuqaÐa stigm , qwrÐc na endiaferìmaste an eÐnai kat� th leitourgÐa antistoÐqishc, kat�
th sumpÐesh, thn ex�tmish   met� to BEC.

Me autì kat� nou, qrhsimopoi¸ntac ta ousi¸dh apotelèsmata twn exis¸sewn 2.63 kai
2.52 gia ta st�dia thc sumpÐeshc kai thc ex�tmishc, antÐstoiqa, kaj¸c kai th metatrop  thc
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pagÐdac apì armonik  se grammik  kai pÐsw se armonik  kaj¸c h ìlh diadikasÐa suneqÐzetai
mèqri ton ekfulismì (bl.??), paÐrnoume:

LeitourgÐa antistoÐqishc. Sthn enìthta 2.3.2, ìpou perigr�yame th fìrtwsh thc
pagÐdac met� th MOT, upojèsame ìti h leitourgÐa antistoÐqishc mporeÐ na epiteuqjeÐ mìno
e�n h magnhtik  pagÐda eÐnai sthn armonik  perioq . Aut  h upìjesh peiramatik� pragmato-
poieÐtai me thn prosj kh enìc meg�lou offset magnhtikoÔ pedÐou sto tetrapolikì pedÐo, ìpwc
 dh suzht jhke sthn enìthta 2.3.1.B. Koit�zontac thn eik.??, mporeÐ kaneÐc na isquristeÐ
ìti aut  eÐnai h perÐptwsh sta peir�mat� mac. Gia thn perÐptwsh miac armonik c pagÐdac,
isqÔei µBB0

kBT
� 1 kai wc ek toÔtou, h basik  sqèsh 2.63 mporeÐ na proseggisteÐ apì(

kBT

~ω

)3

= constant (4.8)

To dunamikì autì eÐnai armonikì kai sto tèloc thc leitourgÐac antistoÐqishc, prin l�bei q¸ra
h sumpÐesh. Apì thn �llh, sthn idanik  perÐptwsh, o arijmìc twn atìmwn eÐnai stajerìc,
kaj¸c �toma den egkataleÐpoun thn pagÐda. 'Etsi, oi basikèc sqèseic pou qarakthrÐzoun th
leitourgÐa antistoÐqishc mporoÔn na graftoÔn wc(

kBT

~ω

)3

=

(
kBTm

~ωm

)3

= constant

N = Nm = constant

(4.9)

Dedomènou ìti o arijmìc twn atìmwn kai h mèsh suqnìthta pagÐdeushc ωm paramènoun
stajer� kat� th di�rkeia thc leitourgÐac antistoÐqishc, h jermokrasÐa epÐshc den all�zei.

Adiabatik  sumpÐesh thc pagÐdac. Kat� thn teleutaÐa par�grafo thc paragr�fou
2.3.2, suzht same thn anarmonikìthta thc pagÐdac kat� th di�rkeia thc fìrtwshc kai thc
sumpÐeshc thc pagÐdac kai th diadikasÐa thc yÔxhc me ex�tmish. Br kame ekeÐ ìti kat�
th di�rkeia thc sumpÐeshc, h pagÐda h opoÐa eÐnai arqik� armonik  telik� metatrèpetai se
grammik . 'Etsi, h sqèsh 4.8 isqÔei epÐshc sthn arq  thc sumpÐeshc. Wstìso, kaj¸c
h mèsh tim  thc suqnìthtac ω aux�netai, to dunamikì pagÐdeushc paÔei na eÐnai kajar�
armonikì kai wc ek toÔtou, h genik  morf  thc sqèshc 2.63 ja prèpei na qrhsimopoihjeÐ.
Epanalamb�noume gia eukolÐa:(

kBT

~ω

)3(
1 +

3kBT

2µBB0

)
= constant. (4.10)

Wstìso, sto tèloc thc adiabatik c sumpÐeshc, h pagÐda èqei thn pl rh morf  mÐac grammik c
pagÐdac, dhlad  h jermokrasÐa eÐnai uyhl  se sÔgkrish me thn timh tou B0. Sthn perÐptwsh
aut  µBB0

kBT
� 1 kai, wc ek toÔtou, h parap�nw sqèsh mporeÐ na proseggisteÐ apì(

kBTe

~ωe

)3 3kBTe

2µBB0e
= constant. (4.11)
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Epiplèon, upojètoume ìti sthn perÐptwsh thc idanik c sumpÐeshc, o arijmìc twn atìmwn
diathreÐtai. Sundu�zontac tic 4.10 kai eq. 4.11, gr�foume tic basikèc sqèseic pou isquoun
kat� th di�rkeia thc sumpÐeshc:(

kBTm

~ωm

)3

=

(
kBT

~ω

)3(
1 +

3kBT

2µBB0

)
=

(
kBTe

~ωe

)3 3kBTe

2µBB0e
= c (c : const.)

Nm = N = Ne = const.

(4.12)

Ex�tmish tou nèfouc kai to sumpÔknwma Bose-Einstein Kat� th di�rkeia thc
ex�tmishc, h isqÔc thc pagÐdac de metab�lletai, dhlad  h suqnìthta ω paramènei stajer 
kat� th di�rkeia thc diadikasÐac. Apì thn �llh, upojètontac idanikèc sunj kec pou eip¸-
jhkan sthn Enìthta 2.3.1 kai me thn epiplèon peiramatik  èndeixh gia th stajerìthta thc
paramètrou ξ, k�poioc mporei na uiojet sei th sqèsh 2.52 gia thn arq , to tèloc,   k�poia
tuqaÐa stigm  thc ex�tmishc. Sunep¸c, oi basikèc sqèseic pou isqÔoun se autì to st�dio
eÐnai

Te

N ξ
e

=
T

N ξ
=

Tc

N ξ
c

= const. ωe = ω = ωc = const. (4.13)

Sthn krÐsimh jermokrasÐa, apì thn ??, mporoÔme na diakrinoume ìti h IP pagÐda metatrèpetai
xan� se mia armonik  pagÐda. EÐnai epomènwc ègkuro na qrhsimopoi soume th sqèsh 1.18 gia
èna armonikì dunamikì sthn krÐsimh jermokrasÐa. Grammènh me mia lÐgo diaforetik  morf ,
pairnoume th basik  sqèsh gia to sumpÔknwma

Nc = ζ(3)

(
kBTc

~ωc

)3

(4.14)

4.2.3 Exagwg  tou par�gonta poiìthtac sthn IP pagÐda

Sthn enìthta 4.2.1 dhl¸same ìti gia na beltistopoi soume ton arijmì twn sumpuknwmènwn
atìmwn, mporoÔme enallaktik� na epiqeir soume na megistopoi soume ton krÐsimo arijmì
twn jermik¸n atìmwn akrib¸c th stigm  pou emfanÐzetai to sumpÔknwma. Wc ek toÔtou,
eÐmaste se jèsh na diereun soume thn Ôparxh tou suntelest  poiìthtac qrhsimopoi¸ntac wc
afethrÐa aut n akrib¸c th stigm , ìtan BEC mìlic pragmatopoieÐtai sthn krÐsimh jermokrasÐa
Tc. SÔmfwna me thn an�lush thc prohgoÔmenhc enìthtac, sthn Tc o arijmìc twn atìmwn
plhroÐ dÔo sunj kec: Apì thn pleur� tou sumpukn¸matoc, isqÔei h sqèsh 4.14, en¸ apì thn
pleur� thc ex�tmishc h sqèsh 4.13 eÐnai ègkurh. Me to sunduasmì twn dÔo aut¸n sqèsewn,
brÐskei kaneÐc th susqètish metaxÔ thc stigm c kata thn ènarxh tou BEC {Nc, Tc, ωc} kai
opoiasd pote stigm c kat� th di�rkeia thc ex�tmishc {N , T , ω}:

Nc = ζ(3)

(
kB
[
Nc
N

]ξ
~ωc

)3

⇒ Nc = ζ(3)1/(1−3ξ)

(
N ξ ~ω

kBT

)3/(3ξ−1)

(4.15)

kai efarmìzont�c thn sthn arq  thc ex�tmishc, ìpou h susqètish aut  exakoloujeÐ na isqÔei

Nc = ζ(3)1/(1−3ξ)

(
N ξ
e

~ωe
kBTe

)3/(3ξ−1)

(4.16)
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O parap�nw tÔpoc ekfr�zei ton krÐsimo arijmì atìmwn wc sun�rthsh twn posot twn (jer-
mokrasÐa, arijmìc atìmwn, par�metroi pagÐdeushc) sthn arq  thc ex�tmishc.

PhgaÐnontac akìma pio pÐsw, ja prospaj soume na sundèsoume ton krÐsimo arijmì twn
atìmwn me th diadikasÐa thc sumpÐeshc. Autì mporeÐ na gÐnei me thn axiopoÐhsh thc stigm c
akrib¸c pou h sumpÐesh diakìptetai prokeimènou na xekin sei h exatmistik  yÔxh. EkeÐnh
akrib¸c th stigm , isqÔoun tìso oi sqèseic pou perigr�foun th sumpÐesh ìso ki autèc
gia to st�dio thc yÔxhc mèsw ex�tmishc, ìpwc proèkuyan sthn prohgoÔmenh enìthta. To

basikì shmeÐo eÐnai na ekfr�soume ton ìro N ξ
e

~ωe
kBTe

, o opoÐoc apoteleÐ mèroc thc sqèshc
4.16, wc sun�rthsh twn posot twn (jermokrasÐa, arijmìc atìmwn, par�metroi pagÐdeushc)
se k�poia tuqaÐa stigm  thc sumpÐeshc. Qrhsimopoi¸ntac tic exis¸seic 4.12, mporeÐ kaneÐc
na ekfr�sei autìn ton ìro wc sun�rthsh thc stajer�c c(

kBTe

~ωe

)3 3kBTe

2µBB0e
= c⇒ N ξ

e

~ωe

kBTe
= N ξ

(
3c−1~ωe
2µBB0e

)1/4

(4.17)

  antikajist¸ntac to c apì th sqèsh 4.12, paÐrnoume telik�

N ξ
e

~ωe

kBTe
= N ξ

(
kBT

~ω

)−3/4(
1 +

3kBT

2µBB0

)−1/4( 3~ωe

2µBB0e

)1/4

(4.18)

H parap�nw isìthta sundèei ton arijmì twn atìmwn kai th jermokrasÐa ìtan h exatmistik 
yÔxh arqÐzei me tic antÐstoiqec timèc tou arijmoÔ twn atìmwn kai thc jermokrasÐac se opoia-
d pote �llh stigm  kat� th di�rkeia thc sumpÐeshc. H antikat�stash aut c thc isìthtac
4.18 ston tÔpo 4.16 pou problèpei ton krÐsimo arijmì twn atìmwn, eÐnai �mesh:

Nc = ζ(3)1/(1−3ξ)

N ξ

[(
kBT

~ω

)3(
1 +

3kBT

2µBB0

)]−1/4
3/(3ξ−1)(

3~ωe

2µBB0e

)3/4(3ξ−1)

(4.19)
Aut  eÐnai h epijumht  sqèsh pou sundèei ton krÐsimo arijmì atìmwn sto BEC me tic pa-
ramètrouc {T,N, ω,B0} se opoiad pote stigm  kat� th di�rkeia thc sumpÐeshc. MporoÔme
na anafèroume thn anapìfeukth parousÐa twn paramètrwn pagÐdeushc (ωe kai B0e) kat�
thn ènarxh thc yÔxhc me ex�tmish. H parousÐa aut  mporeÐ na ermhneujeÐ dhl¸nontac ìti,
prokeimènou na problefjeÐ o krÐsimoc arijmìc atìmwn, prèpei kaneÐc na gnwrÐzei thn akrib 
kat�stash thc pagÐdac ìtan k�poioc stamat� thn sumpÐesh,   me �lla lìgia, na gnwrÐzei
tic arqikèc sunj kec thc ex�tmishc . 'Ena tètoio apotèlesma  tan anamenìmeno, dedomènou
ìti up�rqei mia isqur  ex�rthsh thc apotelesmatikìthtac thc exatmistik c yÔxhc apì ton
arqikì rujmì elastik¸n kroÔsewn sthn arq  thc ex�tmishc.

O tÔpoc 4.19 mporeÐ na qwristeÐ se dÔo ìrouc:. Thn par�metro A, h opoÐa antanakl�
tic paramètrouc thc pagÐdac sthn arq  thc ex�tmishc kai thn par�metro Q, h opoÐa eÐnai
sun�rthsh mìno twn paramètrwn kat� th metroÔmenh stigm . Wc ek toÔtou, orÐzoume touc
par�gontec:

A = ζ(3)1/(1−3ξ)

(
3~ωe

2µBB0e

)3/4(3ξ−1)

(4.20)

78



Q =

N ξ

[(
kBT

~ω

)3(
1 +

3kBT

2µBB0

)]−1/4
1/(3ξ−1)

(4.21)

me touc opoÐouc o krÐsimoc arijmìc atìmwn ekfr�zetai wc

Nc = Q3A (4.22)

O ìroc A exart�tai apì tic paramètrouc pagÐdeushc {ωe, B0e} stic arqèc thc ex�tmishc
kai eÐnai èna qarakthristikì tou gegonìtoc ìti h pagÐda den eÐnai armonik  ekeÐnh th stigm  1.
KaloÔme ton ìro A wc par�gonta anarmonikìthtac thc IP pagÐdac. Apì thn 4.22, kai gia th
megistopoÐhsh tou Nc, prèpei na broÔme th megalÔterh epiteÔximh tim  tou A. Sundu�zontac
tic 2.28, eq. 4.20 kai to gegonìc ìti ωe = (ω2

ρ,eωz,e)
1/3, mporeÐ k�poioc na brei:

A = A0

[
(a2

e

√
βe)

1/3

B
4/3
0e

]3/4(3ξ−1)

(4.25)

ìpou

A0 = ζ(3)1/(1−3ξ)

(
3~

3µB

)3/4(3ξ−1) (gFmFµB
m

)3/8(3ξ−1)
(4.26)

Se mia poiotik  suz thsh, o ìroc anarmonikìthtac exart�tai apì thn posìthta a2
e

√
βe/B

4
0e.

MegistopoÐhsh tou A shmaÐnei thn megistopoÐhsh thc telik c klÐshc kai thc kampulìthtac
thc pagÐdac akrib¸c prin apì thn ex�tmish me thn tautìqronh meÐwsh tou magnhtikoÔ pe-
dÐou B0, k�ti to opoÐo eÐnai akrib¸c autì pou sumbaÐnei kat� th di�rkeia thc adiabatik c
sumpÐeshc. Kat� th di�rkeia thc sumpÐeshc, h klÐsh kai h kampulìthta aux�nontai stic mè-
gistec timèc pou mporoÔn na epiteuqjoÔn apì th di�taxh, en¸, to B0 mei¸netai mèqri ekeÐnh
thn el�qisth tim  pou apagoreÔei thn emf�nish twn mazik¸n apwlei¸n kai th diafug  twn
atìmwn, sÔmfwna me thn ex.2.22. Shmei¸ste ìti h el�qisth tim  tou B0 kajorÐzetai apì tic
ap¸leiec Majorana.

O ìroc anarmonikìthtac A exart�tai apì tic paramètrouc thc pagÐdeushc kai, wc ek
toÔtou, h megalÔterh dunat  tim  tou mporeÐ na rujmisteÐ me thn prosarmog  thc up�rqousac

1Gia na doÔme xek�jara ìti o ìroc A emfanÐzetai sth sqèsh 4.19 lìgw thc grammik c fÔshc tou du-
namikoÔ kat� th di�rkeia twn pr¸twn stadÐwn thc ex�tmishc, exet�zoume thn upojetik  perÐptwsh kat�
thn opoÐa h pagÐda paramènei armonik  kaj �olh th diadikasÐa pou lamb�nei q¸ra sth magnhtik  pagÐda.
Se autì to upojetikì sen�rio, h exÐswsh 4.13 pou perigr�fei th sumperifor� sth sumpÐesh ja prèpei na
antikatastajeÐ apì thn akìloujh:(

kBTe

~ωe

)3

=

(
kBT

~ω

)3

=

(
kBTm

~ωm

)3

= c (4.23)

Me thn antikat�stash thc exÐswshc aut c sthn 4.16 brÐskei kaneÐc th sqèsh metaxÔ tou krÐsimou arijmoÔ
atìmwn kai thc kat�stashc tou nèfouc sth sumpÐesh

Nc = ζ(3)

(
kBT

~ω

)3

(4.24)

h opoÐa eÐnai anex�rthth apì tic paramètrouc pagÐdeushc sthn arq  thc ex�tmishc, all� exart�tai apoklei-
stik� apì thn tuqaÐa stigm  thc sumpÐeshc.
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di�taxhc. Apì thn �llh, to Q eÐnai mia pio sÔnjeth par�metroc h opoÐa kajorÐzetai apì ta
di�fora st�dia thc yÔxhc tou nèfouc: th MOT pou dÐnei tic arqikèc timèc twn {N , T},
th fìrtwsh thc IP pagÐdac pou tropopoieÐ tic timèc twn {N , T} kai orÐzei tic arqikèc
suqnìthtec, th sumpÐesh h opoÐa ja prèpei na eÐnai adiabatik , prokeimènou to Q na eÐnai
stajerì, thn ex�tmish mèsw thc paramètrou ξ. 'Etsi, dedomènou ìti to A paÐrnei th mègisth
tim  tou, o krÐsimoc arijmìc atìmwn eÐnai sun�rthsh mìno tou Q. H ex�rthsh aut  mac
dÐnei touc basikoÔc lìgouc pou kajistoÔn to Q shmantikì. Pr¸ton, o Nc eÐnai mia aÔxousa
sun�rthsh touQ, ìpwc mporeÐ kaneÐc na parathr sei apì thn exÐswsh 4.22. To gegonìc autì
mporeÐ anamfisb thta na mac bohj sei me th beltistopoÐhsh twn diadikasi¸n pou odhgoÔn
sto sumpÔknwma. DeÔteron, to Q paramènei stajerì kat� th di�rkeia thc sumpÐeshc, an to ξ
eÐnai stajerì kat� thn ex�tmish kai ta �toma den mporoÔn na diafÔgoun apì thn pagÐda kaj'
ìlh thn adiabatik  sumpÐesh. TrÐton, to Q eÐnai anex�rthto apì tic paramètrouc pagÐdeushc.
Autèc oi dÔo idiìthtec mazÐ odhgoÔn se posotikopoÐhsh tou nèfouc sth sumpÐesh. 'Etsi,
to Q eÐnai pijan¸c mia swst  upoy fia par�metroc gia na eÐnai o par�gontac poiìthtac
pou y�qnoume. Gia na epibebai¸soume ton isqurismì autì, prèpei na exet�soume ton trìpo
me ton opoÐon to Q sumperifèretai kat� th di�rkeia thc leitourgÐac antistoÐqishc kai thc
ex�tmishc. Sthn perÐptwsh pou to Q paramènei stajerì kat� ta st�dia aut�, mporoÔme na
epibebai¸soume ìti h posìthta Q mporeÐ na eÐnai o par�gontac poiìthtac mac.

To Q sth leitourgÐa antistoÐqishc. Diereun¸ntac ti sumbaÐnei sthn arq  thc
sumpÐeshc, apì to sq.?? gnwrÐzoume ìti h pagÐda sumperifèretai me armonikì trìpo, kBTm �
µBB0m kai, wc ek toÔtou, to Q mporeÐ na proseggisteÐ me epituqÐa apì

Qm =

[
N ξ

m

(
kBTm

~ωm

)−3/4
]1/(3ξ−1)

(4.27)

PhgaÐnontac pÐsw akìma perissìtero sth leitourgÐa antistoÐqishc, mporoÔme na qrhsimo-
poi soume ta exagìmena apotelèsmata 4.9 gia na sqetÐsoume to Qm me tic paramètrouc tou
nèfouc se mia tuqaÐa metroÔmenh stigm  thc leitourgÐac antistoÐqishc

Qlatinm =

[
N ξ

(
kBT

~ω

)−3/4
]1/(3ξ−1)

(4.28)

Wstìso, dedomènou ìti h isqÔc kai to armonikì profÐl thc pagÐdac den all�zoun kat� th
di�rkeia thc fìrtws c thc, mporoÔme t¸ra na uposthrÐxoume ìti to Qm proseggÐzei to Q,
ìpwc autì orÐzetai apì thn ex. 4.22 epÐshc gia to tuqaÐa metrhjèn nèfoc se leitourgÐa
antistoÐqishc kai, wc ek toÔtou, to Q paramènei stajer? kat� th di�rkeia tou stadÐou thc
antistoÐqishc. To parap�nw apotèlesma thc stajerìthtac leitourgeÐ kal�, toul�qiston
met� apì tic pr¸tec stigmèc thc fìrtwshc kai ton telikì kajorismì tou arijmoÔ twn atìmwn
met� th MOT.

To Q sthn ex�tmish. Sto antÐjeto ìrio thc sumpÐeshc, ìtan arqÐzei h yÔxh me ex�tmi-
sh, h pagÐda IP metasqhmatÐzetai se grammik . Gia mia tètoia pagÐda kBTm � µBB0m kai
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sto tèloc thc sumpÐeshc to Q mporeÐ na proseggisteÐ apì

Qe =

N ξ
e

[(
kBTe

~ωe

)3( 3kBTe

2µBB0e

)]−1/4
1/(3ξ−1)

=

(
N ξ

e

kBTe

(
3

2~ω3
eµBB0e

)−1/4
)1/(3ξ−1)

(4.29)

SÔmfwna me thn Ðdia epiqeirhmatologÐa ìpwc kai sthn perÐptwsh thc leitourgÐac antistoÐ-
qishc, mporoÔme na qrhsimopoi soume tic sqèseic 4.13 gia na ekfr�soume to Qe se sqèsh
me tic paramètrouc tou nèfouc se mia tuqaÐa stigm  thc yÔxhc me ex�tmish

Qe =

(
N ξ

kBT

(
3

2~ω3µBB0

)−1/4
)1/(3ξ−1)

(4.30)

EÐnai safèc apì thn anwtèrw suz thsh ìti to Qe eÐnai amet�blhto kaj' ìlh th diadikasÐa thc
yÔxhc me ex�tmish. Wstìso, paÐrnei akrib¸c thn Ðdia morf  me to Q, ìpwc orÐzetai apì thn
exÐswsh 4.22, se perÐptwsh pou to dunamikì pagÐdeushc eÐnai grammikì. 'Etsi, to arqikì Q
paramènei epÐshc stajerì kat� th di�rkeia thc ex�tmishc ìso h pagÐda paramènei grammik .
Apì to sq.?? mporoÔme na uposthrÐxoume ìti autì sumbaÐnei mèqri sqedìn thn emf�nish tou
BEC, ìtan h pagÐda metatrèpetai se armonik . Wstìso, to endiafèron mac eÐnai kurÐwc prin
apì thn emf�nish thc sumpÔknwshc, dedomènou ìti o basikìc stìqoc thc paroÔsac ergasÐac
eÐnai h prosp�jeia na posotikopoihjeÐ to nèfoc gia thn beltistopoÐhsh thc diadikasÐac kai
thn epÐteuxh tou mègistou Nc.

Wc sumpèrasma twn anwtèrw epiqeirhm�twn, to Q thc exÐswshc 4.22 paramènei anex�rthto
apì tic paramètrouc pagÐdeushc thc di�taxhc, se �mesh sÔndesh me thn prìbleyh tou Nc

kai stajerì kat� th di�rkeia thc leitourgÐac antistoÐqishc, th sumpÐesh kai to megalÔtero
mèroc thc diadikasÐac thc ex�tmishc. Autèc oi idiìthtec mac odhgoÔn na qrhsimopoi soume
autìn ton par�gonta Q wc ton par�gonta poiìthtac pou qreiazìmaste gia th beltistopoÐhsh
twn diadikasi¸n sthn IP magnhtik  pagÐda.

4.2.4 Epèktash tou suntelest  poiìthtac sthn MOT

O par�gontac poiìthtac Q leitourgeÐ kal� gia tic diadikasÐec sth magnhtik  pagÐda. Se
antÐjesh me autì, kat� th di�rkeia thc yÔxhc me lèizer, to Q den paramènei stajerì kai wc
ek toÔtou den mporeÐ na qrhsimopoihjeÐ gia thn epijumht  posotikopoÐhsh. Parìla aut�,
katafèrnontac na epekteÐnoume autìn ton par�gonta poiìthtac sthn MOT, ja mporoÔse ka-
neÐc na kerdÐsei mia kalÔterh epopteÐa thc ìlhc diadikasÐac, kurÐwc gia dÔo lìgouc: Pr¸ton,
h ikanìthta na beltistopoi soume me epark  trìpo ta diadoqik� b mata thc diadikasÐac thc
yÔxhc me lèizer, h opoÐa leitourgeÐ wc phg  tou nèfouc gia th magnhtik  pagÐda. DeÔteron,
h dunat?thta na posotikopoihjeÐ h leitourgÐa antistoÐqishc pou sundèei th yÔxh me lèizer
kai th yÔxh me ex�tmish.
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Gia touc lìgouc autoÔc, epekteÐnoume ton orismì tou suntelest  poiìthtac sto tèloc
thc MOT. Gia na gÐnei autì, qrhsimopoioÔme to isodÔnamo tÔpo gia to Q pou isqÔei sth
leitourgÐa antistoÐqishc, 4.28, gia na kajorÐsoume to Qo sth MOT.

Qo =

[
N ξ
o

(
kBTo
~ωo

)−3/4
]1/(3ξ−1)

(4.31)

Ston parap�nw tÔpo ωo = ωMOT eÐnai h eikonik  suqnìthta thc MOT, pou orÐzetai wc
2.12, e�n k�poioc ja mporoÔse na antistoiqeÐ èna armonikì dunamikì stic dun�meic pou droun
apì to lèizer sta �toma. H epèktash aut  faÐnetai logik , dedomènou ìti sth leitourgÐa
antistoÐqishc h pagÐda IP leitourgeÐ sthn armonik  perioq .

H posìthta aut  mporeÐ epÐshc na ekfrasteÐ apokleistik� apì metrhjeÐsec paramètrouc,
e�n k�poioc qrhsimopoieÐ th sqèsh 3.41

Qo =

N ξ
o


√
kBTo(m∆x2 − 2kBTot2ToF)

√
2~

−3/4


1/(3ξ−1)

(4.32)

Epanalamb�noume gia �llh mia for� ed¸ ìtito Qo den mporeÐ na jewrhjeÐ wc mia sta-
jer  posìthta kat� th di�rkeia thc yÔxhc me lèizer. H shmasÐa tou gÐnetai profan c ìtan
prospaj soume na to sqetÐsoume me thn antÐstoiqh posìthta kat� th di�rkeia twn diadi-
kasi¸n sthn magnhtik  pagÐda. Sto plaÐsio aut c thc prosp�jeiac, èqoume upojèsei thn
idanik  leitourgÐa antistoÐqishc metaxÔ aut¸n twn dÔo teqnik¸n yÔxhc, ìpwc perigr�fetai
sthn enìthta 2.3.2, h opoÐa mporeÐ na sunoyisteÐ me tic sunj kec

ωo = ωm

To = Tm
(4.33)

Sthn Ðdia enìthta, anafèrame ìti, sthn idanik  perÐptwsh, h metafor� apì th MOT sth
magnhtik  pagÐda odhgeÐ sthn paramon  mìno tou 1/5 twn pagideumènwn atìmwn, lìgw thc
jemeli¸douc idiìthtac twn magnhtik¸n pagÐdwn pou mporeÐ na periorÐsei �toma mìno stic
ikanèc gia pagÐdeush katast�seic. Sthn perÐptws  mac, mìno h {F = 2,mF = 2} kat�stash
qrhsimopoieÐtai gia thn pagÐdeush. Wc ek toÔtou, se perÐptwsh pou h MOT kai h pagÐda IP
eÐnai idanik� suzeugmènec, h sqèsh metaxÔ tou suntelest  poiìthtac sth magnhtik  pagÐda
kai tou Qo sto tèloc thc MOT mporeÐ na grafteÐ wc

Qo
Q

=

[
N ξ
o

(
kBTo
~ωo

)−3/4
]1/(3ξ−1)

[
N ξ
m

(
kBTm
~ωm

)−3/4
]1/(3ξ−1)

=

(
No

Nm

)ξ/(3ξ−1)

= 5ξ/(3ξ−1) (4.34)

Se k�je �llh perÐptwsh, Qo/Q > 5ξ/(3ξ−1), dedomènou ìti to nèjoc jermaÐnetai kai peris-
sìtera �toma q�nontai apì thn pagÐda.

H shmasÐa tou Qo eÐnai apl . Koit�zontac apì thn skopi� thc beltistopoÐhshc thc
magnhtik c pagÐdac, h sunj kh 4.34 eÐnai epark c gia thn idanik  leitourgÐa antistoÐqishc.

82



'Etsi, gia mia orismènh tim  tou Qo, ginìmaste en meroi gia th mègisth tim  tou Q pou
mporeÐ na epiteuqjeÐ me thn magnhtik  pagÐda kai wc apotèlesma to mègisto krÐsimo arijmì
twn atìmwn pou mporoÔme na apokt soume efìson megistopoi soume kai tic paramètrouc
pagÐdeushc pou uposthrÐzontai apì th di�tax  mac. Apì thn �llh, akrib¸c lìgw aut c thc
sunj khc, to Qo sto tèloc thc MOT gÐnetai h idanik  par�metroc pou prèpei na beltistopoi-
 soume, prokeimènou na eÐmaste se jèsh na epitÔqoume mia megalÔterh tim  tou suntelest 
poiìthtac Q sthn IP pagÐda kai, ètsi, èna megalÔtero krÐsimo arijmì atìmwn.
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Kef�laio 5

Idiìthtec tou suntelest 
poiìthtac kai peiramatik 
epal jeush

Sto prohgoÔmeno kef�laio suzht same thn an�gkh eÔreshc miac kat�llhlhc paramètrou,
thn opoÐa onom�same suntelest  poiìthtac, Q, gia ton skopì thc posotikopoÐhshc tou
atomikoÔ nèfouc kai thc beltistopoÐhshc thc diadikasÐac thc epÐteuxhc BEC se sqèsh me to
mègisto efiktì arijmì atìmwn sto sumpÔknwma. 'Eqoume perigr�yei tic idiìthtec pou autìc
o par�gontac ja prèpei na diajètei kai par xame thn par�metro Q, h opoÐa plhroÐ autèc tic
idiìthtec kat� th di�rkeia twn diadikasi¸n sthn IP magnhtik  pagÐda. Sto trèqon kef�laio
ja axiopoi soume th diajèsimh di�taxh thc om�dac mac, ìpwc perigr�fetai sto kef�laio
2, gia na epalhjeÔsoume thn epituqÐa autoÔ tou par�gonta poiìthtac peiramatik� kai na
exereun soume to Q, th sumperifor� tou kai th qrhsimìtht� tou se perissìtero b�joc.

'Eqoume qwrÐsei autì to kef�laio se trÐa tm mata. Sto pr¸to, antimetwpÐzoume to Q
wc par�gonta pou posotikopoieÐ thn poiìthta tou atomikoÔ nèfouc sthn pagÐda IP, en¸ stic
epìmenec dÔo enìthtec ja suzht soume tic kÔriec sunèpeiec aut c thc posotikopoÐhshc, thn
prìbleyh kai th beltistopoÐhsh tou krÐsimou arijmoÔ twn atìmwn kat� ta di�fora st�dia
thc diadikasÐac.

5.1 O suntelest c poiìthtac kai h posotikopoÐhsh tou
nèfouc

H posotikopoÐhsh tou nèfouc mac dÐnei th dunatìthta na sugkrÐnoume thn poiìthta tou
ìson afor� to stìqo mac -sthn sugkekrimènh perÐptwsh thn epÐteuxh meg�lwn BEC- kat�
th di�rkeia diaforetik¸n epanal yewn tou Ðdiou peir�matoc, kat� ta di�fora st�dia thc
diadikasÐac kai kat� th di�rkeia diaforetik¸n diat�xewn pou epitugq�noun BEC. Aut  h
posotikopoÐhsh mporeÐ na epiteuqjeÐ me th qr sh miac paramètrou pou èqei tic idiìthtec
na paramènei stajer  kat� th di�rkeia thc ìlhc diadikasÐac, na eÐnai anex�rthth apì tic
paramètrouc thc pagÐdeushc -p�nta èqontac kat� nou ìti mac endiafèrei h IP pagÐda- sthn
arq  thc ex�tmishc, all� kai na èqei mia rht  sqèsh (aÔxousa   fjÐnousa) me thn poiìthta

84



tou nèfouc. O trìpoc pou pro lje o suntelest c poiìthtac Q sto kef�laio 4 eggu�tai
jewrhtik� thn ikanìthta thc posotikopoÐhshc tou nèfouc kat� th di�rkeia thc magnhtik c
pagÐdeushc: faÐnetai na eÐnai stajerìc kat� th di�rkeia thc diadikasÐac, h ex�rthsh twn
paramètrwn pagÐdeushc metafèrontai mìno me ton ìro anarmonikìthtac thc exÐswshc 4.22
kai h poiìthta tou nèfouc pou metafr�zetai ston krÐsimo arijmì twn atìmwn eÐnai aÔxousa
se sqèsh me to Q. Ja prèpei p�nta na èqoume kat� nou ìti to Q leitourgeÐ me epituq 
trìpo mìno upì sugkekrimènec proôpojèseic, pou epanalamb�noume ed¸: To atomikì nèfoc
jewreÐtai idanikì, h diadikasÐa thc sumpÐeshc tou nèfouc upotÐjetai ìti eÐnai adiabatik 
kai anastrèyimh kai epÐshc h exatmistik  yÔxh akoloujeÐ to gegonìc ìti h ξ par�metroc
paramènei stajer .

Se aut  thn enìthta ja ereun soume peiramatik� tic idiìthtec tou suntelest  poiìthtac
pou sqetÐzontai me thn posotikopoÐhsh tou nèfouc, dhlad  th stajerìthta, thn anexarthsÐa
twn paramètrwn thc pagÐdeushc kai thn aÔxousa sqèsh metaxÔ tou Q kai thc poiìthtac tou
nèfouc.

5.1.1 H stajerìthta tou suntelest  poiìthtac

Sto sq.5.1(a) sqedi�zoume to suntelest  poiìthtac se ìlh th diadikasÐa thc yÔxhc mè-
sw ex�tmishc met� th fìrtwsh thc magnhtik c pagÐdac IP kai thn adiabatik  sumpÐesh tou
atomikoÔ nèfouc. Gia na upologÐsoume ton arijmì twn atìmwn kai th jermokrasÐa kat�
th di�rkeia opoiasd pote stigm c, pragmatopoi same di�forec epanal yeic thc Ðdiac dia-
dikasÐac, af same to nèfoc na ektonwjeÐ eleÔjera kai na qrhsimopoi same tic teqnikèc
time-of-flight kai apeikìnishc me aporrìfhsh, ìpwc perigr�fontai sto kef�laio 3 . Me
autèc tic posìthtec upologismènec, eÐnai kaneÐc se jèsh na ex�gei thn tim  tou Q apì thn
ex.4.22 thn Ðdia qronik  stigm  thc diadikasÐac. Se autì to sq ma, k�je mia apì tic kouk-
kÐdec antiproswpeÔei th mèsh tim  tou Q sto qrìno t apì tic di�forec epanal yeic tou
Ðdiou peir�matoc, me tic Ðdiec paramètrouc pagÐdeushc se ìlh th diadikasÐa. H sugkekrimènh
peiramatik  diadikasÐa qarakthrÐzetai apì èna di�sthma 0,5 deuterolèptwn gia thn epÐteuxh
antistoÐqishc me tic Ðdiec timèc twn paramètrwn pagÐdeushc (a = 85G/cm, b = 40G/cm2,
B0 = 30G), thn Ðdia diadikasÐa sumpÐeshc (pou oloklhr¸netai met� apì 2 deuterìlepta me
tic telikèc timèc a = 450G/cm, b = 240G/cm2, B0 = 0.5G) kai, tèloc, h Ðdia ex�tmish
(10 deuterìlepta grammik  meÐwsh thc suqnìthtac apì 50GHz èwc perÐpou 0, 5GHz). Upì
autèc tic sunj kec, apokt same kai thn eik.2.8 h opoÐa dÐnei thn stajer  tim  ξ = 1, 2 kat�
th di�rkeia thc ex�tmishc.

To kÔrio sumpèrasma aut c thc apeikìnishc eÐnai ìti mporoÔme peiramatik� na epalhjeÔ-
soume th stajerìthta tou Q kat� ta st�dia thc leitourgÐac antistoÐqishc, thc sumpÐeshc
kai thc ex�tmishc. Parìmoia apotelèsmata mporoÔn na brejoÔn an metab�lloume tic para-
mètrouc pagÐdeushc  /kai touc qrìnouc twn diergasi¸n, me th mình diafor� na eÐnai h tim 
tou suntelest  poiìthtac. H sugkekrimènh tim  320 sto peÐrama pou apeikonÐzetai den lèei
tÐpota, ektìc kai an prospajoÔme na to sundèsoume me thn poiìthta tou nèfouc. Wstìso,
prin apì aut n th sÔndesh, pou fèrnei th dunatìthta thc sÔgkrishc, mac endiafèrei na e-
xereun soume thn sumperifor� tou suntelest  poiìthtac me megalÔterh leptomèreia. Autì
odhgeÐtai apì to gegonìc ìti up�rqoun k�poiec apoklÐseic apì th stajerìthta se orismèna
krÐsima shmeÐa thc diadikasÐac.
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Sq ma 5.1: (a) H peiramatik� upologismènh tim  tou suntelest  poiìthtac wc sun�rthsh tou qrìnou, kat�
th di�rkeia thc leitourgÐac antistoÐqishc, th sumpÐesh kai th yÔxh me ex�tmish. Sth leitourgÐa antistoÐqishc
oi par�metroi pagÐdeushc pou qrhsimopoioÔntai sta sugkekrimèna peir�mata eÐnai: a = 85G/cm, β =
40G/cm2 kai B0 = 30G. Met� apì 2 deuterìlepta sumpÐeshc tou nèfouc, mèqri oi par�metroi pagÐdeushc
na fj�soun tic telikÐec timèc a = 450G/cm, β = 240G/cm2 kai B0 = 0.5G, to telikì st�dio twn 10
deuterolèptwn thc yÔxhc me ex�tmish lamb�nei q¸ra. H tim  tou ξ upologÐzetai na eÐnai 1.2 sto megalÔtero
di�sthma thc ex�tmishc. Kat� to megalÔtero mèroc o par�gontac poiìthta paramènei stajerìc, me tim 
320. Orismènec diakum�nseic emfanÐzontai sta (b), (g) kai (d). Sto (b) o suntelest c poiìthtac xekin� me
tim  670, ragdaÐa mei¸netai kai telik� met� apì 0.05 deuterìlepta ft�nei sth stajer  tim  tou. H aitÐa
gia mia tètoia sumperifor� brÐsketai sta upìloipa �toma pou den pagideÔontai met� th MOT all� den
èqoun prol�bei akìma na brejoÔn ektìc thc pagÐdac. Sto (g) apeikonÐzoume ta pr¸ta st�dia thc yÔxhc
me ex�tmish. Mia arqik  aÔxhsh tou Q sunep�getai th lanjasmènh upologizìmenh tim  twn Q. Autì to
l�joc ofeÐletai se l�njasmènh tim  tou ξ. (d) H sumperifor� tou Q kont� kai met� to sumpÔknwma. Oi
aprìbleptec timec tou se authn thn perioq  eÐnai ektìc tou plaisÐou thc paroÔsac ergasÐac.

Sto sq.5.1(b) blèpoume th sumperifor� tou Q kat� to st�dio thc leitourgÐac antistoÐ-
qishc. Kat� tic pr¸tec stigmèc thc fìrtwshc thc magnhtiklhc pagÐdac, o suntelest c
poiìthtac èqei polÔ megalÔterh tim  apì ekeÐnh kat� th di�rkeia thc upìloiphc diadikasÐac.
Kaj¸c h fìrtish suneqÐzetai, to Q mei¸netai apìtoma mèqri thn stajer  tim  tou. Aut  h
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sumperifor� eÐnai apìluta problèyimh kai mporeÐ na ermhneujeÐ apì to gegonìc ìti mìno h
kat�stash {F = 2,mF = 2} eÐnai mÐa kat�stash pagÐdeushc gia ta �toma. Lìgw autoÔ tou
gegonìtoc, o arijmìc twn atìmwn pou paramènoun pagideumèna mei¸netai kat� ènan par�gon-
ta 5, se sÔgkrish me to nèfoc sth MOT. Wc ek toÔtou, e�n k�poioc esti�zei thn prosoq 
tou stic pr¸tec stigmèc thc fìrtwshc thc magnhtik c pagÐdac, mporeÐ na sumper�nei ìti den
èqoun prol�bei akìma ìla ta �toma twn mh pagideÔsimwn katast�sewn na apomakrunjoÔn,
odhg¸ntac se aÔxhsh thc tim c tou Q. Akrib¸c th stigm  thc energopoÐhshc thc IP pagÐ-
dac, ìla ta �toma thc MOT eÐnai parìnta kai me anafor� sthn exÐswsh 4.34, mporoÔme na
broÔme thn jewrhtik� anamenìmenh arqik  tim  tou suntelest  poiìthtac me ξ = 1, 2

Qinitial = 51.2/2.6Q = 51.2/2.6 × 320 = 672 (5.1)

H parap�nw tim  eÐnai se pl rh sumfwnÐa me ta peiramatik� apotelèsmata pou faÐnontai sto
Sq.5.1(b). Apì thn Ðdia eikìna, mporeÐ kaneÐc na sumper�nei epÐshc to qrìno pou qrei�zetai
kaneÐc ¸ste ìla ta mh pagideÔsima �toma na xefÔgoun apì thn pagÐda. Sthn perÐptws 
mac, eÐnai sqedìn 0.05 deuterìlepta. TeleutaÐo all� ìqi ligìtero shmantikì, parathroÔme
mia aprosdìkhth pt¸sh sthn tim  tou Q lÐgo prin thn stajeropoÐhsh tou. Aut  eÐnai mia
sumperifor� pou apant�tai se ìlec sqedìn tic epanal yeic tou peir�matoc me di�forec timèc
twn paramètrwn pagÐdeushc kai eÐnai s mera anex ghth.

'Ena �llo krÐsimo shmeÐo gia th sumperifor� tou suntelest  poiìthtac apoteleÐ h arq 
thc ex�tmishc. Se antÐjesh me to upìloipo aut c thc diadikasÐac, sta pr¸ta st�dia thc
ex�tmishc to Q faÐnetai na èqei mia elafr¸c megalÔterh tim  apì th stajer  tou. Sto
sq.5.1(g) mporoÔme na doÔme xek�jara th sumperifor� aut . Se antÐjesh me ì, ti sumbaÐnei
sthn arq  thc leitourgÐac antistoÐqishc, aut  h ast�jeia den sunodeÔetai apì k�poia fusik 
ermhneÐa. Aut  h aprosdìkhth aÔxhsh ekfr�zei apl¸c to gegonìc ìti se autì to st�dio,
o par�gontac poiìthtac den upologÐzetai me to swstì trìpo. Gia na to exhg soume autì,
prèpei kaneÐc na exet�sei thn eik.2.8. Kat� th suz thsh aut c thc eikìnac, anafèrame to
peiramatikì gegonìc ìti sthn arq  thc yÔxhc mèsw ex�tmishc to ξ èqei mikrìterh tim , prin
p�rei thn telik  tou ξ = 1.2. Wstìso, to Q sto sq.5.1(g) upologÐzetai me thn paradoq 
tou ξ = 1, 2 pantoÔ. Wc apotèlesma autoÔ, èqoume uperektim sei thn tim  tou Q se aut n
thn perioq  kai autìc eÐnai akrib¸c o lìgoc gia ton opoÐo blèpoume mia auxhmènh kai meta-
ballìmenh tim , prin thn apokat�stash thc telik c ξ = 1, 2. Met� apì thn arqik  ex�tmish,
to Q upologÐzetai kai p�li me to swstì trìpo pou dÐnei th swst  tim  kai thn stajerìthta.

Sto sq.5.1(d) blèpoume thn peiramatik  sumperifor� tou Q kont� sthn krÐsimh jermo-
krasÐa Tc gia thn emf�nish BEC kai met� thn pragmatopoÐhsh tou. O par�gontac poiìthtac,
me ton trìpo pou pro lje me afethrÐa ton krÐsimo arijmì twn atìmwn, den eggu�tai opoiad -
pote sumperifor� met� apì ekeÐno to shmeÐo. Wstìso, gia to skopì thc paroÔsac ergasÐac
mporoÔme na dhl¸soume ìti den endiaferìmaste gia ton par�gonta poiìthtac sto sumpÔ-
knwma. Peiramatik�, mporoÔme na parathr soume ta ex c: Kat� th di�rkeia twn teleutaÐwn
stadÐwn thc yÔxhc mèsw ex�tmishc prin to BEC, mporeÐ kaneÐc na diakrÐnei mia apìtomh aÔ-
xhsh sthn tim  tou Q. Aut  h sumperifor� mporeÐ na ermhneujeÐ qrhsimopoi¸ntac to Ðdio
epiqeÐrhma, ìpwc sthn perÐptwsh thc ènarxhc thc ex�tmishc. Apì to sq.2.8, blèpoume mia
pt¸sh tou ξ sta teleutaÐa qiliost� tou deuterolèptou thc diadikasÐac, h opoÐa odhgeÐ se
ènan uper-upologismì tou Q. Ektìc apì autì, kai Ðswc akìmh pio shmantikì, lÐgo prin apì
thn emf�nish tou sumukn¸matoc, h pagÐda IP metatrèpetai kai p�li se mia armonik  pagÐda.
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Sto kef�laio 4, ìtan ex game ton Q, parathr same ìti autìc paramènei stajerìc mèqri th
stigm  pou h pagÐda gÐnetai armonik . Aut  eÐnai h perÐptwsh kont� sto sumpÔknwma. Apì
thn �llh, met� thn emf�nish tou BEC, mporoÔme na parathr soume mia taqeÐa meÐwsh thc
tim c tou Q. Sto shmeÐo autì ja prèpei na k�noume mia shmantik  shmeÐwsh. H shmasÐa tou
suntelest  poiìthtac wc par�metroc gia thn prìbleyh tou krÐsimou arijmoÔ atìmwn, gia
thn posotikopoÐhsh thc diadikasÐac pou odhgeÐ se BEC kai gia th beltistopoÐhsh thc dia-
dikasÐac isqÔei anex�rthta apì thn allag  thc sumperifor�c tou met� thn pragmatopoÐhsh
tou sumpukn¸matoc.

Sq ma 5.2: (a) O arijmìc twn atìmwn kai (b) o suntelest c poiìthtac wc sun�rthsh tou qrìnou kat�
th diadikasÐa thc adiabatik c sumpÐeshc. Sth jewrÐa, uposthrÐxame ìti me thn paradoq  enìc stajeroÔ
arijmoÔ atìmwn, o par�gontac poiìthtac paramènei epÐshc stajerìc se mia adiabatik  kai antistrept 
sumpÐesh tou nèfouc. Sta peir�mata, o arijmìc twn atìmwn mei¸netai kaj¸c h diadikasÐa proqwr�ei, lìgw
thc peperasmènhc di�rkeiac zw c thc magnhtik c pagÐdac   twn anelastik¸n sugkroÔsewn metaxÔ twn
atìmwn. Se orismènec peript¸seic, ìpwc aut  pou apeikonÐzetai ed¸, h meÐwsh aut  ft�nei to 30% twn
atìmwn. Wstìso, h tim  tou suntelest  poiìthtac den faÐnetai na eÐnai epirrep c se tètoiec allagèc.

To basikì sumpèrasma thc anwtèrw suz thshc, eÐnai ìti mporoÔme na upojèsoume to Q
wc stajerì kat� th di�rkeia ìlwn twn diergasi¸n pou lamb�noun q¸ra sth magnhtik  pagÐda
IP. ApoklÐseic aut c thc stajerìthtac ofeÐlontai sth diakop  twn basik¸n upojèsewn pou
dhl¸same me skopì thn exagwg  tou suntelest  poiìthtac. Wstìso, akìmh kai qwrÐc autèc
tic upojèseic na isqÔoun apìluta, to Q paramènei arket� stajerì. Mia tètoia perÐptwsh
apeikonÐzetai sto sq.5.2. Sto (a) blèpoume thn exèlixh tou arijmoÔ twn atìmwn kaj¸c h
sumpÐesh suneqÐzetai, en¸ sto (b) thn antÐstoiqh tim  tou suntelest  poiìthtac. KaneÐc
mporeÐ na anafèrei ìti par� th shmantik  meÐwsh tou arijmoÔ twn atìmwn kat� perÐpou 30%,
h opoÐa eÐnai antÐjeth proc thn idanik  perÐptwsh thc adiabatik c sumpÐeshc, to Q paramènei
sqedìn stajerì.

Epal jeush twn metr sewn

Suzht¸ntac th stajerìthta tou suntelest  poiìthtac sth magnhtik  pagÐda, br kame
ìti sthn arq  thc yÔxhc mèsw ex�tmishc to Q apeikonÐzetai na eÐnai astajèc exaitÐac miac
l�jouc upìjeshc (sth sugkekrimènh perÐptwsh,  tan o lanjasmènoc upologismìc tou ξ).
H jewrhtik  kai peiramatik  epal jeush thc stajerìthtac tou Q mporeÐ na mac bohj sei
sthn epibebaÐwsh thc orjìthtac diafìrwn metr sewn pou lamb�nontai apì ta peir�mata  
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prokÔptoun Ôstera apì thn epexergasÐa twn dedomènwn pou lamb�nontai. Me �lla lìgia,
èna pijanì apotèlesma pou ja deÐqnei ìti o par�gontac poiìthta den eÐnai stajerìc mporeÐ
na deÐxei ìti oi metr seic èrqontai me k�poia sf�lmata.

Wc par�deigma aut c thc qrhsimìthtac tou Q, sto sq.5.3 sqedi�zoume ton suntelest 
poiìthtac kat� to st�dio thc sumpÐeshc. Autì pou eÐnai diaforetikì stic di�forec eikìnec
eÐnai h di�rkeia thc eleujèrac diastol c tou nèfouc prin apì th l yh thc eikìnac, ìpwc
perigr�fetai sto Kef�laio 3. Gia mikroÔc qrìnouc, to Q apeikonÐzetai na mhn eÐnai stajerì,
en¸ gia megalÔterouc qrìnou h stajerìthta apokajÐstatai. To apotèlesma autì kajorÐzei
èna ìrio ston qrìno gia th diadikasÐa ToF pou eÐmaste se jèsh na qrhsimopoi soume, kaj¸c
eÐnai safèc ìti gia ligìtero apì 10 qiliost� tou deuterolèptou, o suntelest c poiìthtac
den upologÐzetai swst�. To prìblhma, bèbaia, ègkeitai ston lanjasmèno upologismì thc
jermokrasÐac me th diadikasÐa pou perigr�fetai sto kef�laio 3, dedomènou ìti se autèc tic
peript¸seic me mikrì qrìno, o ìroc ∆x2

0 �
2kBTx
m t2ToF pou upojètoume paÔei na isqÔei, kai

wc apotèlesma upologÐzetai lanjasmèna o Q.

5.1.2 H AnexarthsÐa tou suntelest  poiìthtac apì tic paramè-
trouc pagÐdeushc

Met� th diereÔnhsh thc sumperifor�c tou suntelest  poiìthtac sto qrìno kai thn epa-
l jeush thc stajerìthtac tou, eÐnai plèon kairìc na diereun soume th deÔterh shmantik 
idiìthta tou Q pou to kajist� idanik  par�metro gia thn posotikopoÐhsh tou nèfouc: thn
anexarthsÐa tou apì tic paramètrouc thc pagÐdeushc, dhlad  thn klÐsh, thn kampulìthta
tou magnhtikoÔ pedÐou kai to pedÐo pìlwshc B0, akrib¸c th stigm  pou arqÐzei h ex�tmish.

Prokeimènou na epibebai¸soume peiramatik� ìti h tim  tou suntelest  poiìthtac exar-
t�tai mìno apì thn poiìthta tou nèfouc kai ìqi apì tic timèc twn paramètrwn thc IP-
pagÐdeushc, prèpei na deÐxoume ìti gia to Ðdio nefoc, to Q paramènei to Ðdio, en¸ all�zoun
oi par�metroi kat� thn ènarxh thc exatmistik c yÔxhc. Sto sq.5.4 deÐqnoume parastati-
k� ti shmaÐnei h parap�nw fr�sh gia thn perÐptwsh thc metabol c tou B0 sto tèloc thc
sumpÐeshc. Sta peir�mat� mac to B0 mei¸netai ekjetik�, ìpwc  dh anafèrjhke, all� autì
mporeÐ na èqei mia pio genik  efarmog . 'Eqoume sqedi�sei dÔo diaforetikèc troqièc tou
pedÐou pìlwshc pou odhgoÔn se dÔo diaforetikèc telikèc timèc B01 kai B02. Se autì to
sugkekrimèno peÐrama, h anexarthsÐa tou Q apì to B0 epalhjeÔetai e�n akolouj¸ntac thn
kìkkinh, thn pr�sinh   �llec diadromèc, h tim  tou suntelest  poiìthtac paramènei stajer 
qwrÐc kamÐa allag . DÔo sunj kec ja prèpei ìlec autèc oi troqièc na ikanopoioÔn prokei-
mènou na exaqjoÔn axiìpista apotelèsmata sqetik� me thn anexarthsÐa aut : Th diat rhsh
thc tim c tou ξ se ìlec autèc tic diaforetikèc epanal yeic twn peiram�twn kai thn isqÔ
thc sqèshc kBT � µBB0, ètsi ¸ste h pagÐda na eÐnai grammik  sthn arq  thc yÔxhc mèsw
ex�tmishc. Ja prèpei na anaferjeÐ sto shmeÐo autì, ìti se antÐjesh me to B0, oi �llec
par�metroi pagÐdeushc kaj¸c kai o qrìnoc thc sumpÐeshc parèmeinan ta Ðdia se ìlec autèc
tic epanal yeic.

Ta peiramatik� apotelèsmata aut c thc diadikasÐac apeikonÐzetai sto sq.5.5. Sto (a)
sqedi�zoume to Q wc sun�rthsh tou B0 kat� th di�rkeia thc ex�tmishc. DesmeÔoume to
telikì B0 se mia perioq  mikr¸n tim¸n, ètsi ¸ste h grammikìthta thc pagÐdac sthn arq 
thc ex�tmishc na paramènei se isqÔ. Koit�zontac to sq ma, parathroÔme ìti o par�gontac
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Sq ma 5.3: O suntelest c poiìthtac wc sun�rthsh tou qrìnou kat� th di�rkeia thc sumpÐeshc. K�je
sq ma qarakthrÐzetai apì ènan diaforetikì qrìno pt shc gia thn apeikìnish tou nèfouc. Gia mikroÔc
qrìnouc to Q deÐqnei na aux�netai me ton qrìno, en¸ gia megalÔterouc qrìnouc h stajerìthta tou èqei
apokatastajeÐ. H krÐsimh tim  gia to qrìno pt shc prin lhfjeÐ h eikìna faÐnetai na eÐnai 10 qiliost� tou
deuterolèptou. Aut  h sumperifor� den èqei kamÐa sqèsh me th fusik  diadikasÐa thc sumpÐeshc   thn
ènnoia tou Q. EÐnai mia èndeixh gia thn orjìthta twn metr sewn. Gia mikroÔc qrìnouc pt shc, to nèfoc
eÐnai puknì kai sÔmfwna me thn an�lush sto kef�laio 3 kai idÐwc thc ex.3.42 h jermokrasÐa den upologÐzetai
me to swstì trìpo. Autì eÐnai èna par�deigma aprosdìkhthc qr shc tou suntelest  poiìthtac gia thn
epal jeush thc akrÐbeiac twn metr sewn.

poiìthtac den all�zei kaj¸c to B0 metab�lletai. Sto (g) parousi�zetai h tim  tou ξ gia
k�je mÐa apì tic telikèc timèc tou B0. Gi' autì to di�sthma twn tim¸n tou B0 metaxÔ 0, 2G
kai 1.4G, to ξ paramènei amet�blhto (ξ ≈ 1.15). Sundu�zontac tic dÔo eikìnec mporoÔme na
dhl¸soume ìti sthn perÐptwsh tou B0, an to ξ eÐnai stajerì tìte to Q den exart�tai apì to
pedÐo pìlwshc. Ta Ðdia apotelèsmata mporoÔn na exaqjoÔn peiramatik� gia tic peript¸seic
thc klÐshc kai thc kampulìthtac tou magnhtikoÔ pedÐou. To basikì apotèlesma mporeÐ
na epibebaiwjeÐ peiramatik�: to Q eÐnai anex�rthto apì tic paramètrouc pagÐdeushc sthn
ex�tmish.

Apì thn �llh, o krÐsimoc arijmìc twn atìmwn exart�tai apì tic paramètrouc pagÐdeushw.
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Sq ma 5.4: Mia diadikasÐa pou mporeÐ na sumb�llei sthn exereÔnhsh tou jewrhtikoÔ epiqeir matoc ìti o
par�gontac poiìthta eÐnai anex�rthtoc apì tic paramètrouc pagÐdeushc sthn yÔxh mèsw ex�tmishc. 'Eqoume
tropopoi sei mÐa apì autèc tic paramètrouc pagÐdeushc, sto sugkekrimèno par�deigma to pedÐo pìlwshc,
en¸ diathroÔme stajerèc ìlec tic upìloipec. Met� apì mia diaforetik  troqi�, to Q ja prèpei na meta-
blhjei, e�n autì exart�tai apì th sugkekrimènh par�metro pagÐdeushc. K�poioc prèpei na eÐnai bèbaioc ìti
orismènec sunj kec paramènoun se isqÔ gia autì to peÐrama: Pr¸ton, h tim  tou ξ ja prèpei na eÐnai h Ðdia
gia ìlec tic troqièc, diìti mia diaforetik  tim  tou ξ all�zei kai thn tim  tou Q. DeÔteron, sthn arq  thc
exatmistik c yÔxhc, h pagÐda prèpei na eÐnai grammik .

'Opwc èqei  dh anaferjeÐ, eÐnai o ìroc anarmonikìthtac sthn 4.22 pou prosfèrei aut n thn
ex�rthsh. Sto sq.5.5(b) apeikonÐzoume ton krÐsimo arijmì atìmwn gia tic di�forec timèc tou
pedÐou pìlwshc. 'Opwc eÐnai anamenìmeno kai perigr�fetai sto kef�laio 4, h qamhlìterh
tim  twn B0 odhgeÐ sth megalÔterh tim  tou Nc. Epanalamb�noume gia mia akìmh for� ìti
up�rqei èna ìrio gia to sugkekrimèno pedÐo pìlwshc, k�tw apì to opoÐo sumbaÐnoun mazikèc
metabolèc tou spin kai ta �toma xefeÔgoun apì thn pagÐda. H tim  B0 = 0, 2G eÐnai kont�
se autì to ìrio. Gia tic peript¸seic thc klÐshc kai thc kampulìthtac thc pagÐdac sthn
ex�tmish, ta pr�gmata eÐnai akìma pio saf . O mègistoc arijmìc twn atìmwn pou mporoÔme
na petÔqoume epitugq�netai me tic mègistec timèc twn a kai β pou mporeÐ na prosfèrei h
di�taxh.

To Q wc apìlutoc par�gontac gia thn poiìthta twn nef¸n. H ikanìthta tou
Q na eÐnai stajerì kai anex�rthto apì tic paramètrouc pagÐdeushc thc IP pagÐdac mporeÐ na
mac bohj sei na sugkrÐnoume ìqi mìno thn poiìthta tou nèfouc, prokeimènou na dhmiourg sei
meg�la BEC metaxÔ twn peiram�twn se diaforetikèc qronikèc stigmèc   f�seic, all� kai
metaxÔ diaforetik¸n diat�xewn kai diaforetik¸n om�dwn. H mình proôpìjesh gia thn en
lìgw sÔgkrish eÐnai h parousÐa miac IP pagÐdac. Sto parak�tw sq ma, h sÔgkrish metaxÔ
orismènwn di�shmwn peiram�twn pragmatopoieÐtai.
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Sq ma 5.5: (a) To Q wc sun�rthsh tou telikoÔ pedÐou pìlwshc B0. Epanal yeic tou Ðdiou peir�matoc me
th mình diafor� h telik  tim  tou pedÐou pìlwshc kat� thn ex�tmish. Gia mikrìterec timèc apì 0, 2G, to
nèfoc odhgeÐtai se mazik  ap¸leia lìgw allag c spin. Gia polÔ megalÔterec timèc apì 1, 5G, h pagÐda
paÔei na eÐnai grammik . Gia endi�mesec timèc, o suntelest c poiìthtac paramènei stajerìc. To Q faÐnetai
na eÐnai anex�rthto apì to pedÐo pìlwshc. (b) H upologizìmenoc krÐsimoc arijmìc atìmwn wc sun�rthsh
tou B0. Se antÐjesh me ton par�gonta poiìthtac, o krÐsimoc arijmìc twn atìmwn exart�tai èntona apì
tic paramètrouc thc pagÐdeushc mèsw tou ìrou anarmonikìthtac. 'Oso mikrìterh eÐnai h tim  tou pedÐou
pìlwshc, tìso megalÔterh eÐnai h tim  tou krÐsimou arijmoÔ atìmwn. (g) O par?gontac ξ gia di�forec timèc
tou B0. Epal jeush ìti h par�metroc ξ paramènei h Ðdia kaj¸c all�zoume to pedÐo pìlwshc metaxÔ 0, 2G
kai 1.4G.

5.2 O suntelest c poiìthtac kai h prìbleyh tou krÐ-
simou arijmoÔ atìmwn

H epituqhmènh prosp�jeia na posotikopoihjeÐ h poiìthta tou nèfouc sth magnhtik  IP
pagÐda kajist� dunatìn na problefjeÐ h krÐsimoc arijmìc atìmwn, akìmh kai apì ta pr¸ta
st�dia thc diadikasÐac. Aut  h dunatìthta eÐnai ènac sunduasmìc thc stajerìthtac tou Q
kai thc sqèshc tou me ton krÐsimo arijmì �tomwn mèsw thc ex.4.22:

Nc = Q3A (5.2)

'Etsi, an mporoÔme na upologÐsoume thn tim  tou A se aut� ta arqik� st�dia, mporoÔme
epÐshc na upologÐsoume kai to Nc. Aut  h tim  tou A exart�tai apokleistik� apì tic
paramètrouc pagÐdeushc sthn arq  thc ex�tmishc, B0e kai ωe.
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Sq ma 5.6: O suntelest c poiìthtac, ìpwc upologÐzetai apì tic timèc thc jermokrasÐac, ton arijmì atìmwn,
thn par�metro ξ kai tic paramètrouc pagÐdeushc gia k�poia di�shma peir�mata pou ulopoÐhsan BEC. Gia
leptomèreiec sqetik� me aut� ta peir�mata mporeÐ kaneÐc na dei [89][75][74][76][36].

Ja epikentr¸soume pr¸ta thn prosoq  mac sthn perÐptwsh pou h mètrhsh lamb�netai
kat� th di�rkeia miac tuqaÐac stigm c sthn yÔxh mèsw ex�tmishc. Se aut  thn perÐptwsh, o
ìroc anarmonikìthtac A eÐnai gnwstìc, dedomènou ìti oi par�metroi pagÐdeushc paramènoun
amet�blhtec se ìlh th diadikasÐa thc ex�tmishc kai, wc ek toÔtou, mporoÔme na qrhsimo-
poi soume tic metroÔmenec timèc twn B0e kai ωe gia ton upologismì tou A. Wc apotèlesma
autoÔ, e�n ta peiramatik� dedomèna epibebai¸noun thn upìjes  miac stajer c tim c gia to ξ
kat� th di�rkeia thc exatmistik c yÔxhc, tìte o krÐsimoc arijmìc atìmwn mporeÐ na proble-
fjeÐ apì ta arqik� st�dia thc ex�tmishc me thn apokleistik  qr sh twn metroÔmenwn tim¸n
ekeÐnhc thc stigm c pou gÐnetaih mètrhsh. Sto sq.5.7(a) sqedi�zoume thn problefjeÐsa tim 
tou Nc, qrhsimopoi¸ntac mìno tic metroÔmenec timèc twn paramètrwn tou nèfouc {T , N}
kai tic paramètrouc pagÐdeushc {B0, ω}, dhlad  gia ton upologismì tou A antikajistoÔme
ta B0e kai ωe me tic metroÔmenec timèc B0 kai ω. 'Opwc mporoÔme na parathr soume se autì
to sq ma, kat� th di�rkeia thc yÔxhc me ex�tmish, h problepìmenh tim  twn Nc eÐnai kont�
sthn telik  tim  tou.

Diaforetik  eÐnai h perÐptwsh ìtan h mètrhsh lamb�netai kat� th di�rkeia thc sumpÐeshc
  thc fìrtwshc tou nèfouc sth magnhtik  pagÐda. Autì mporeÐ na exhghjeÐ apì to gegonìc
ìti kaneÐc agnoeÐ tic paramètrouc pagÐdeushc sthn arq  thc ex�tmishc, e�n h mètrhsh lam-
b�netai se pr¸imh stigm  thc diadikasÐac. H adunamÐa aut  apeikonÐzetai sto sq ma 5.7(a).
O problepìmenoc krÐsimoc arijmìc �tomwn apotugq�nei sth leitourgÐa antistoÐqishc kai th
sumpÐesh e�n k�poioc qrhsimopoieÐ mìno tic metroÔmenec timèc. H esugkekrimènh tim  tou
Nc se autì to sq ma ekfr�zei sthn pragmatikìthta thn prìbleyh tou krÐsimou arijmoÔ
atìmwn sthn upojetik  perÐptwsh pou h ex�tmish xekin� se aut  th sugkekrimènh stigm  me
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Sq ma 5.7: (a) H prìbleyh tou krÐsimou arijmoÔ atìmwn me th qr sh twn metroÔmenwn tim¸n twn para-
mètrwn tou nèfouc (arijmìc atìmwn, jermokrasÐa) kai tic metroÔmenec timèc twn paramètrwn pagÐdeushc
(suqnìthta, pedÐo pìlwshc). Me kìkkinec koukkÐdec antiproswpeÔontai oi problepìmenec timèc tou krÐsi-
mou arijmoÔ, en¸ h pr�sinh gramm  dhl¸nei thn pragmatik  metroÔmenh tim  tou Nc ìtan emfanÐzetai to
sumpÔknwma. Aut  h prìbleyh eÐnai epituq c kat� th di�rkeia thc exatmistik c yÔxhc, akìmh kai apì thn
arq  thc, all� apotugq�nei sth fìrtwsh kai th sumpÐesh thc pagÐdac IP. H sumperifor� aut  ofeÐletai
sto shmantikì rìlo twn paramètrwn pagÐdeushc sthn arq  thc yÔxhc mèsw ex�tmishc, pou den lamb�nontai
upìyh se autì to di�gramma. (b) To Ðdio di�gramma ìpwc sto (a) me th mình diafor� thn antikat�stash
twn metrhjeÐswn paramètrwn pagÐdeushc me autèc sthn arq  thc ex�tmishc. H prìbleyh den apotugq�nei
t¸ra oÔte sth sumpÐesh, oÔte sth leitourgÐa antistoÐqishc.

thn tautìqronh paÔsh thc sumpÐeshc. Apì thn �llh, sthn eik.5.7(b) èqoume sqedi�sei thn
prìbleyh gia to Nc me thn prìsjeth gn¸sh twn paramètrwn thc pagÐdeushc sthn arq  thc
ex�tmishc. Gia na upologÐsoume thn tim  twn Nc se autì to sq ma, upologÐzoume to A me
qr sh twn tim¸n B0e kai ωe. Aut  h antikat�stash mporeÐ na epiteuqjeÐ mìno an eÐmaste
en meroi gia tic telikèc timèc twn paramètrwn. Wstìso, autì eÐnai logikì, dedomènou ìti me
stìqo na megistopoi soume to Nc, kaneÐc sumpièzei to nèfoc mèqri to ìriì tou, ìpwc autì
prosdiorÐzetai apì thn suskeu  pou qrhsimopoieÐtai kai thn proôpìjesh gia thn apofug 
thc mazik c apwleiac twn atìmwn lìgw allag c spin. O krÐsimoc arijmìc atìmwn se aut 
thn perÐptwsh problèpetai me epituqÐa akìmh kai apì ta pr¸ta st�dia thc fìrtwshc tou
nèfouc sthn pagÐda.

5.3 O suntelest c poiìthtac kai h beltistopoÐhsh thc
diadikasÐac

Mia �llh shmantik  sunèpeia thc posotikopoÐhshc tou atomikoÔ nèfoc sth magnhtik 
IP pagÐda, ektìc apì thn prìbleyh tou krÐsimou arijmoÔ atìmwn akìmh kai apì ta pr¸ta
st�dia, eÐnai h dunatìthta na belti¸soume   akìmh kai na megistopoÐhsoume upì orismènec
sunj kec autì ton arijmì. Aut  h beltistopoÐhsh thc diadikasÐac gia thn paraskeuh tou
BEC kai h poiìthta tou nèfouc sundèontai mesw tou gegonìtoc ìti o par�gontac poiìthtac
eÐnai mÐa gnhsÐwc aÔxousa sun�rthsh thc ikanìtht�c tou nèfouc na prokalèsei meg�lo
sumpÔknwma. 'Etsi, me th beltistopoÐhsh tou Q, mporeÐ kaneÐc na megistopoi sei ton krÐsimo
arijmì atìmwn. Aut  h beltÐwsh mporeÐ na epiteuqjeÐ kat� th di�rkeia thc MOT (akìmh kai
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an to Q den orÐzetai wc stajerì se aut  th diadikasÐa), kat� th fìrtwsh kai thn sumpÐesh
tou nèfouc kai, tèloc, kat� th di�rkeia thc yÔxhc me ex�tmish.

H prìjesh thc paroÔsac ergasÐac den eÐnai mia leptomer c melèth gia thn beltistopoÐhsh
tou Q kai wc apotèlesma tou Nc se sqèsh me k�je par�metro pou ephre�zei th diadikasÐa,
all� m�llon na anafèroume k�poia basik� apotelèsmata pou perigr�foun thn epituqÐa aut c
thc beltistopoÐhshc kai th sumperifor� thc diadikasÐac pou odhgeÐ sto sumpÔknwma. Mia
telik  parat rhsh prin apì thn parousÐash twn apotelesm�twn: 'Opwc  dh anafèrjhke,
h diadikasÐa thc ex�tmishc perigr�fetai apì thn tim  tou ξ wc proc to stìqo mac gia th
beltistopoÐhsh, ìso h par�metroc aut  paramènei stajer  se ìlh th diadikasÐa thc yÔxhc.
O par�gontac poiìthtac eÐnai mia gnhsÐwc aÔxousa sun�rthsh aut c thc paramètrou ξ. Wc
ek toÔtou, h beltistopoÐhsh thc diadikasÐac telik� metafèretai sth beltistopoÐhsh tou ξ,
mia prosp�jeia pou eÐnai èxw apì to pedÐo efarmog c thc paroÔsac ergasÐac. H bèltisth
tim  tou ξ pou katafèrame na p�roume peiramatik� eÐnai   pou qrhsimopoieÐtai se ìla ta
apotelèsmata pou anafèroume, ξ = 1, 2.

5.3.1 O suntelest c poiìthtac kai h beltÐwsh thc MOT

An kai o par�gontac poiìthtac den èqei fusik  ènnoia kat� to st�dio thc yÔxhc me lèi-
zer, thn epèktash tou Qo sto tèloc thc MOT, ìpwc perigr�fetai sthn enìthta 4.2.4 eÐnai
exairetik� shmantik . Aut  h tim  tou Qo sto tèloc thc MOT kajorÐzei thn Ôparxh enìc
megÐstou sto Q sth magnhtik  pagÐda kai, wc ek toÔtou, èna mègisto sthn poiìthta tou
nèfouc. Qrhsimopoi¸ntac thn exÐswsh 4.34, mporeÐ kaneÐc na brei th bèltisth tim  tou Q
gia mia dedomènh tim  tou Qo. Aut  h bèltisth tim  mporeÐ na epiteuqjeÐ ìqi mìno me b�sh th
diadikasÐa antistoÐqishc, all� kai epilègontac thn kalÔterh poreÐa thc sumpÐeshc. H mình
eleujerÐa pou apomènei, met� ton prosdiorismì tou Qo, gia na auxhjeÐ h mègisth epiteÔximh
tim  tou Q paramènei h dunatìthta aÔxhshc tou ξ. Wc ek toÔtou, akìmh kai an den mporoÔme
na metr soume thn ikanìthta tou nèfouc se opoiad pote tuqaÐa stigm  kat� th di�rkeia
thc MOT, h telik  tim  tou Qo mac plhroforeÐ sqetik� me tic sunolikèc prooptikèc thc
poiìtht�c tou.

Jewrhtik�, den up�rqei ìrio sthn tim  tou Qo. O mìnoc periorismìc ègkeitai stouc
periorismoÔc thc di�taxhc. Autìc eÐnai o lìgoc pou den anaferìmaste sthn èreuna aut  tou
Qo wc th beltistopoÐhsh all� th beltÐwsh thc diadikasÐac thc MOT.

Sto sq.5.8 (a) kai (b), apeikonÐzoume to Qo kai ton arijmì twn jermik¸n atìmwn an-
tÐstoiqa met� to st�dio thc CMOT wc sun�rthsh thc klÐshc tou magnhtikoÔ pedÐou pou
efarmìzetai sta meg�la Ioffe phnÐa kat� th di�rkeia thc diergasÐac thc MOT prin apì th
sumpÐesh. Sto (a) blèpoume ìti h mègisth epiteÔximh tim  tou Qo eÐnai sqedìn 820 gia thn
perÐptwsh ìpou aMOT = 25G/cm. 'Olec oi �llec par�metroi thc IP paramènoun stajerèc
stic timèc, ìpwc autèc pou dhmiourgoÔn ta nèfh se ìlec tic prohgoÔmenec grafikèc para-
st�seic kai ta apotelèsmata. Sto sq.5.8 (g) kai (d), mia parìmoia anapar�stash tou Qo
emfanÐzetai wc sun�rthsh tou aposuntonismoÔ thc MOT.

Koit�zontac tic dÔo autèc peript¸seic, mporoÔme na doÔme ìti h megistopoÐhsh tou Q
sumbaÐnei stic Ðdiec timèc thc aMOT kai fMOT kat� tic opoÐec megistopoieÐtai kai o telikìc
arijmìc atìmwn met� thn ìlh diadikasÐa yÔxhc me lèizer. To gegonìc autì mporeÐ na enisqÔ-
sei ton isqurismì ìti mporoÔme na beltistopoi soume ton arijmì twn atìmwn, antÐ tou Qo
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Sq ma 5.8: (a)-(b) H sumperifor� tou (a) par�gonta poiìthtac kai (b) tou arijmoÔ twn atìmwn sto tèloc
thc yÔxhc lèizer wc sun�rthsh thc klÐshc thc MOT prin apì to st�dio thc sumpiesmènhc MOT kai thc
optik c mel�sac. Kai ta dÔo aut� megèjh èqoun èna mègisto gia aMOT = 25G/cm. Se aut  thn perÐptwsh,
faÐnetai na isqÔei miac antikat�stash tou suntelest  poiìthtac apì ton arijmì twn atìmwn wc par�metro
pou ja prèpei na exet�soume gia th beltistopoÐhsh. (g)-(d) H (g) sumperifor� tou suntelest  poiìthtac
kai (d) tou arijmoÔ twn atìmwn met� to st�dio thc MOT wc sun�rthsh tou aposuntonismoÔ thc MOT. Se
aut n thn perÐptwsh, h antikat�stash den epitrèpetai, kai to Q paramènei o kat�llhloc par�gontac gia
th beltistopoÐhsh.

kai tou Q sth magnhtik  pagÐda, prokeimènou na beltistopoi soume ton krÐsimo arijmì atì-
mwn. Oi isqurismoÐ autoÐ, wstìso, faÐnetai na mhn eÐnai ègkuroi. H aitiolìghsh aut c thc
mh egkurìthtac mporeÐ na brejeÐ sta Ðdia diagr�mmata. Parathr¸ntac, gia par�deigma, thn
perÐptwsh tou aposuntonismoÔ thc MOT, mporoÔme na doÔme ìti gia fMOT = −12.5MHz h
tim  tou Qo eÐnai polÔ megalÔterh apì ì, ti gia fMOT = −10MHz. Apì thn �llh pleur�,
autì den eÐnai al jeia gia thn tim  tou arijmoÔ twn atìmwn. Epiplèon, koit�zontac kai p�li
sthn perÐptwsh tou aposuntonismoÔ thc MOT, mporeÐ kaneÐc na parathr sei ìti, gia apo-
suntonismoÔc sthn perioq  metaxÔ −25MHz kai −35MHz, o arijmìc twn atìmwn paramènei
sqedìn stajerìc, en¸ to Qo èqei mia metaballìmenh tim  h opoÐa de faÐnetai tuqaÐa. Mia
parìmoia sumperifor� faÐnetai sthn perÐptwsh thc allag c thc klÐshc. K�je axÐwsh gia th
beltistopoÐhsh tou arijmoÔ twn atìmwn den lamb�nei upìyh th metabol  thc jermokrasÐac
k�tw apì tic allagèc twn diafìrwn paramètrwn oi opoÐec sumb�lloun epÐshc sthn poiìthta
tou nèfouc.
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5.3.2 O suntelest c poiìthtac kai h beltistopoÐhsh sthn IP ma-
gnhtik  pagÐda

Sthn prohgoÔmenh enìthta suzht same sqetik� me thn beltÐwsh tou Qo, gegonìc pou
odhgeÐ se uyhlìtero �nw ìrio gia to Q sth magnhtik  pagÐda. Met� apì aut  thn peirama-
tik  beltÐwsh, prospajoÔme na beltistopoi soume to nèfoc sthn IP pagÐda. H sqèsh 4.34
prosfèrei th gn¸sh thc jewrhtik c bèltisthc tim c tou Q gia mia orismènh tim  tou Qo.
'Etsi, h prosp�jei� mac ègkeitai sto sunduasmì ìlwn twn paramètrwn se aut  thn pagÐda,
prokeimènou na epiteuqjeÐ aut  h jewrhtik� mègisth tim  tou Q. Aut  h tim  exart�tai kurÐ-
wc apì th diadikasÐa thc leitourgÐac antistoÐqishc, h opoÐa kajorÐzei thn arqik  suqnìthta,
th jermokrasÐa kai ton arijmì twn atìmwn, kai apì tic diadikasÐec sumpÐeshc kai ex�tmishc,
oi opoÐec kajorÐzoun thn tim  tou ξ kai wc ek toÔtou thn oristik  axÐa tou Q.

Sthn Enìthta 2.3.2 perigr�yame th diadikasÐa thc MOT kai uposthrÐxame ìti gia th
leitourgÐa antistoÐqishc oi suqnìthtec thc magnhtik c pagÐdac prèpei na eÐnai Ðsec me thn
pragmatik  suqnìthta thc MOT. Oi bèltistec timèc thc klÐshc kai thc kampulìthtac jew-
rhtik� brÐskontai apì thn exÐswsh 2.53 Qrhsimopoi¸ntac autèc tic sqèseic, ta peiramatik�
apotelèsmata thc MOT kai mia aujaÐreth epilog  gia to B0 me thn mèrimna na parameÐnei h
pagÐdeush armonik , mporoÔme na sumper�noume ìti h leitourgÐa antistoÐqishc emfanÐzetai
gia mia klÐsh kont� sthn tim  tou a = 45G/cm, gia mia kampulìthta sqedìn β = 20G/cm2

kai gia B0 = 30G. Wstìso, autèc oi upologizìmenec timèc den sumfwnoÔn me to peÐrama,
ìpou diapist¸same ìti gia B0 = 30G , oi bèltistec timèc thc klÐshc kai thc kampulìthta
tou magnhtikoÔ pedÐou pou katafèrame na epitÔqoume eÐnai a = 85G/cm kai β = 50G/cm2.

Sto sq.5.9(a) kai (b) sqedi�zoume to Q wc sun�rthsh thc klÐshc a, en¸ diathr same
thn kampulìthta kai to pedÐo pìlwshc stajer�. Sto (a) èqoume β = 50G/cm2 and for
B0 = 30G. Sto (b) èqoume β = 70G/cm2 and for B0 = 30G. Oi diakekommènec grammèc
antiproswpeÔoun thn jewrhtik� bèltisth tim  tou Q ìpwc prosdiorÐzetai gia èna dedomèno
nèfoc sth MOT kai perigr�fetai sthn prohgoÔmenh enìthta. EÐnai safèc ìti sto (a) h
prosp�jeia beltistopoÐhshc eÐnai polÔ pio epituq c apì ì, ti (b). Se autì to di�gramma
(a), mporeÐ kaneÐc na dei ìti k�poiec epanal yeic tou peir�matoc ft�noun sqedìn mèqri
thn idanik  tim  tou Q, en¸ h mèsh tim  touc den eÐnai polÔ makri� apì aut  thn idanik 
perÐptwsh. Mia �llh autonìhth parat rhsh eÐnai to gegonìc ìti gia mia diaforetik  tim 
thc kampulìthtac, to mègisto tou Q epitugq�netai gia mia diaforetik  tim  thc klÐshc.
Prokeimènou na melethjeÐ pl rwc h beltistopoÐhsh thc fìrtwshc tou nèfouc sth magnhtik 
pagÐda, ja prèpei na diereun soume ìlouc touc sunduasmoÔc twn paramètrwn aut¸n kai
na touc sugkrÐnoume me to jewrhtikì mègisto suntelest  poiìthtac. Parìmoia eÐnai h
perÐptwsh an k�poioc tropopoieÐ thn kampulìthta, af nontac qwrÐc allag  thn klÐsh tou
magnhtikoÔ pedÐou. Sto sq.5.8(g) apeikonÐzetai aut  h perÐptwsh. 'Ena telikì sqìlio gia
th leitourgÐa antistoÐqishc eÐnai to ex c: H epilog  tou arqikoÔ B0 den faÐnetai na eÐnai
exairetik� apofasistik  gia thn epÐteuxh meg�lwnQ. Autì mporeÐ na faneÐ sto sq ma 5.8(d),
ìpou o par�gontac poiìthta eÐnai amet�blhtoc gia diaforetikèc timèc tou pedÐou pìlwshc
sthn perioq  apì 20G èwc 40G.

H shmasÐa thc sumpÐeshc gia th beltistopoÐhsh tou suntelest  poiìthtac eÐnai dipl :
Ja prèpei na eggu�tai thn adiabatik  metabol  tou nèfouc, prokeimènou to Q na eÐnai sta-
jerì kai na prosfèrei tic arqikèc sunj kec gia yÔxh me ex�tmish   me �lla lìgia, eÐnai
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Sq ma 5.9: (a)-(b) o par�gontac poiìthtac wc sun�rthsh thc klÐshc kat� th di�rkeia thc leitourgÐac
antistoÐqishc. Oi diakekommènec grammèc antiproswpeÔoun thn idanik  mègisth tim  tou Q gia orismènh
metroÔmenh tim  tou Qo sthn MOT, sÔmfwna me th suz thsh sto prohgoÔmeno tm ma. Sto (a) qrhsimo-
poioÔme tic paramètrouc β = 50G/cm2 kai B0 = 30G, en¸ sto (b) β = 70G/cm2 kai B0 = 30G. To pr¸to
di�gramma eÐnai pio epituqhmèno se sqèsh me to deÔtero. Mia �llh parat rhsh eÐnai h diaforetik  tim  thc
bèltisthc klÐshc se perÐptwsh pou oi �llec par�metroi, h kampulìthta kai to pedÐo pìlwshc, èqoun dia-
foretik  tim . (g) O suntelest c poiìthtac gia tic di�forec timèc thc kampulìthtac gia a = 85G/cm and
B0 = 30G. (d) To arqikì pedÐo pìlwshc den faÐnetai na eÐnai tìso krÐsimo gia th leitourgÐa antistoÐqishc.

ènac par�gontac pou kajorÐzei thn tim  tou ξ. H pr¸th proôpìjesh ikanopoieÐtai an h
diadikasÐa sumpÐeshc exelÐssetai ikanopoihtik� arg�. H akrib c epilog  thc di�rkeiac thc
diadikasÐac den faÐnetai na eÐnai krÐsimh gia thn tim  tou suntelest  poiìthtac. DÔo deute-
rìlepta sumpÐeshc, ìpwc qrhsimopoieÐtai se ìla ta peir�mata twn opoÐwn ta apotelèsmata
apeikonÐzontai, eÐnai arket� gia adiabatikìthta. H melèth thc sumpÐeshc wc mia diadikasÐa
gia ton kajorismì tou ξ eÐnai èxw apì to pedÐo efarmog c thc paroÔsac ergasÐac. Wstìso,
peiramatik�, diapist¸noume ìti h megalÔterh tim tou ξ eÐnai ξ = 1, 2 kai ìti h tim  aut  den
metab�lletai, ektìc e�n oi ìroi thc sumpÐeshc eÐnai teleÐwc diaforetikoÐ.
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Kef�laio 6

Sumper�smata kai prooptikèc

Sthn ergasÐa aut  ex�game ènan suntelest  poiìthtac wc apotèlesma thc prosp�jei�c
mac gia thn posotikopoÐhsh twn nef¸n kai th beltistopoÐhsh twn diadikasi¸n pou odhgoÔn
sto BEC. ApodeÐxame, epÐshc, peiramatik� tic idiìthtec autoÔ tou par�gonta poiìthtac,
oi opoÐec ton kajistoÔn wc thn kat�llhlh par�metro gia ton skopì mac. H stajer  tim 
thc kajìlh th diadikasÐa, h anexarthsÐa thc apì tic paramètrouc pagÐdeushc kai h aÔxousa
sqèsh thc me ton krÐsimo arijmì atìmwn mìlic kat� thn emf�nish tou sumpukn¸matoc eÐnai
oi pio shmantikèc idiìthtec pou th diaforopoioÔn apì opoiad pote �llh par�metro, ìpwc
th puknìthta tou q¸rou f�shc (PSD). 'Eqontac autèc tic idiìthtec, mporoÔme na thn
qrhsimopoi soume gia th beltistopoÐhsh thc yÔxhc MOT, th leitourgÐa antistoÐqishc kai kai
thn ex�tmish, gia thn prìbleyh tou krÐsimou arijmo? atìmwn, akìmh kai apì ta pr¸ta st�dia,
gia th sÔgkrish tou pìso kal� èqoume epitÔqei BEC kai gia ton èlegqo thc orjìthtac
merik¸n peiramatik¸n apotelesm�twn. Autìc o par�gontac poiìthtac leitourgeÐ mìno gia
thn perÐptwsh thc IP magnhtik c pagÐdac kai lamb�nei upìyh touc metasqhmatismoÔc thc
apì èna armonikì dunamikì se èna grammikì kai pÐsw se èna armonikì kat� tic diergasÐec
thc antistoÐqishc, th sumpÐesh tou nèfouc kai thn ex�tmish tou.

MporoÔme na epwfelhjoÔme apì autìn ton par�gonta poiìthtac kai na par�xoume tsum-
pukn¸mata me uyhloÔc arijmoÔc atìmwn. BEC me 1010 �toma eÐnai mia kajhmerin  routÐna
sta peir�mat� mac. 'Eqontac tìso meg�la BEC kai prospaj¸ntac gia akìmh megalÔtera,
mporeÐ na mac d¸sei thn eukairÐa na melet soume pollèc endiafèrousec ptuqèc, ìpwc tic
allhlepidr�seic metaxÔ twn atìmwn kai thn emf�nish thc sunoq c sto sumpÔknwma. Lèizer
atìmwn, mia �llh efarmog  h opoÐa apaiteÐ meg�la BEC, prìkeitai na mac apasqol sei
sto proseqèc mèllon. Apì mia �llh �poyh, ja eÐnai endiafèron gia em�c na diereun soume
thn epèktash tou suntelest  poiìthtac se �llec magnhtikèc pagÐdec pou qrhsimopoioÔntai
eurèwc se peir�mata BEC, ìpwc h kajar  armonik  pagÐda.
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Abstract

From the first years of BEC in dilute gases till now, there was a great amount
of attempts to reach BECs with as large number of atoms as possible. Despite this
interest, until now it has been difficult to find the critical parameters for the maxi-
mization of the number of the condensed atoms. In most cases, this maximization is
based on trial and error and the methods often remain unmentioned. In other cases,
researchers adopt the phase-space density (PSD) as the parameter for this optimiza-
tion, which in fact is not the appropriate factor in order to maximize the number of
the condensed atoms. This thesis presents a theoretical derivation of a parameter,
which we call the Quality factor, for the optimization of the number of the con-
densed atoms based on theoretical principles of laser cooling and magneto-optical
trapping as well as magnetic trapping and evaporative cooling in an Ioffe-Pritchard
trap. The derived factor works well only in this kind of trap, since in the derivation
we kept in mind its special behaviour and the potential it offers. However, the basic
ideas can be used in order to extract a similar parameter for other traps, like the
TOP-trap, as well. The properties of this Quality factor make it unique for our
attempts. Its direct ascending relation with the condensed atom number makes it
appropriate for the optimization of the processes which lead to BEC. Its constant
value throughout the processes of magnetic trapping and evaporative cooling lays it
responsible for the quantification of the thermal cloud. The quality of the cloud to
give large BECs is expressed by the value of this Quality factor. Its independence of
the trapping parameters (always keeping in mind that we use a Ioffe-Pritchard trap)
makes it a global factor for the comparison of the thermal clouds. The derivation
of this factor is followed by experimental results that prove and confirm the useful-
ness of it. Results for the quantification of the cloud in an Ioffe-Pritchard trap, the
prediction of the critical atom number when BEC just occurs even from the first
stages of cooling, the optimization of the processes of the magneto-optical trapping
(MOT), the transfer of the cloud from the MOT to the Ioffe-Pritchard trap and
evaporative cooling are presented. Additional properties, like the verification of the
correctness of measurements of BEC are discussed.

keywords: BEC optimization, BEC quantification, Quality factor, Prediction, Ioffe-
Pritchard trap, Magneto-optical trap (MOT), magnetic trapping and evaporative
cooling.
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Outline of this thesis

Bose-Einstein Condensation (BEC) is closely connected with interesting theoretical
questions and experimental applications, is related to remarkable low-temperature phe-
nomena, such as superfluidity in liquid helium or superconductivity in solids and is able
to be realized only after the modern developments in experimental atomic physics, such
as laser cooling, magnetic trapping and forced evaporative cooling. For all these reasons,
the investigation of BEC is currently one of the most rapidly developing fields in atomic
physics. Nowadays, there are more than one hundred BEC experiments worldwide. Among
the topics of these experiments, one can distinguish the investigation of low-dimensional
systems, optical lattices, atom lasers, matter-wave interferometry, precision measurements,
phase transitions.

This thesis focuses on the optimization of the processes, the successive application of
which eventually leads to the onset of BEC. This optimization is related to the achievement
of the largest possible number of atoms in the condensate. The structure of this thesis
can be summarized as follows: In Chapter 1 some basic theoretical aspects related to the
realization of BEC in dilute atomic Rubidium-87 systems are discussed. In particular, in
Section 1.1 after we describe the concept of BEC in the general case with the presence of
interactions from a Phase-transition theory and Second Quantization formalism point of
view, we concentrate our interest in the special cases of ideal and weakly interacting gases.
The critical temperature and the behaviour of the atoms in the condensate are presented
in these cases. In Section 1.2 we present the fundamental properties of 87Rb. Its structure
according to the Quantum model for the Hydrogen, the fine and the hyperfine structure,
its internal and external degrees of freedom in a light field and a magnetic field are among
the topics that we discuss, which are useful for the following chapters.

In Chapter 2 we describe the basic principles of the techniques used for the cooling and
trapping of the 87Rb cloud in order to eventually achieve BEC. After an overview of the
whole procedure in Section 2.1, we proceed in 2.2 in describing the first general process,
namely the laser cooling and the magneto-optical trapping (MOT) technique. We discuss
the fundamental principles of trapping and cooling a thermal cloud using laser beams and
magnetic fields, the limitations of these techniques for the temperature, the number of
atoms and the density of the cloud and the experimental realization of these technique
with the setup built in our laboratory. In Section 2.3 the basic principles of magnetic
trapping and evaporative cooling, the second general process, is presented. We discuss
issues related to the trapping, such as the theoretical description and the realization of the
Ioffe-Pritchard trap, to the loading of the trap from the previous stage, to the compression
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of the cloud and to evaporative cooling. We present some theoretical and experimental
results that model these processes after some rational assumptions that will be of great
assistance throughout the next chapters.

Chapter 3 describes the shape and the distribution of the cloud during the different
stages until the degeneracy and the shape and the distribution of BEC, as well. With
the knowledge of these distributions, we present the techniques that are used for the
measurement of the properties of the cloud and the detection of the condensate. The
time-of-flight and the absorption imaging are among these techniques. Finally, we discuss
the fits we need to have in order to extract reliable results for the temperature, the number
of atoms etc.

After the whole description of the experiment that leads to BEC and the techniques
for measurements, in Chapter 4 we begin by discussing the need of a parameter which can
be ideal for the optimization of the processes. The derivation of this parameter, which
we call the Quality factor, is the topic of this chapter. First we derive it in the process of
magnetic trapping and evaporative cooling and then we extend its usefulness in the MOT.

In Chapter 5 the properties of the derived Quality factor are confirmed by using the
apparatus available in our laboratory. In particular, we prove its important properties of
remaining constant and independent of the trapping parameters during the processes of
magnetic trapping and evaporative cooling, of having a direct ascending relation with the
condensed atom number, of being useful for the prediction of this critical atom number.

Finally in Chapter 6 the conclusions of this thesis are summarised.
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Chapter 1

Theoretical aspects of
Bose-Einstein Condensation in
dilute atomic Rb systems

1.1 Theory of Bose-Einstein Condensation (BEC)

1.1.1 The concept of BEC

One of the fundamental postulates of Quantum Mechanics is that particles can be di-
vided into two kinds: Bosons, the ones with integral spin and symmetric wavefuctions and
Fermions, the particles with half-integral spin and antisymmetric wavefunctions. Quan-
tum Statistics states that Bosons have an increased probability of occupying a quantum
state that is already occupied by another Boson, whereas Pauli’s exclusion principle dic-
tates that no two Fermions can occupy the same eigenstate. Here, we are interested in
Bose-Einstein condensates and, thus, Bosons. In the framework of second quantization
formalism [1], Bosons are characterized by the commutative relations

[Ψ̂(r), Ψ̂†(r′)] = δ(r − r′) and [Ψ̂(r), Ψ̂(r′)] = 0 (1.1)

where Ψ̂(r)/Ψ̂†(r) are the field operators that annihilate/create a particle at the point r
of the space and δ is the Dirac function.

In the most general case of the presence of strong interactions, the eigenfunctions of
the Hamiltonian cannot be expressed as products of single-particle states, even at zero
temperature. For that reason, one should address himself to formalism of the more widely
applicable one-body density matrix in order to define the phase of BEC. The one-body
density matrix n(1)(r, r′) is defined as the operator

n(1)(r, r′) =< Ψ̂†(r)Ψ̂(r′) > (1.2)

which includes both the case of a pure statistical state and a mixture of pure states.
As a relevant comment, one can deduce from the one-body density matrix the density
operator of the system as n(r) = n(1)(r, r). It can easily be proven (see for example
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[2][3]) that the matrix n(1) is Hermitian and therefore there is a complete orthogonal set
of one-particle eigenfunctions φi and the corresponding eigenvalues ni which diagonalize
it. In the representation of that basis, which is called the natural-orbit representation, the
one-body density matrix is written as

n(1)(r, r′) =
∑
i

niφ
∗
i (r)φi(r

′) (1.3)

With the use of these functions and the operators that annihilate a particle from these
states α̂(φi) = α̂i one can express the field operator as

Ψ̂(r) = Ψ̂0(r) + δΨ̂(r) = φ0(r)α̂0 +
∑
i 6=0

φi(r)α̂i (1.4)

Bose-Einstein Condensation is defined as the phase that appears when one of the
eigenvalues ni (the one that above was written as n0) is macroscopically large, of order of
the number of atoms in the system N. BEC is a phase-transition caused by the statistical
rules of bosons, and not due to interactions like most of the other phase-transitions. Since
in BEC the number of particles accumulating the state φ0 is much larger than the unity
(N0 = 〈a†a〉 � 1), one can equivalently treat the macroscopic component φ0a0 of Ψ̂ as a
classical field

Ψ̂(r) =
√
N0φ0 +

∑
i 6=0

φi(r)α̂i (1.5)

This is the so-called Bogoliubov approximation[4] and the function Ψ0 =
√
N0φ0 plays the

role of the order parameter of the BEC.
There are two other key-features, apart from the order parameter, in order to describe

the condensate in the framework of phase transition theory: The spontaneous symmetry
breaking and long-range order of the system. We can notice from eq.1.3 that in the absence
of BEC the system remains invariant under the gauge transformation. The global gauge
symmetry U(1) means that one is able to multiply the eigenfunctions by an arbitrary
phase factor eja without the change of any physical property. On the other hand, when
BEC occurs, the explicit choice for the value of the order parameter, which is a complex
number and, thus, has a specific phase, leads to the breaking of this symmetry [3][5]. In
fact, spontaneous gauge symmetry breaking is the necessary and sufficient condition for
Bose-Einstein condensation [6].

Now we turn to the concept of the long-range order of BEC. As Landau [7] first proved,
the one-body density matrix does not vanish at large distances when BEC is present, but
it approaches the finite value n0

lim
r−r′→∞

n(1)(r, r′) = lim
r→∞

n(1)(r, 0) = n0 (1.6)

This behaviour is referred to as off-diagonal long-range order, since n(1)(r, r′) becomes non-
zero for r 6= r′. This formula is exactly the criterion Yang proposed [8] for the presence of
the condensation. His initial criterion is limr→∞ n

(1)(r, 0) > 0, that can be interpreted as
the off-diagonal long-range order.
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1.1.2 BEC in an ideal gas

The first theoretical prediction of BEC was given by Einstein[10] in response to Bose’s
seminal paper on photo statistics in the case of an ideal Bose gas[9]. An ideal Bose
gas is defined as a system of N indistinguishable non-interacting particles (except when
they collide elastically) obeying the statistics known as Bose-Einstein, coming from the
explanation of the Planck black-body radiation law. Such a gas is a fictitious system, since
every realistic gas shows some level of interactions. Nevertheless, it succeeds in describing
important basic properties of actual non-ideal BECs.

In the absence of interactions, the Hamiltonian of an ideal gas can be written as the

sum of one-particle Hamiltonians Hideal =
∑
H(1), where H(1) = p2

2m + Vext(r), p is the
momentum matrix of the particle, m its mass and Vext the external field a particle feels.
As a result of that, the eigenstates of the gas can be expressed as the product of single-
particle states φi and therefore, in the case of an ideal gas, BEC happens when there is a
macroscopical occupation of the ground single-particle state of the system.

Using the standard rules of statistical mechanics and the grand canonical ensemble, or
equivalently the formalism of the second quantization for the ideal gas that is described
by the Hamiltonian Hideal, the mean occupation number ni of the state φi describing the
Bose-Einstein distribution is

ni =
1

exp[(εi − µ)/kBT ]− 1
(1.7)

In the previous relation, εi is the eigenvalue of H(1) corresponding to the eigenfunction
φi, T is the temperature of the ensemble and µ its chemical potential. The Bose-Einstein
distribution may be derived in several different ways, see for example [11].

Using the Bose-Einstein distribution function, the total number of atoms can be esti-
mated as

N =
∞∑
i=0

ni =
∞∑
i=0

1

exp[(εi − µ)/kBT ]− 1
(1.8)

However, it is practical for our calculations to use a semiclassical approach, in which the
states can be assumed to be continuous with a density of states D(ε) that describes the
number of the states with energy between ε and ε+ dε. The key-point for exploring BEC
within this formalism is to treat the lowest energy state separately. The Bose-Einstein
distribution 1.7 can be approached by a semi-classical distribution f(ε) = 1

exp[(ε−µ)/kBT ]−1
and, thus, the total number of atoms can be approached by

N = N0 +

∞∫
ε=ε0

dεD(ε)
1

exp[(ε− µ)/(kBT )]− 1
, (1.9)

The first term is the number of atoms in the ground state, that is unable to be described
in this semi-classical approach, while the last term corresponds to the thermal part NT of
the system being in states different than the ground.

The chemical potential is fixed by the normalization condition 1.9. At a fixed tem-
perature if we add more atoms in the cloud, then the chemical potential determines the
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number of atoms that can be accepted by the distribution. The rest, hence, have to go
to the lowest energy levels and, thus, form a BEC. A temperature decrease leads to the
chemical potential increase (this can be seen from the normalization condition above) and,
in this case, more and more atoms have to go to the condensate. Equation 1.7 shows that
the chemical potential must always be less than the lowest energy level of the one-particle
Hamiltonian, ε0, or otherwise there would be a negative population in it. As the tempera-
ture decreases and the chemical potential increases, at some critical temperature, namely
Tc, the chemical potential reaches the value of ε0. In exactly that temperature, from 1.7
the occupation of the ground state n0 becomes macroscopically large. This is the mani-
festation of BEC. From the above discussion, we conclude that the critical temperature
for BEC is determined by the condition

∞∫
ε=ε0

dεD(ε)
1

exp[(ε− ε0)/(kBTc)]− 1
= N (1.10)

as in Tc the number of particles in the condensate is still negligible compared to N.
We now have a look at specific cases of the external potential Vext(r).

The uniform ideal gas. In the absence of an external trapping potential, Vext(r) = 0,
a non-interacting gas of free particles in the infinite space can be described by the one-

particle Hamiltonian H(1) = p2

2m . The eigenfunctions of such a Hamiltonian[1] are plane
waves (k-momentum is a good quantum number for the description of the states) and the
energy of the state with momentum k is εk = ~2k2/2m.

The density of states for such a system is given[11] by

D(ε) =
V

2π2

(
2m

~2

)3/2√
ε (1.11)

Substituting it in 1.10 one can find the critical temperature in the case of the uniform gas

kbTc =
2π~2

m

(
N/V

ζ(3/2)

)2/3

(1.12)

In the above, ζ is the Riemann zeta-function[12] with ζ(3/2) ≈ 2.612.
Moreover, with the energy levels εk and the specific density of states we can find the

thermal particle number 1.9 and from that we deduce the relation between the number of
particles in the BEC (N0) and the whole number of particles in the gas (N) in temperature
T:

N0(T ) = N

[
1−

(
T

Tc

)3/2
]

(1.13)

Relation 1.12 can be rewritten in terms of the phase-space density (PSD) to offer an
intuitive way of understanding the appearance of BEC. PSD is defined as

Dp = nΛ3
T (1.14)
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where n is the density of the uniform gas and ΛT =
√

2π~2/mkBT the thermal de Broglie
wavelength at temperature T. From its definition, PSD can be seen as the number of
particles inside a cube with side of a de Broglie wavelength. Using this parameter, the
critical condition for BEC to occur is

Dp > ζ(3/2) ≈ 2.612 (1.15)

The density of the cloud is a measure of the proximity between the particles whereas the
de Broglie wavelength a measurement of the spatial extension of the wave functions of the
particles. As a result, when PSD is of order of 1, the interparticle distance becomes of the
order of the particle wavefunction extent and an overlap of the wavefunctions of different
particles makes its appearance leading to BEC.

Figure 1.1: The transition to BEC.
(a) When the inter-particle distance
is much greater than the size of indi-
vidual particles, they can be treated
as classical point particles. PSD is
orders of magnitude less than the
unity.
(b) For a cooler system, the parti-
cles reveal their wave nature. PSD
is still orders of magnitude less than
1.
(c) Overlap between the particle
wavefunctions. PSD becomes of the
order of unity. BEC occurs.
Figure taken from [13].

The ideal gas in a harmonic potential. In the case of the presence of a harmonic
external trapping potential (with the oscillator frequencies ωi in the i−direction) given by
the formula

Vext(r) =
1

2
mω2

xx
2 +

1

2
mω2

yy
2 +

1

2
mω2

zz
2 (1.16)

the one-particle energy levels[1] are εnx,ny,nz =
∑

i={x,y,z}
(ni + 1/2)~ωi and the density of

states[11]

D(ε) =
1

2(~ω)3
ε2 (1.17)

where ω = (ωxωyωz)
1/3 the geometric average. Following the same procedure as in the

case of a uniform gas, one can easily deduce the relation for the critical temperature

kBTc = ~ω
(
N

ζ(3)

)1/3

(1.18)

and the relation linking the total and the condensed number of particles

N0(T ) = N

[
1−

(
T

Tc

)3
]

(1.19)
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We can still write the condition for BEC to occur in terms of the phase space density if
we replace the uniform density of the cloud with the peak density n(0) at the centre of
the potential. In the case of a harmonic potential, one finally deduces [3]

Dp = n(0)Λ3
T > ζ(3/2) ≈ 2.612 (1.20)

1.1.3 BEC in a weakly interacting gas

The evolution of the experimental physics related to BEC followed a quite different
path compared to the theoretical predictions of it from Einstein and Bose which were held
in ideal gases. In 1938 F. London[14] proposed BEC as a mechanism for superfluidity
in 4He that had shortly before discovered. 4He is a strongly correlated system. More-
over, the first gaseous condensate was achieved in 1995 by E.Cornell, C.Wieman[15] and
W.Ketterle[16]. In 2001 they won the Nobel prize ”for achieving Bose-Einstein condensa-
tion of an atomic gas, for creating techniques for studying the Bose condensate and for
measuring the physical properties of the weakly interacting atomic Bose gas”. Therefore,
in order to study BEC, interactions should be in the game.

The appearance of weak inter-particle interactions does not change the basic principle
of the condensation: the accumulation of the ground energy state. The difference is
quantitative. Adding interactions to the particles, the spatial extent and the total energy
of the interacting ground state become larger than the corresponding in the ideal gases.
The critical temperature also changes, mainly due to the reduction of the density caused by
interactions. Nevertheless, the error, if one assumes that the formula for non-interacting
particles holds, is not bigger than 5% [17][18]. Another difference between the interacting
and independent particles is that in the first case even at zero temperature not all of the
particles accumulate the ground state, but there is a fraction of the population in excited
levels.

However, a more accurate description would be of great assistance in understanding
the issues inserted by interactions. For such a description one needs to have an equation
describing the characteristics of the ground state of the system.

Starting from the equation that Ψ̂(r) (as it is defined in 1.4) fulfils in the Heisenberg
representation

j~
∂

∂t
Ψ̂(r, t) = [Ψ̂(r, t), H] (1.21)

one has to make several approaches for both the many-body Hamiltonian H and the field
operator so as to write down a solvable equation.

We concentrate our attention to dilute gases, where we can assume that the range
of interatomic forces is orders of magnitude smaller than the average distance among
particles. This assumption is essential and offers great assistance for a number of reasons.
First of all, this helps us consider only interactions involving pairs of particles (driven by
the potential V (r − r′)) and not higher-order interactions, like three-body interactions.
We will see later that this is also desirable in order to minimize the losses in the trap due
to collisions. After that approximation, the Hamiltonian of the system can be written

H =

∫ (
~2

2m
∇Ψ̂†(r)∇Ψ̂(r)

)
dr +

1

2

∫
Ψ̂†(r)Ψ̂†(r′)V (r − r′)Ψ̂(r)Ψ̂(r′)dr′dr (1.22)
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Secondly, in that concept of diluteness, we can assume that the interactions can be ap-
proximated by scattering and described by the scattering amplitude. At low energy pro-
cesses this becomes constant and is described by just one parameter, the scattering length
αs. Strictly speaking, the diluteness can be expressed as n|αs|3 << 1. Because of that
constancy, the actual form of the two body potential is not essential in describing the
macroscopic properties of the gas [3] and scatternig theory suggests the substitution with
the contact potential

g =
4π~2αs
m

δ(r − r′) (1.23)

After the approximations in the Hamiltonian, we try to approach the field operator.
Combining the diluteness of the system with its low temperature, one can neglect the
non-condensate component δΨ̂ of 1.4 as the occupation numbers for states different than
the ground state are small in comparison. The last assumption is the namely Bogoliubov
approximation that holds when the number of particles is large, i.e. that we can substitute
the field operator Ψ̂0(r) with the function Ψ0(r) =

√
Nφ0(r) or equivalently approaching

the quantum field by a classical.
Substituting now the approximated Hamiltonian and field in 1.21 and searching for

time-independent solutions (for more details in the procedure see [3][19]) we finally reach
at the Gross-Pitaevskii equation

µΨ0(r) =

(
−~2∇2

2m
+ Vext(r) + g|Ψ0(r)|2

)
Ψ0(r) (1.24)

which is a self-consistent equation for the field Ψ0 or equivalently for the order parameter
of BEC.

The Thomas-Fermi limit. For sufficient large condensates, the repulsive inter-particle
interactions become so important that the kinetic energy can be neglected from the Gross-
Pitaevskii equation. This is the Thomas-Fermi approximation where the Gross-Pitaevskii
equation can easily be solved, giving the result for the density distribution of the conden-
sate

|Ψ0|2(r) =
1

g
(µ− Vext(r)) (1.25)

This result will be extremely useful for the identification of BEC in our experiment as we
will see in the next chapters.

1.2 BEC in 87Rb clouds

As already mentioned in the previous sections, the first experimental demonstration of
BEC was in a liquid. However, from the first steps, the aim was to search for BEC in a gas,
without the complications of dealing with a liquid. For this goal, the major systems that
have been studied are optically-excited excitons in semiconductors [20][21], spin-polarized
hydrogen [22][23] and most of all laser-cooled alkalis, in which we are interested in this
thesis.
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The fundamental requirement a system must have in order for BEC to be possible at
least in theory is to be bosonic. As there are plenty of systems obeying this property,
other concerns arise about the choice of the whole procedure to BEC related to the choice
of the gas -stability, collisional properties- and also the process to reach the condensate,
such as the cooling and trapping techniques.

These techniques have been critical to the process of reaching atomic BEC mainly due
to the fact that the traditional techniques of low-temperature physics are not applicable
to those systems since they are metastable, so they cannot come into equiliblrium with
another body. Liquid helium is the only element that does not solify in the range of density
and temperature that BEC happens. For that reason, one is forced to work deep in the
thermodynamically forbidden regime, where an atomic gas achieves kinetic equilibrium
before coming to chemical equilibrium and form a solid [17]. This is achieved when the
rate of two-body collisions which brings the system into kinetic equilibrium exceeds the
rate of three-body collisions for chemical equilibrium. Two-body collisions cannot limit
the lifetime, because they cannot cause a spin-flip whilst preserving energy and momentun,
contrary to three-body collisions where the third particle can carry away the energy. The
lifetime of this metastability depends on the density of the gas. For a dilute cloud of
1017cm−3 metastability could be not for more than a few milliseconds [17]. Thus, very
dilute gases of order of 1014cm−3 are needed to explore the BEC phase. Using 1.12 for
the relation between the critical temperature and the density, one can find that with these
orders of density the critical temperature lies in the regime of nanoKelvins. We reach once
again the conclusion about the necessity of the cooling and trapping techniques and the
importance of the atomic gas choice.

Clouds of Alkali atoms are convenient in the framework of the developed technology
for cooling and trapping them for a number of reasons. First of all, they are characterized
by their easy to handle energy-level structures. Their energy transitions lie to the regime
near the visible or the infrared, something that helps experimentalists since they have
really strong lasers for that region. Their unpaired electron in their outer shell of the
structure is the reason for the appearance of magnetic moment (unlike other elements
like alkaline earths) that makes them perfect candidates for trapping with magnetic fields.
Last but not least, they have helpful collisional properties with respect to evaporative
cooling, something that we will see in the specific section.

Among all stable alkali isotopes, 87Rb plays a dominant role in the history and the
current experiments for BEC. This is mainly because of the availability of convenient
(diode) laser sources and the favourable ratio of elastic to inelastic collisions. The scatter-
ing length of 87Rb is positive offering stability and also it is independent of the magnetic
field applied. In addition, it has a relevant small lifetime of the excited states as compared
to other alkalis offering a bigger force acting on it from radiation. The main properties of
87Rb are sumarized in [24].

As a result of the above, in the current sections we will examine useful properties of
87Rb.
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1.2.1 General properties of 87Rb

A 87Rb atom has 50 neutrons and 37 protons in its nuclear and 37 electrons. Strictly
speaking, it is not a stable isotope of Rubidium. Nevertheless, its extremely enormous
lifetime of 5 × 1010 years [25] makes it be considered as rather stable. According to
quantum model of the hydrogen, 87Rb has only one electron in the outer shell, being in
the 5s-configuration in its ground state.

The otherwise degenerate states of the n=5 shell split due to the coupling between
the orbital angular momentum ~L and the spin angular momentum ~S (the phenomenon of
Fine Structure). The total angular momentum of an electron being in the specific state
is ~J = ~L + ~S and the corresponding quantum number J describing the state can be in
the range |L − S| < J < L + S. For a 87Rb atom in the ground state the outer electron
has L=0 and S=1/2 so J=1/2 (This state is written as 52S1/2). In its first excited state
the electron has L=1 ans S=1/2 and therefore J=1/2 (52P1/2) or J=3/2 (52P3/2). The
value of J sets the change in the energy level. In that sense, the transition L=0 to L=1
(which is called the D-line transition) is split into two components (the D1-line for 52S1/2

to 52P1/2 transition and the D2 line for 52S1/2 to 52P3/2 transition).

In a similar way, due to the coupling between the electron angular momentum ~J and
the nuclear angular momentum ~I (the phenomenon of Hyperfine Structure) there is an
additional splitting of the energy levels. The total angular momentum of an atom being
in the specific state is ~F = ~J+ ~I and the corresponding quantum number F describing the
state can be in the range |J− I| < F < J+ I. For a 87Rb atom in the ground state J=1/2
and I=3/2 so F=1 or F=2. For the 52P1/2 fine-state J=1/2 and I=3/2 and therefore F=1
or F=2. Similarly, for the 52P3/2 fine-state J=3/2 and I=3/2 and therefore F=0 or F=1
or F=2 or F=3. The energy split from the Fine Structure level is dependent on value of
F.

For a more detailed analysis of the Fine and Hyperfine Structures and experiments
related to this splitting in 87Rb, one can see [26][27][28] [29][30].

Figure 1.2: The Fine Structure of
the n=5 shell of 87Rb with the
states 52S1/2, 52P1/2 and 52P3/2.
For the process of achieving BEC
we are mostly interested in the D2-
line transition. In the diagram
one can also see the lifetime of
the excited states, being 26.5ns for
both transitions. Each fine-state is
additionally split due to the Hy-
perfine Structure. The different
processes take advantage of differ-
ent hyperfine-level transitions as we
will see in the next chapter.
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1.2.2 87Rb cloud in a time-varying electric field

In this section we are interested in studying the effects on a Rb-atom from the presence
of radiation, and especially a monochromatic laser light.

The large separation between the D1 and D2 lines compared to the width of the laser
beam makes us assume that the radiation is interacting with only-one of the fine-structure
components, depending on the frequency of the light. In addition, in the case the incident
radiation is almost in resonance with an atomic transition ω0, it can be assumed that it
interacts only with one hyperfine-state. For these reasons, the monochromatic radiation
couples two of the hyperfine levels F and so the atom inside an electric field can be treated
as a two-level system.

It will be of great ease to use a semiclassical picture of description: the atom is treated
using quantum mechanics aspects while the radiation is described as a classical field. This
is valid when the optical power of the electromagnetic field is much higher than that of
a few photons. In this approach, the atom has two energy levels, the ground state |g〉
and the excited state |e〉, being the higher energy level. These levels are separated by an
energy gap of ~ω0. On the other hand, the radiation is described as a classical electric
field

~E(~r, t) = ~E0cos(ωt− ~k~r) (1.26)

where ω is the frequency of the radiation, ~k its wavevector, t the temporal and ~r the spatial
coordinates. ~E0 is the slow-varying amplitude of the radiation whose direction defines the
polarization of the wave.

Another approach that will be of great assistance is the dipole approximation: The
amplitude ~E0 is assumed to be constant in space. This is a valid consideration when an
atom is much smaller than the laser wavelength. Therefore, we only need to consider the
field in time: ~E(~r, t) = ~E0cosωt.

Internal State Evolution. After all these approximations, we can now take a look in
the way the atom is distributed in the ground and the excited states. In the absence of a
light field, the Hamiltonian of the atom can be written as

H0 = |e〉 〈e| (1.27)

In the above equation, we omitted the kinetic term since we are interested in the internal
degrees of freedom. Having already assumed a two-level system, we can argue that the
unperturbed Hamiltonian has two eigen-energies, E1 and E2 corresponding to the states
|g〉 and |e〉 respectively.

When the light is on, it produces a perturbation described by the Hamiltonian [31]

HI(t) = −~d ~E |e〉 〈g| − ~d ~E |g〉 〈e|
= e~r ~E0cosωt |e〉 〈g|+ e~r ~E0cosωt |g〉 〈e|

(1.28)

as long as we consider that in the absence of an electric charge due to the neutrality of
the atom, only an electric dipole moment ~d makes its appearance and not higher order
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moments. Here, -e is the electron charge and ~r the electron’s position with respect to the
nucleus.

The states |g〉 and |e〉 cease to be stationary states of the full Hamiltonian H = H0+HI.
Nevertheless, the state of the atom at any instant of time can be expressed in terms of
them as follows:

|Ψ〉 = c1 |g〉+ c2 |e〉 (1.29)

It is helpful, if one inserts the density matrix:

ρ = |Ψ〉 〈Ψ| =
(
ρ11 ρ12

ρ21 ρ22

)
=

(
|c1|2 c1c

∗
2

c2c
∗
1 |c2|2

)
(1.30)

where ρ11 and ρ22 represent the populations of the ground and excited state, while ρ12

and ρ21 are called the coherences of the system. Inserting the wave-function Ψ in the
Scroedinger’s equation using the Hamiltonian 1.28 after the rotating-wave approximation
[32] (which holds well if |ω − ω0| << ω0), one can deduce the optical Bloch equations for
the ρ-coefficients (for more details [27]).

Searching for steady-state solutions for the Optical Bloch Equations we finally end up
with [33]:

ρ11 =
1

2

2(Γ/2)2 + 2∆2 + Ω2/2

(Γ/2)2 + ∆2 + Ω2/2

ρ22 =
1

2

Ω2/2

(Γ/2)2 + ∆2 + Ω2/2

ρ12 = ρ∗21 =
Ω(2∆ + jΓ)

2Ω2 + 4∆2 + Γ2

(1.31)

where Ω is the Rabi frequency which is defined as ~Ω = ~d ~E0, ∆ = ω − ω0 the detuning
and Γ−1 the excited state’s lifetime.

Apart from the change in the population of the ground and the excited state, the
presence of an electromagnetic field may result in the shift of the energy levels. These
shifts are referred to as the ac Stark shifts. To find this energy shift for the ground state,
one can use the perturbation theory, which is valid only if Ω� (δ2 + Γ2/4)1/2. Using this
technique, one can generally write the energy shift as a complex quantity [26]

∆E1 = V1 − j~Γ1/2 (1.32)

The real part V1 corresponds to the shift of the energy of the state, while the imaginary
part corresponds to a finite lifetime Γ−1

1 of the ground state, due to transitions to the
excited state induced by the light field. This shift of the energy can be found to be:

V1 =
~Ω2δ

δ2 + Γ2/4
(1.33)

It is important to note that equations 1.31 still hold in the case of the shift of the energy of
the states. The change of the populations is taken into consideration in the Rabi frequency
and the detuning.
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External Degrees of Freedom - Forces on the atom. During the interaction be-
tween an atom and a photon there is an exchange of momentum. Thus, light affects the
external degrees of freedom of the atom as well.

In order to continue in calculating the force on an atom, we have to lift the dipole
approximation, assumed previously, and instead consider the field 1.26. This is due to the
fact that the atoms are in motion, thus they can travel considerable distances compared
to the wavelength of the light in a short period of time.

From a quantum mechanical point of view, the force exerted on an atom is the expected
value of the derivative of the momentum operator

~F =<
d~p

dt
> (1.34)

In the Heisenberg representation, the momentum operator has an evolution that follows
the equation

d~p

dt
=
j

~
[H(r), ~p] = −∇H(r) (1.35)

The last equality emerges from the fact that [H(r), p] = j~∇H(r). Thus ~F = −∇H(r)
Inserting the Hamiltonian 1.28 and the electromagnetic field 1.26 in the previous formula
for the force, after an extensive analysis that is out of the scope of this thesis (but can be
found in [33]), one can get:

~F = ~Ω(r)

[
∇Ω(r)

Ω(r)
Re{ρ12e

−jδte−j
~k~r} − ∇(~k~r)(Im{ρ12e

−jδte−j
~k~r})

]
(1.36)

The first term is dependent on the change in amplitude of the field over space. It is called
the dipole force (or gradient force or stimulated force) and is present only if a gradient in
the light field exists. It is exerted on an atom due to coherent redistribution of photons.
and it is arising from the absorption and stimulated emission of photons. On the other
hand, the second term is known as the scattering force (or spontaneous force or radiation
pressure) and depends on the phase of the field over space. This means that this kind
of force is always present when light is on. it is the force on an atom corresponding to
absorption of a photon followed by spontaneous emission. More details about the latter
force will be given in the next chapter.

1.2.3 87Rb cloud in a magnetic field

As mentioned above, the energy levels of 87Rb split due to the spin-orbit coupling (fine
structure) and in a next step because of the electron-nuclear coupling (hyperfine structure).
The Hamiltonian describing the hyperfine split for each of the D-line components is given
by [24]

Hhfs = Ahfs
~I ~J +Bhfs

3(~I ~J)2 + 3
2
~I ~J − I(I + 1)J(J + 1)

2I(2I − 1)J(2J − 1)
(1.37)

where Ahfs and Bhfs are constants related to the D-component. In the absence of an
external magnetic field, all the 2F + 1 hyperfine levels with the same quantum number F
(describing by the number mF) are degenerate.

19



A 87Rb atom can be seen as a magnetic dipole due to its unpaired electron (created
by the spin momentum ~S), its angular momentum ~L and the spin of nuclear ~I. Taking all
these into account, the magnetic dipole moment of an atom can be expressed as

~µm =
µB

~
(gs

~S + gL
~L+ gI

~I) (1.38)

where µB is the Bohr magneton and the g-factors are used for the magnetic dipole moments
modification. More details about these factors are given in [24], whereas their measured
values in [34]. Thus, in the presence of a classical magnetic field ~B = Bz~iz, there is an
interaction with the atom’s magnetic dipole moment. As usual, the Hamiltonian describing
this interaction is

Hmagn = ~µm
~B =

µB

~
(gsSz + gLLz + gIIz)Bz (1.39)

When the magnetic field is strong, but not so strong, that the shift from the magnetic
field is small compared to the fine-structure splitting, J is a good number and so

Hmagn = ~µm
~B =

µB

~
(gJJz + gIIz)Bz (1.40)

In the same way, for weaker magnetic fields that the shift due to them is small compared
to the hyperfine-structure splitting, F is now a good number and therefore

Hmagn = ~µm
~B =

µB

~
gFFzBz (1.41)

We are mainly interested in the last case, where the energy splittings can be expressed
using a first order perturbation in the splitting Hamiltonian 1.37 as

∆E|FmF 〉 = µBgFmFBz (1.42)

One can easily see that the splitting is linear with respect to the magnetic field. In this
regime, the splitting of the energy levels due to the field is called the anomalous Zeeman
effect for the atoms.

In this thesis, the strength of the magnetic fields that are applied lies in the region
where the anomalous Zeeman effect is adequate in describing the behaviour of the atoms.
However, we mention that for stronger magnetic fields, a second order perturbation ap-
proach is more successful, and the energy shift can be described by the Breit-Rabi formula
[89]

∆E|FmF 〉 = µBgFmFBz +
1

16
(4−m2

F)
(gsµBBz)

2

~ωhf
(1.43)

Even stronger fields overpower the the hyperfine structure, decouple ~I and ~J and the
hyperfine Hamiltonian 1.37 is negligible compared to the interaction Hamiltonian [24].
This effect is termed the normal Zeeman effect for the hyperfine structure. Yet stronger
fields induce other behaviours, such as the quadratic Zeeman effect [35]. All these effects,
though, are beyond the scope of our treatment.
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Figure 1.3: In the presence of an
external magnetic field the degener-
acy of all the mF levels of the same
F breaks. For small magnetic fields,
the splitting is linear to the field.
This regime is called the anomalous
Zeeman effect. For stronger fields F
is not a good quantum number and
the linear dependence on the field
ceases to hold. The linear splitting
for weak magnetic fields will be very
useful in the concept of atom trap-
ping.
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Chapter 2

The procedure to BEC

2.1 Overview of the procedure

The results from the application of a light and a magnetic field that have already been
deduced in the previous chapter will be used here in order to explain the whole procedure
for Bose-Einstein condensation to occur. Our fundamental goal is to reach quantum
degeneracy with the highest attainable number of atoms. This is a dual effort: First
of all, to achieve degeneracy, which in terms of the traditional criterion of the phase-
space density (as defined in eq.1.14) can be described by the condition that Dp > 2.612.
Secondly, we have to follow a process that offers the optimized conditions for obtaining
the largest number of atoms in BEC.

For a BEC realization, we need a dilute atomic vapour, as it was pointed in the
previous chapter. This necessitates the accomplishment of sufficiently low densities, which
in turn leads to the requirement of extremely low temperatures. In order to obtain such
extraordinary temperatures and densities, one has to develop sophisticated techniques for
cooling and trapping neutral atoms. The successive steps, discussed here, that increase
PSD of a 87Rb atomic cloud and lead to the condensation are generally applied, with some
variations, in BEC labs worldwide. In this chapter, we will describe all these techniques
used until the achievement of BEC. On the other hand, the optimization of this procedure
leading to BEC is not routine at all. Since the goal of having a large number of atoms
in the vapour is not correlated in a direct way with obtaining high density of the cloud,
PSD which depends on the density ceases to be the criterion for the optimization. This
will be the topic of the next chapters.

The complexity of BEC experiments for the processes of cooling and trapping requires
a carefully designed setup with a great amount of reliability. The whole description of
our apparatus can be found in [36][37][38]. Here, we briefly mention some of the general
requirements for the trapping and cooling until degeneracy is reached. One of the main
demands for a successful cooling is the isolation of the atomic cloud from its surroundings,
in order to abate collisions of the atoms with high energy particles. Such particles may
come from the material walls that confine the cloud. For this reason, the cloud should be
thermally isolated and, thus, we are forced to trap the cloud by the application of external
light and magnetic fields rather than by the use of a material container. However, even in
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the absence of walls, high energy particles coming from the background may increase the
temperature of the atoms or lead them out of the trap. Therefore, one has to insure that
these type of particles are rare. This is achieved by trapping the cloud in a region of ultra-
high vacuum. Pressures of the order of 10−11mbar are necessary. Under such conditions,
one is able to confine the particles for seconds or even for minutes, which is enough time
to cool them. Another requirement, resultant from the previous, is the high need for both
laser beams with certain properties (frequency stabilization to optical transitions, specific
intensities etc) and coils that will be used for the application of the required magnetic
fields. All these laser systems and coils offer numerous appropriate light and magnetic
fields which realize the concepts of cooling and trapping. The apparatus also consists of
a large number of electronic and computer control systems.

All the steps until BEC can be divided into two general cooling and trapping processes:
the laser cooling of a cloud in a magneto-optical trap (MOT) followed by the evaporative
cooling after the cloud is confined in a conservative magnetic trap. These two cooling
techniques are complementary for the goal of quantum degeneracy: The laser cooling
technique is not adequate in order BEC to occur, since there is a lower limit in the
temperature and the density it achieves. On the other hand, evaporative cooling technique
can work in an effective way only if the cloud is dense and cold enough to offer high collision
rates and tight confinement. This is due to the fact that the magnetic trap, that is used for
this technique, cannot have a trapping depth bigger than some milliKelvins, because of the
neutral nature of the atoms. The enhancement of the phase-space density is distributed
in an almost equal way between these two cooling processes. PSD begins with a value of
the order of 10−12 in the room temperature and as each of the techniques provides a gain
of six orders of magnitude, we end up with a PSD of the order of the unity. After that,
the occurrence of BEC increases PSD by another factor of 106 without any extra effort.
That is why, BEC is often called as ”free cooling” [77].

Figure 2.1: The sequential stages of cooling and trapping that lead to BEC. They are divided into two
general processes: laser cooling and evaporative cooling. Laser cooling consists of the stages of the MOT,
the CMOT and the Optical molasses, while in the evaporative cooling technique, mode-matching, com-
pression of the trap and the final stage of evaporation are included. One can see the duration, the number
of the atoms and the achieved temperature at the end of each stage. In the diagram, we make a schematic
representation of the presence and the relative power of the laser beams and the currents in the coils that
are part of these techniques during the various stages.
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In diagram 2.1 we can see the sequential steps that constitute these two general cooling
and trapping techniques, discussed above. In short, the procedure is as follows. The ultra-
high vacuum chamber is loaded with a large number of atoms of the order of 1010 with
the assistance of an arrangement known as the two-dimensional magneto-optical trap (2D-
MOT), that works as a source of slow beams of atoms, driving them in the chamber. Using
the MOT beams and the Ioffe coils, that serve the realization of the MOT technique,
the cloud it trapped and cooled inside the uldtra-high vacuum chamber, leading to a
steady state. A simple MOT will confine atoms at a density limited by reradiated photon
pressure to a relatively low value. As a consequence, the corresponding collision rate
after the transfer to the magnetic trap will be low. Since the most crucial feature in
the evaporative cooling is the collision rate compared to the trap lifetime, one can gain
almost the same by improving the vacuum or by improving the density in the MOT. For
the latter improvement, after the loading and the cooling of the MOT, we apply a short
compressed magneto-optical trapping (CMOT) stage. The CMOT is a technique used
for the preparation of a higher density of the cloud for the next stage of the evaporative
cooling by increasing the magnetic field gradient and the detuning of the MOT beams after
the steady MOT. In most cases, a short stage of optical cooling, with the magnetic fields
being turned off, is applied shortly after the CMOT stage, which guarantees a further
decrease of the temperature of the thermal cloud.

This MOT serves as a source of cold atoms for the next general process, namely the
evaporative cooling. Magnetic traps offer a nearly perfect realization of a conservative
potential for atom trapping. The main experimental challenge is to transfer the atoms
efficiently from a MOT into a magnetic trap. This is achieved during the mode-matching
stage, where the values of the currents running through the coils (Pitch, Compensate and
Ioffe coils) are fixed so as to create a trap that resembles in shape the previous in the MOT.
After this and before the final stage of evaporatively cooling the cloud, we compress it. To
do so, we increase the values of the currents running through the coils and decrease B0z.
This can be seen in the diagram 2.1 above. The compression of the cloud becomes helpful
in order to increase the collision rate of the atoms. Finally, we perform forced evaporative
cooling using radio frequency induced spin flips. A single 10 sec RF ramp leads to the fast
and relatively efficient production of a Bose-Einstein condensate of almost 106 atoms.

After all these stages, quantum degeneracy will be achieved. We suppressed the fact
that in order to manage BEC, one has to come up with a great number of issues that
confronts all related experiments. The high need of aligning the centers of the MOT and
the magnetic trap, the ability to turn on and off the magnetic fields quickly, the big loss
of the atoms due to the mode-mismatch between the MOT and the magnetic trap, the
importance of taking into consideration the gravity force on the atoms, the relatively small
lifetime of the trap and the need for a rapid evaporation are some indicative difficulties.

In the remainder of this chapter, we will give the basic principles of the techniques
used to reach BEC, the sequential steps that we follow and some aspects of the realization
of these in our specific experiments. The order of the corresponding sections follows the
sequence of the experimental steps. In section 2.2 we describe the laser cooling technique
in the MOT and in section 2.3 the evaporative cooling technique.
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2.2 Laser Cooling and Magneto-Optical Trapping

The basic principle of cooling using laser beams relies on the equipartition theorem [?]
that holds for classical gases (still relatively high temperatures) and relates the tempera-
ture of the system with its average energies. In the case of ideal gases the equipartition
theorem states that

1

2
mv̄2 =

3

2
kBT (2.1)

where m is the mass of the particles, v̄ the average velocity, kB the Boltzmann coefficient
and T the temperature of the system. With that in mind, by decreasing the average
velocity v̄ of the atoms one can equivalently decrease the temperature of the sample.

In contrast to the trapping of ions, which offer their charge on which an electromagnetic
field can exert large Coulomb forces, the idea and the realization of trapping neutral atoms
is relatively new. Forces on neutral atoms can be exerted if one exploits their magnetic or
induced electric moments, allowing generally smaller forces to be applied. On the other
hand, it is generally a fact that larger numbers and densities of particles can be trapped
in case they are neutral compared to ions, because of the lack of space charge effects. The
idea that laser light can be used to cool atoms was suggested by Hansch and Schawlow [39]
and Wineland and Dehmelt [40], both in 1975. Three years later, Wineland, Drullinger
and Walls [41] published the first cooling experiment. Significant experiments on laser
forces were performed by Ashkin [42][43]. Experimentally, in the 1980’s Chu et.al. [44]
created the first Optical Molasses and Raab et.al. [45] the first magneto-optical trap, both
at Bell laboratories.

Laser cooling and trapping is nowadays a standard technique in quantum optics and
quantum gases. It offers a great amount of features which fit with a number of novel and
up-to-date experiments. Atoms with low kinetic energy and velocities, long lifetimes and
interaction times, the ability to confine big numbers of atoms, adequate collision rates
are among those advantages. However, this cooling and trapping technique has strict
limits to both the temperature and the density that it is possible to achieve. A limitation
in temperature is due to the nature of the spontaneous emission of light from an atom,
while a density limitation has its origin in radiation trapping effects, i.e. the presence of
rescattered photons, and losses in the trap. The combination of these two limitations leads
to a PSD which cannot surpass a value of around 10−5, five orders of magnitude too low
for BEC.

In our experiment, we use laser cooling and magneto-optical trapping as a pre-cooling
for the next stage of evaporation. In the framework of this intention, our primal attention
will be paid to two objectives: To ensure high collision rates for efficient evaporation
abandoning any attempt for achieving low temperatures or high PSDs and to collect a
large number of atoms. The second objective is crucial, since we are interested in large
BECs, which derive from large atomic clouds.
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2.2.1 Basic principles of the techniques for laser cooling and trapping

A. The Radiative Scattering Force

In section 1.2.2 we deduced that there are two kinds of radiative forces acting on an
alkali atom, the dipole and the scattering force. Both forces can be used for trapping and
cooling a thermal cloud. The first experiments trying to cool a trapped atomic sample
attempted to exploit the existence of the dipole force [46]. However, this type of force offers
a much shallower trapping depth, typically in the range below one-milliKelvin, compared
to the radiative pressure, which has a typical depth of one Kelvin. Therefore, scattering
forces offer a larger volume of trapping compared to the one created by the dipole force.
This is because of the fact that the scattering force is independent of the gradient of the
intensity of the light beam. As a result, experimentalists concentrated eventually their
attention on the scattering force and the magneto-optical trap is an excellent example of
the application of this kind of force.

In the MOT, the internal degrees of freedom are in steady states and, thus, the external
degrees can be decoupled, giving a scattering force as the second term in eq.1.36. Using
eq.1.30 for the coherences, we can finally write

Fsc = −~Ω∇(kr)(Im{ρ12e
−jδte−jkr})

= ~k
Γ

2

I/Isat

1 + I/Isat + 4∆2/Γ2

(2.2)

where we have defined the saturation intensity Isat of the light as I/Isat = 2Ω2/Γ2.
But, what is the origin of this force? Each absorbed photon adds to the atom a

momentum equal to the momentum it had in the direction of the light. Contrary to
that, each spontaneously-emitted photon travels to a random direction. Therefore, after
many cycles of absorption and spontaneous emission of photons, the spontaneous emissions
average to zero, whereas the absorption comes from one direction, and thus, there is an
average force in the direction of the light beam. This means, the change of the momentum
is solely the effect of absorption. Eq.2.2 is valid only in case the force can be meaningfully
averaged over a great number of absorption-emission cycles. If a single photon changes
the atomic velocity in an important way, the semiclassical approach ceases to hold and all
the results deriving from it as well, and such an average is not possible.

In the formula 2.2 above, the actual force per photon is ~kΓ, while the rest of the term
is the probability of the force being applied, which is the fraction of the time that the
atom remains in its ground state. A spontaneous emission can occur if the atom is in its
ground state, therefore this type of emission, and as a result the value of the scattering
force, is limited by the fraction of the time the atom spends in its excited state. This
fraction of time has a maximum of 1/2, and so Fsc,max = ~kΓ/2.

Until this point, we have not taken into consideration the Doppler shift that appears
when the atom is moving with some velocity ~v. In fact, due to that velocity, the atom sees
a radiation of frequency ω with a modified frequency ω − ~k~v, where ~k is the wave-vector
of the laser beam. In this case, the detuning between the radiation the atom feels and the
atomic resonance frequency ω0 is ∆ = (ω − ~k~v)− ω0 and as a consequence, the force the
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beam applies on the atom is modified to

FDoppler = ~k
Γ

2

I/Isat

1 + I/Isat + 2(ω − ω0 − ~k~v)2/Γ2
(2.3)

B. The Optical Molasses (OM)

In the previous section we deduced the scattering force that is exerted on an atom
moving with velocity ~v from a laser beam with wave-vector ~k, taking into consideration
the Doppler shift of the frequency. Examining first the one-dimension case, an atom
moving in the opposite direction to the beam will slow down while an atom moving co-
parallel with the beam will increase its velocity. As a result, this set-up (a laser beam
parallel or anti-parallel to the atom’s motion) does not slow the atoms down, since they
move both towards and away from the beam. For that reason, an arrangement of two
counter-propagating beams of the same frequency ω and intensity can be used to slow the
atoms down. An imbalance in the forces from the two beams emerges for a moving atom
as a result of the Doppler effect. In order to explain this, we assume that the laser beams
are tuned below resonance. A moving atom will feel from the beam opposite to its motion
a closer to its resonance frequency, while for the beam that co-propagates with the atom,
the Doppler shifted frequency increases its distance from the resonance. As a consequence,
the atoms absorbs always more photons from the counter-propagating beam, slowing it
down.

In order to get a simple quantitative model for this two-beam arrangement, we have
to make some important assumptions: the two-energy-level atom and the weak radiation
field -such that perturbation theory is valid giving the scattering force 2.2- assumptions.
In this case, the two forces exerted from the two counter-propagating beams can be treated
independently, without each one altering the other. Therefore, the total force acting on
any atom from these beams can be written as

FOM = ~k
Γ

2

[
I/Isat

1 + I/Isat + 2(ω − ω0 − ~k~v)2/Γ2
− I/Isat

1 + I/Isat + 2(ω − ω0 + ~k~v)2/Γ2

]
(2.4)

This force is depicted in figure 2.2.
The additional assumptions, stating that the atoms move sufficiently slowly that the

Doppler shift is low compared to the linewidth of the beams, i.e. kv � Γ, and that the
beam intensities I are well below the saturation intensity, I � Isat, can offer us the ability
to approximate the above force using the Taylor’s series, giving the result:

FOM = Fsc(ω − ω0 − kv)− Fsc(ω − ω0 + kv)

≈ Fsc(ω − ω0)− kv∂Fsc

∂ω
−
(
Fsc(ω − ω0) + kv

∂Fsc

∂ω

)
≈ −2

∂Fsc

∂ω
kv

≈ −bv

(2.5)
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Figure 2.2: Qualitatively, the force exerted on
an atom vs its velocity for a red-detuned pair of
counter-propagating beams. For small velocities
the force is linear with respect to v. For larger
velocities the dependence ceases to be linear but
also leads to a damping force.
A pictorial explanation of the form of this force:
Because of the Doppler shift, an atom feels
two different frequencies from these counter-
propagating beams. From the one that travels
with its motion, the frequency it feels is further
away from resonance. Contrary, from the beam
that travels against the atom the frequency comes
closer to resonance. As a result, an atom feels a
bigger force against its motion than parallel to it
so it slows down.

with b = 2k ∂Fsc
∂δ = − 4~k2I/Isat

[1+(2(ω−ω0)/Γ)2]2
2(ω−ω0)

Γ . The above result may be interpreted as a

damping force that slows down the atoms in case b > 0. A positive b implies ω < ω0,
which means that the laser is red-detuned with respect to the atom’s resonance frequency.
This is in accordance with the physical explanation of the slowing down of the atoms with
this configuration that was given in the beginning of this section. Since this damping force
is similar to the viscous force acting on an object inside a fluid, this arrangement of the
two counter-propagating laser beams is widely known as ”Optical Molasses”. FOM can
be efficient for a limited range of the atom’s velocities. Above this limit, the linear form
of this force ceases to be a good approximation and a subsequent reduction occurs. This
peak is a value of vmax = ±δ/k. One can see this behaviour in the figure 2.2 above.

The Doppler limit for the temperature. In this paragraph we investigate the mini-
mum temperature that we can achieve using the Optical Molasses technique. For a cloud
of atoms of mass m with low initial velocities that the force is in the linear region, we can
write for the kinetic energy EK:

dEK

dt
=

d

dt

(
1

2
mv2

)
= mv

dv

dt
= vFOM = −bv2 = −2b

m
EK = − EK

τdamp
(2.6)

Therefore, under the application of the OM technique, the kinetic energy of the atoms
decreases exponentially with a time-constant τdamp = m/2b, reaching finally the limit of
zero kinetic energy. In other words, using the equipartition theorem, reaching the limit of
zero temperature. However, we did not take into consideration the heating that emerges
from fluctuations of the force. There are two kinds of fluctuations, related to this heating:
fluctuations in the number of photons absorbed in a given time and the ones coming from
the random direction of the emitted photons. The randomness of the spontaneous emission
is the reason for both of these fluctuations. If we concentrate our interest in the velocity
space, each fluctuation can be described by a random walk step, similar to the Brownian
motion of particles. The rate of increase in the kinetic energy due to these random walks
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is
d 〈EK〉
dt

=
1

2m

d 〈p2〉
dt

=
R~2k2

m
(2.7)

In the above, the mean-square momentum is expressed as d 〈p2〉 /dt = 2R~2k2, where R is
the scattering rate of photons, ~k is the magnitude of any random step in the velocity space
and the factor 2 emerges from the fact that there are two such steps for each scattering
event, one from the absorption and one from the emission of the photon. On the other
hand, the cooling rate of the kinetic energy due to the application of the damping force is

d 〈EK〉
dt

= 〈vFOM〉 = −b 〈v2〉 = −bkBT

m
(2.8)

where in the last equality we have made use of the corresponding in one-dimension equipar-
tition theorem.

At equilibrium, the heating rate becomes equal to the cooling rate and therefore using
eq.1.30 for the scattering rate and the formula for the damping coefficient b, we can write:

kBTD =
R~2k2

b
=

~Γ

4

1 + 4[(ω − ω0)/Γ]2

(ω − ω0)/Γ
(2.9)

This is the Doppler temperature for the case of the one-dimension Optical Molasses tech-
nique. Minimizing the Doppler temperature with respect to the detuning, we reach at the
result kBTD,min = ~Γ/2, which occurs for δ = −Γ/2 and defines the Doppler cooling limit.
For Rubidium, the Doppler limit is 145µK.

One can comment here that for real experiments this minimum value of the tempera-
ture is not as given by the above relation, but it can be up to one order of magnitude less
than this Doppler limit. This regime of temperatures is called the sub-Doppler cooling
[47][48] but it is beyond the scope of our treatment.

C. The Magneto-Optical Trapping (MOT) principles

Optical molasses is a technique that slows the atoms down, i.e. a cooling technique.
Together with that, OM viscously confines the cloud, in the sense that the atoms of the
cloud experience such a damping force that their mean free path becomes small compared
to the dimensions of molasses. As a result, the atoms’ motion in molasses is diffusive and
confinement is realized from their quite long stay in the region of the lasers. However, this
is not adequate for trapping the atoms in a steady state. Such a confinement may be pos-
sible in case the scattering forces that cool the cloud become not only velocity-dependent,
but also position-dependent. This can be achieved by the addition of a magnetic field and
the appropriate choice of the polarization of the laser beams to the previously described
configuration of Optical molasses. The applied magnetic field is too weak to trap the atoms
directly but it offers the desired dependence of the force on the position, while the beams’
polarization prevents the arrangement from being symmetric. A modified configuration
like that is called ”Magneto-Optical Trap” (MOT).

In the one-dimensional case, two counter-propagating circularly polarized with oppo-
site helicity (σ±) laser beams of the same frequency and intensity are used in a region
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of space where a quadrupole magnetic field, with gradient a is applied. This field alters
linearly with position, being zero in the middle of the two beams. A moving atom will
feel a bigger force, due to the Zeeman effect which shifts the energy levels, from the beam
that is closer to it than from the beam that is further away. As a consequence, the atoms
are pushed toward the center of the region, exactly where the magnetic field is zero, and
thus, they get trapped.

In order to express the above explanation in a mathematical way, we assume the
following simplification: To make this principle clear we consider the case of neglecting
the nuclear spin (just fine-structure splitting) and assuming that an atom has a ground
state with zero total angular momentum J=0 and an excited state with J=11. In this
case, the presence of a magnetic field that we force to be linear in magnitude B(z) = az
(where a is the gradient of the field) leads to a Zeeman split in accordance with eq.1.42

∆E|FmF 〉 = µBgFmFaz (2.10)

of the three fine sublevels of the excited state, which is linear2 with respect to position
for the mF = ±1 states as one can see in fig 2.3. Here, we assumed again the easy case
of a one-dimensional arrangement with z the position coordinate, with z = 0 the center
of the two beams. Therefore, if the cooling condition holds, i.e. each beam is tuned
below zero field atomic resonance, then as we move away from the center where B = 0,
there is always one state that the detuning between the resonance and the laser transition
frequency to that state becomes smaller with a bigger force exerted on the atom pushing
it to the center. In order this transition to be realized, the proper light polarization must
be chosen. The σ± beam excites atoms to the mF = ±1 state, respectively. This is due
to the fact that a transition is allowed if the total spin of the photon and the atom is
conserved. For z > 0 the J = 1 sub-state with mJ = −1 is closer to resonance and as
a result a beam with σ− polarization must come from large z > 0. Similarly, the beam
coming from z < 0 must be circularly σ+ polarized.

Figure 2.3: The Zeeman split in the fine-
structured states with J = 0 and J = 1. In the
ground state, as well as the state |J = 1,mJ = 0〉
there is no modification from the presence of a
weak linear magnetic field. Contrary, the mJ =
±1 states of J = 1 bent linearly with respect
to the position. This can offer a greater force
as one moves far from the centre due to the less
detuning in that regions between the laser beams
and the resonance. The polarization of the beams
must be appropriately chosen to allow these tran-
sitions.

1An exact description of the Zeeman split due to the magnetic field gradient in the case of Rb atoms
and laser beams of frequency that leads to the hyperfine F = 2→ F = 3 transition of the D2 line (see fig
1.2) that is really used is quite complex.

2In reality, this is more complicated, mainly because of the more than one ground states (F = 1 and
F = 2) which lead not always to a close loop of absorption and emission and the Zeeman split in the
ground states. Though, the linear dependence of the magnetic fields does not cease to hold.
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In such a configuration, the resonant frequency of an atom in position z is modified as
ω′0 = ω0 + ∆ω = ω0 + ∆E|FmF 〉/~ = ω0 +κ′z (with κ′ = µBgFmFa/~) and, thus, the force
acting on it from the two laser beams, in analogy to the force in the Optical molasses, can
be written as:

FMOT = Fsc(ω − ω0 − κ′z − kv)− Fsc(ω − ω0 + κ′z + kv)

≈ Fsc(ω − ω0)− kv∂Fsc

∂ω
+ κ′

∂Fsc

∂ω0
−
(
Fsc(ω − ω0) + kv

∂Fsc

∂δ
− κ′z ∂Fsc

∂ω0

)
≈ −2

∂Fsc

∂ω
kv + 2

∂Fsc

∂ω0
κ′z

≈ −bv − κz

(2.11)

In the above, the two scattering forces from the laser beams feel different detuning ω0±κ′z,
due to their different polarizations, κ = −2∂Fsc

∂ω0
κ′ = − 4~kI/Isat

[1+(2(ω−ω0)/Γ)2]2
2(ω−ω0)

Γ
µBgFmF a

~ ,

and we assumed adequately small velocities and spatial shifts from the center of the
configuration that the first order Taylor’s approximation becomes valid. This force FMOT

has the same form as the one in a damped harmonic oscillator. The velocity-dependent
term of the force cools the atoms while the position-dependent term traps them in the
middle of the configuration.

Writing the force in the MOT in a slightly different way as

FMOT = −bv − κz = −b
(
v +

κ

b
z
)

= −b(v + u) (2.12)

one can interpret the MOT as a moving molasses with spatially dependent velocity u =
κz/b. Such a pictorial interpretation is shown in fig.2.4 and assists in understanding in
more depth the real complicated case the Rb-cloud. The only difference between the
simplified case that was described above and the real one is the different form of the
velocity u that governs the movement of the molasses.

Figure 2.4: Force 2.12 is a moved form of
the force in molasses. Here it is depicted
in a z > 0 point.
Intuitive explanation of the trapping: For
molasses, if the direction of the veloc-
ity changes, the force direction will also
change. Contrary, for the MOT, in a posi-
tion different than the centre, even if the v-
direction changes, the direction of the force
does not, pushing the atom towards the
centre and thus leading to trapping.

The density limit in the MOT. In the process of laser cooling in a magneto-optical
trap both temperature and density of the cloud are limited to values that their combination
is unable to bring BEC. In the previous section, we studied the Doppler limit for the
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temperature in the optical molasses technique, which largely holds in the MOT as well.
In the current section, we investigate the limit in the density of the trapped cloud in the
MOT.

One can distinguish two regimes with a different behaviour for a steady state cloud:
the temperature-limited and the multiple-scattering regimes [33]. The criterion of this
distinction can be expressed by the density of the cloud and the number of atoms in it.
For adequately low densities and small numbers of atoms, i.e. the temperature-limited
regime, all the previously discussed mechanisms of cooling and trapping hold, whereas
for bigger numbers and denser clouds (the multiple-scattering regime) additional forces
emerge which alter the properties of the cloud. These forces have their origin in the
appearance of rescattering of photons from adjacent atoms due to the short mean free
path of these photons before escaping the trap and are mainly repulsive, a fact that leads
to a limit in the cloud’s density.

In the temperature-limited regime, the resultant force is simply the one found in the
previous section, the force of a damped harmonic oscillator, FMOT = −bv − κz. Despite
the dissipative nature of this force, its harmonic term can be thought as the result of a
harmonic potential. With this potential in mind, one can make use of the equipartition
theorem and state that the average kinetic energy of an atom in the MOT is equal to
the mean potential harmonic energy, 1

2κ∆z2
0 = 1

2kBT . Here, ∆z0 is the rms-value of the
position of the atoms in the MOT and T the cloud’s temperature. A straight consequence
of this, is the definition of an effective frequency ωMOT that features the behaviour in the
MOT, although there are no real oscillations, as

1

2
mω2

MOT∆z2
0 =

1

2
kBT (2.13)

The above relation implies the dependence of the cloud’s size solely on the temperature.
In turn, for a certain temperature, the volume of the cloud is constant and, thus, the
density becomes proportional to the atom number, as long as the characteristic frequency
ω0 remains constant. For a spherically symmetric cloud in three dimensions, one can find
[33]

n =
3N

4π

κ3/2

(kBT )3/2
(2.14)

The increase of the atom number leads to the increase of the density, until rescattering
begins to play an important role in the process. In this case, two additional forces emerge
that change the behaviour of the cloud. This is the multi-scattering regime. The first
additional force is a repulsive one, coming from the sequential absorption of the emitted
photon from adjacent atoms. This re-radiated light follows a different frequency distri-
bution from the laser light [49]. As a result, the average absorption cross-section σR

characterizing the rescattering differs from that of the incident light σL. The force applied
from this rescattering can be written as [26]

FR =
σLσRI

4πcr2
(2.15)

where c is the speed of light and r the distance between two atoms of the cloud. The
second force that emerges due to the dense cloud is attractive and is the result of the
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beam’s attenuation as photons get absorbed. The calculation [26] of this force leads to
the form

FA = −
Iσ2

L

4πcr2
(2.16)

In the multi-scattering regime, the maximum density of the cloud can be calculated in
such a way that the trapping force balances the other forces:

FMOT + FR + FA = 0⇒ n =
3cκ

Iσ2
L

1

(σR/σL − 1)
(2.17)

where we omitted the cooling term of the trapping force, since temperature ceased to
determine the trap size, because of the rescattering. One can notice that the density no
longer depends on the number of atoms in the trap, but stays rather constant for a certain
frequency of the MOT and a certain beam intensity.

In order to increase this density limitation, one could increase the detuning or the
field gradients, as these changes result in the relative increase of the attractive force FA

compared to the repulsive one [49]. However, such increase would lead to a corresponding
increase of the inelastic collision rate between the atoms which causes loss in the number
of atoms in the trap.

During the above discussion, we assumed a perfect alignment and a uniform profile
of the intensity for the beams that consist the MOT. Any imperfection may result in the
decrease, the unexpected imbalance or the spatial change of the predicted forces which
affect the properties and the parameters -number of atoms, density, temperature, size- of
the cloud.

Loading of the MOT - The limit in the number of atoms. Together with the
constraints in the temperature and the density of the cloud, the MOT traps only a finite
number of atoms because of the various loss mechanisms that take place and have in
common to knock atoms out of the trapping region. In this region, only atoms with a
velocity below a limit vc can be slowed by the beams and trapped in a sufficient way. This
velocity characterizes the depth of the MOT and is typically a few times Γλ, where λ is
the beam wavelength. We assume that all of the atoms with velocity less than or equal
to vc are trapped. Under this assumption and given that there is a mechanism which
continuously supplies the trap with atoms, the rate of the MOT loading is given by the
Kinetic theory [50][51] by

L =
nV 2/3u4

c

2

(
m

2kBT

)3/2

(2.18)

where n is the density of the atoms and V the volume of the trap.
The number of atoms in a steady state MOT is given by the balance between the

loading of the atoms and the departure of them due to the loss mechanisms. There are
various mechanisms that cause such losses, the most important of which are:

• Collisions of the cold atoms with the background hot atoms offering them the nec-
essary energy to leave the trap. The rate of such collisions is proportional to the
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number of the cold atoms, Rbg = γbgN . The value of γbg is determined by the
collisions with the surrounding warm atoms,

γbg = nRbσRbvRb + nbgσbgvbg (2.19)

where nRb/nbg is the density of the Rubidium atoms in the trap/the background cold
atoms, vRb and vbg their corresponding mean velocities and σRb and σbg the cross-
sections that characterize the collisions which accelerate cold atoms to the velocity
larger than the critical velocity, above which the atoms escape from the trap. The
cross-sections depend on the electronic state of the atoms.

• Light-assisted collisions, inelastic collisions between two trapped atoms which occur
due to the change of the energy of the internal state of the particles in the presence of
a light field. The dipole moment of an excited atom may induce a dipole moment in
the nearby ground state atoms, causing an attractive force which, in turn, increases
the velocity of the atoms. This loss mechanism is characterized by the loss of two
atoms per collision and this loss rate γl is proportional to N2.

• Photon re-absorption scattering, where the photons being emitted in a random di-
rection by a cold atom are absorbed by an adjacent atom driving it out of the trap.

As mentioned previously, the last case is important only in the multi-scattering regime
which is characterized by large densities. This loss mechanism can be ignored for medium
MOTs. Therefore, in the absence of a full theoretical model for the behavior of the atoms
when they insert in the MOT, a phenomenological equation is often used [52][27][26]:

dN(t)

dt
= L− γbN − γlN2 (2.20)

At relatively low densities, the first loss mechanism dominates, thus assuming γl = 0
we get

N(t) =
L

γb
(1− exp{−γbt}) (2.21)

This loading formula guesses that the trap saturates when there is an equilibrium
between the loading process and the loss mechanisms. This means that after some specific
time of loading the number of atoms remains constant irrespectively of the time.

Lifetime of the MOT In the absence of a source that offers atoms in the MOT, if one
solves equation 2.20 with L = 0, he can easily find that the number of atoms that are
trapped starts decreasing in an exponential rate

N(t) = − L
γb
exp{−γbt} (2.22)

This decay is due to the presence of the losses. Atoms from the cloud collide with
the background vapour, gaining such energies that are able to leave the trap. A relative
quantity that characterizes the behaviour of the trap is its lifetime. It is defined as
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τb = 1/γb and gives the time at which the number of the atoms becomes the e−1 of the
initial value. This decay time τb of the number of atoms, when one switches off the 2D-
MOT, is equal to the loading time in the presence of it. One can use a more complex
model that simulated reality in a more efficient way and state that this time-constant of
the MOT depends on all loss mechanisms that are described above.

After some time the losses of the cloud from the collisions with the background vapour
reach an equilibrium with the atoms that are re-trapped from the background. When this
is the case, the number of atoms remains constant. However, this number is very small
compared with the initial and one tries to work as quickly as possible.

2.2.2 The steps for the laser cooling and trapping realization

The realization of the MOT that can offer the successful pre-cooling for the BEC oc-
currence is technically demanding. Different configurations have been proposed and ac-
complished in order to create a cold and trapped atomic cloud [45][53][54]. They all share
the same principal components and principal experimental components: a vacuum system
for isolation, an atom dispensing unit for vapour creation, laser system for cooling and
magnetic coils for trapping. In this section, we give a brief presentation of the apparatus
we used for our experimental results that will be described in the next chapters.

For the realization of the cold Rb-cloud, we need a vapour from which the MOT can
be loaded. Despite the fact that the cold cloud could be produced at relatively high
pressures, its lifetime would be inadequate because of the frequent collisions of the atoms
with the background vapour. Thus, we demand a region of ultra low pressure. For this
reason, we use a double vacuum system to separate the Rb-source from the trap. The first
part of this double vacuum system is called the 2D-MOT cell and the pressure inside this
cell reaches values of the order of 10−8mbar, whereas the second part, the UHV cell, is
characterized by a pressure of about 10−11mbar. These two chambers are connected and
simultaneously separated by a 50mm long differential pumping tube with a hole whose
diameter is 2.4mm.

The Rb-source is a break-seal ampoule in a coper tube next to the 2D-MOT cham-
ber. The atoms in this chamber are pushed towards the UHV-chamber with a technique
known as the 2D-MOT technique, where the cloud is trapped by the use of the 3D-MOT
configuration.

2D-MOT

Two pairs of counter-propagating laser beams, orthogonal to each other in the two out
of three directions (arbitrary x and z directions from now on) with the appropriate (σ± for
each pair) polarization and a quadrupole magnetic field compose the technique called 2D-
MOT. These pairs of beams travel to the region where a tube connects the two chambers
and are realized by two retro-reflected laser beams with dimensions 50× 50mm2 and σ+

polarization. The lasers used are turned a few linewidths to the red of the 5S1/2F =
2→ 5P3/2F = 3 87Rb-transition travelling towards the 2D-MOT cell. The magnetic field
gradient is created by two rectangular coils. In addition to them, there is another coil
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(called push-coil), so as to control the position of the atom beam along the horizontal
plain.

Figure 2.5: 2D-MOT configuration. One can see the horizontal and the vertical pairs of laser beams, the
2D-MOT vacuum cell and the 3 coils described for the magnetic field and the control of it.

The rubidium atoms from the background vapour are cooled and trapped in two di-
rections along the y-axis. In the third direction they are free to move with their previous
velocities. With the assistance of a push beam (see fig 2.5) in the y-direction, more than
half of the cooled atoms move towards the hole and the UHV cell. The hole offers the
connection of the two cells that are on a different pressure and also filters out the atoms
with high longitudinal velocity. The latter is achieved, since such high-energy atoms do
not spend enough time in the 2D-MOT trap to be sufficiently cooled in x and z directions.
As a result, only atoms with low longitudinal velocity are driven to the UHV chamber.

The flux of the 2D-MOT depends on the detuning of the laser beams as well as on
the pressure in the 2D-MOT cell. High pressure provides the UHV cell with more atoms
but decreases the trap lifetime. In our experiments, the flux in the 2D-MOT was about
5× 109 atoms/sec, with appropriately chosen magnetic and laser parameters.

3D-MOT

After the 2D-MOT process, a slow atomic beam that is produced travels towards the
second cell. In that cell, three pairs of counter propagating beams in the three axes x,y
and z with the addition of a magnetic quadrupole field constitute together the technique
known as 3D-MOT. This set of laser beams cools the atoms in all directions while the
magnetic field traps them near the center of the chamber. For the 3D-MOT, we need
multiple optical access. The six cooling beams, the push-beam, imaging optics and other
useful beams have to be able to enter the chamber. This is the reason for the peculiar
polygon shaped cell of the chamber. The beams are of 20mm diameter with a power
of approximately 20mW/cm2 (i.e. a saturation parameter of 8.). We create the required
quadrupole field, by operating two coils, The big Ioffe coils in fig.2.6 in anti-Helmholtz
configuration (two currents tunning in opposite directions). The laser beams of the 3D-
MOT can be differently detuned from the ones in the 2D-MOT configuration but for the
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same 5S1/2F = 2→ 5P3/2F = 3 87Rb-transition.

Figure 2.6: (a) The laser beams with their polarizations coming in the region where the atoms are trapped
and cooled in the UHV cell. These six beams in the current configuration are known as the 3D-molasses.
One can also distinguish the two circular coils in the anti-Helmholtz configuration that create the linear
magnetic field for magneto-optical trapping. (b) A picture of all the coils in the region of the MOT. For
the MOT only the big Ioffe coils are used. They are the ones depicted in (a) as well. The Pinch, the Small
Ioffe and the Compenastion coils are used afterwards for the magnetic trapping of the atoms.

The trapped cloud is loaded by the atomic beam of the 2D-MOT. In fig.2.7(a), one is
able to see this loading with respect to the time that the beam is sent towards the cell.
The number of atoms that get stored in the trap follows the behaviour predicted in eq.2.21
with an experimentally measured time-constant of about 4 seconds. In the steady state,
the number of atoms becomes almost 1010 having a temperature of about 500micro - to 1
milli Kelvin. After the switch-off of the atomic beam source, the number of atoms decay
in an exponential way, in accordance with eq.2.22, due to collisions of the atoms with the
background vapour. In fig.2.7(b) this decay is presented. The measured lifetime seems to
be about 10 seconds. The shape of the MOT cloud is depicted in fig.2.7(c). It is a rather
spherical cloud. Allbeit being very large, this MOT has a very low density and a very
high temperature. We therefore apply further compression and cooling stages.

Compressed MOT and Optical Molasses

It would be of great advantage if we could manage to further increase the density
of the cloud, as well as to decrease the temperature without important losses in the
number of atoms, before the implementation of the evaporative cooling. A MOT with
working parameters, like ours, adjusted to maximize collection rate has reached its multi-
scattering regime, discussed in section 2.2.1.C, that applies a limit in the density of the
cloud. This limit is the result of the photon re-absorption scattering mechanism, which
can be described as the multi-absorption of a photon by other atoms in the vicinity of
the atom that emitted it before the photon escaping the gas. These processes introduces
undesirable heating and depolarization of the atoms. Moreover, since a photon comes
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Figure 2.7: (a) The loading of the 3D-MOT. The number of atoms has reached its maximum value after
4 seconds. This maximum value is almost 1010. (b) The lifetime curve of the 3D-MOT. The measured
lifetime is 7 seconds. After almost 40 seconds, the number of atoms ceases to decrease because of the
balance between the losses and the re-loading of the background atoms. We are interested in times less
than the trap’s lifetime. (c) The spherical shape of the MOT cloud. (d) The density of the MOT cloud
as depicted using the technique of absorption imaging after the free expansion of the cloud for 12 seconds.
These two techniques will be explained in the next chapter.

from an atom to an adjacent one, there is a repulsive force between these two atoms which
also decreases the density of the cloud.

In order to increase this limited density, two kinds of techniques have been proposed
and applied. The first one, the Dark-spot MOT [55] modulates the MOT parameters
spatially, whereas the second technique, the compressed-MOT (CMOT) [56], modulates
the MOT temporally. In our experiment, we make use of the CMOT technique, since
it does not require any modification of the apparatus apart from the ability to control
the currents and the laser beams used in the MOT. In section 2.2.1.C we mentioned that
an increase in the cloud density can be achieved with a further detuning of the laser
beams together with the increase of the magnetic field of the MOT. This is exactly how
CMOT works. After the accomplishment of a steady MOT cloud, the increase of the
detuning causes a decrease in the re-scattering mechanism, since now it is less possible for
the photons to interact with the atoms of the cloud. On the other hand, the increase of
the magnetic fields confines the atoms in a tighter way, rising up their density3. In our

3Although it is not theoretically established, in our experiments the further confinement of the atoms
is achieved by decreasing the gradient instead of an increase.
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experiments, after the loading of the MOT, the cloud spends 5 milliseconds in the region
of the beams that are even more detuned from almost 3Γ to 13Γ = 40MHz with a ramped
up magnetic field to its limit.

After this tighter confinement, which results in a smaller cloud, we should be aware
of the temperature of it which also increases due to re-absorption scattering. To decrease
the temperature, we switch off the magnetic field caused by the currents in the big-Ioffe
coils, while we keep for almost 3 milliseconds the laser beams on. This interval is long
enough for the atoms to move to the center of the trap, but short enough to avoid atom
losses due to the formation of molecules. This is exactly the optical molasses technique,
described earlier.

The result of these techniques is a small and enough cold cloud for the next stage of
magnetic trapping and evaporative cooling. Its temperature is almost 100 milliKelvin,
while the cloud has almost 9×1010 atoms. A small decrease in the atom number is due to
the higher rate of inelastic-collisions that CMOT causes. For the remaining of this thesis,
all these techniques that are used one after the other (MOT, CMOT, molasses) will be
called simply as the MOT. Furthermore, as ωMOT we will denote the effective frequency
of the MOT after the compression.

2.3 Evaporative cooling in a Ioffe-Pritchard (IP) magnetic
trap

The fundamental principle of the evaporatively cooling of a thermal atomic cloud relies
on the preferential removal of those atoms that have an energy higher than the average
energy of the cloud. This removal results in the reduction of the average energy of the
remaining in the cloud atoms and, thus, in a lower temperature. In order to be able to
discuss about the temperature, the removal of the atoms should lead to a new equilibrium
state with a thermal distribution, from the tail of which the leaving atoms come. This
equilibrium is achieved by the presence of elastic collisions between the remaining atoms,
which, in addition, promote atoms to energies higher than the average. On the other
hand, the high energy atoms can leave the region where evaporative cooling takes place,
only if the trap of the atoms has a finite depth comparable with their energy. For this
reason, evaporative cooling is realized in a conservative magnetic trap, where isolation of
the cloud from the surroundings is adequate and where the inelastic collisions can be less
than the elastic ones and, therefore, the atoms leave due to evaporation and not because
of losses.

One is familiar with the cooling mechanism of evaporation from one’s everyday life.
This is responsible for the cooling of a cup of coffee and for the carrying off of heat from
the human body during exertion. At the beginning of the 16th century, Leonardo da Vinci
used evaporation to produce the first hygrometer [57]. Physicists used to study evaporative
cooling in globular clusters from where stars evaporate. In atomic physics, the first paper
related to the evaporative cooling of Hydrogen atoms was published by Hess [58] in 1986,
in which he pointed out many important concepts of this procedure, among which elastic
and inelastic collisions. Monte-Carlo simulations for the trajectories of evaporative cooling
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were for the first time accomplished by Monroe [59]. In 1989 Pritchard argued [60] that
evaporation could be more efficient with the use of RF-radiation to define the region of
removal than just the topography of the magnetic field. After some years, in 1994, the
evaporative cooling mechanism was extended to alkali atoms, after they got laser cooled
[61]. Moreover, independently of the efforts for evaporation, a magnetic trap of neutral
atoms was first observed in 1985 [62] and not much later important improvements were
achieved from the MIT and Amsterdam groups [63][64]. The first Ioffe-Pritchard (IP)
trap, the type of trap we use in our experiments and is related with this thesis was first
proposed and demonstrated by Pritchard [65].

Evaporative cooling has an incomparable advantage: it realizes BEC, in contrast with
other cooling techniques, like laser cooling, whose temperature and density limits make
them inadequate for BEC to occur. Apart from that, evaporation is a relatively simple
and well studied process, at least in the classical regime of the atom’s motion, with a wide
working-range of temperatures and densities. However, the mechanism of evaporation as
a cooling technique has some important drawbacks, which one has to overpass in order to
achieve degeneracy. The most crucial of them is the important loss on the number of atoms
during evaporative cooling. There is an almost three orders of magnitude decrease in the
atom number from the beginning to the end of evaporation. Nevertheless, it is considered
as an efficient technique, since, at the same time, the phase-space density increases by six
orders of magnitude, reaching BEC.

In the sections below, we discuss the principles and various theoretical aspects of the
magnetic trapping and evaporative cooling techniques, we describe the specific trap we
use, i.e. the Ioffe-Pritchard trap and finally the sequential steps that take place until BEC.
After the laser cooling in the MOT, we have a cold and dense cloud with a large number
of atoms and relatively high elastic collision rate. The objective of evaporative cooling is
simply to bring BEC in the best conditions.

2.3.1 Principles of evaporative cooling in a IP magnetic trap

A. Magnetic trapping principles

In order to keep the cloud tightly confined for the process of evaporative cooling and
hold the BEC, a trap is needed with the property of sufficiently low heating rate. This
can be satisfied by conservative magnetic traps, where the trap loss rates are relatively
small and their trap-depth capable of holding the initial MOT cloud. A magnetic trap for
atomic clouds is an application of the Zeeman effect described in 1.3.

Applying a magnetic field ~B in the region of the cloud, the energy of an atom being
in the state mF of the hyperfine level F, using eq.1.42, becomes

EF,mF
= EF + µBgFmFBz (2.23)

where EF is the energy level of the hyperfine state without the Zeeman splitting. In case
the magnetic field is inhomogeneous, the energy of the atom being in that state depends
on its position. As it is known, particles tend to move towards regions where their energy
becomes minimum. Therefore, depending on the sign of of gFmF, the minimum of EF,mF
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in that state appears where the magnitude of the magnetic field is maximum (gFmF < 0
- states with a negative magnetic moment are referred to as high-field seeking states) or
minimum (gFmF > 0 - low-field seeking states).

However, Maxwell equations prohibit the case of trapping in high-field seeking states.
The reason for this prohibition is the so-called ”No-maximum” theorem [66] stating that
in regions free of charges and current, the magnitude of the magnetic field cannot have a
local maximum. To see that briefly, one can write for the magnitude of the magnetic field:

∇2B2 = 2
∂

∂xj

(
Bi
∂Bi
∂xj

)
= 2Bi∇2Bi + 2

(
∂Bi
∂xj

)2

(2.24)

Nevertheless, starting from the Maxwell equations (∇ ~B = 0 and ∇ × ~B = 0 if there are
no currents at that point), one can derive for the components of the magnetic field

∇2Bi = 0 (2.25)

Using equations 2.24 and 2.25, one can easily state that

∇2B2 ≥ 0 (2.26)

which is incompatible with the existence of a maximum that requires ∂B2/∂xi = 0 and
∂2B2/∂x2

i < 0. Thus, only low-field seeking states can be used for magnetic trapping. In
the case of Rb, in low magnetic field limit, the three trapped states are |F = 1,mF = −1〉,
|F = 2,mF = 1〉 and |F = 2,mF = 2〉.

So, in order to achieve magnetic trapping of neutral atoms, one must design a mag-
netic field configuration with a gradient that offers inhomogeneity and a minimum in the
magnitude of the field. The depth of the trap will be of the order of

kBT = µBgFmF(Bmax −Bmin) (2.27)

where Bmin is the minimum of the field and Bmax its nearby maximum. For convenient
magnetic traps, the strength of the field is such that the depth is much less than 1 Kelvin.

The fact that high-field seeking states are not useful for confinement makes the mag-
netic trap prone to instabilities. These are caused by possible transitions from low to high
field seeking states, leading the atoms out of the trap. Such transitions are referred to
as Majorana flops. To insure that these transitions will not occur, the atom’s magnetic
moment should follow adiabatically the direction of the magnetic field. Defining θ as the
angle between the magnetic moment of the atom and the field, then the above requirement
can be expressed as

dθ

dt
<
µBgFmF|B|

~F
(2.28)

This inequality is violated for small magnetic fields and attention must be paid to obviate
such fields in order the atoms to remain in the trap.
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B. Description of a IP trap

One of the most commonly used and one of the first realized configurations that offers
the minimum field for trapping is the so-called Ioffe-Pritchard (IP) trap. Its success is
partially due to the fact that it offers a harmonic potential that is the lowest order and
therefore tightest trap which can have a bias field.

IP trap is a modification of the quadrupole trap (in which the magnetic field varies
linearly with distance in all directions) in order to avoid the Majorana flops in the centre
of the trap. As it can be seen from fig. 1.3, in regions where the field is enough small and
practically zero, the states become degenerate so an atom can easily move from a low-field
seeking state to a high-field one and thus cease to be trapped. By adding a homogeneous
field B0 along the axial direction, the total field is no longer zero at the centre of the trap,
contrary to the quadrupole case. In this way, such losses can be avoided. This B0, though,
has an important effect in the form of the potential as we will notice.

A IP trap in its commonest configuration [65] consists of four straight bars, which
create a quadrupole field in the radial directions and two circular pinch and compensation
coils that are used to create parabolic field in the axial direction. In the experiments done
in the framework of this thesis, we used an alternative IP trap, consisting of four circular
coils (called the Ioffe coils) which create two pairs of anti-Helmholtz configuration that are
perpendicular to each other and two circular pinch coils in Helmholtz configuration. This
set-up is depicted in fig. 2.6(b). The two pairs of Ioffe coils together create a quadrupole
field in the radial direction, whereas the pinch coils are used for a parabolic field in the
axial direction. An addition pair of coils (the compensate coils), that are also seen in the
same figure, are responsible to compensate the magnitude of the field minimum B0.

The total magnetic field characterizing our IP trap is [36]

~B = a

 x
−y
0

+B0

0
0
1

+
1

2
β

 −xz
−yz

z2 − 1
2(x2 + y2)

 (2.29)

where a is the gradient of the field created by the Ioffe coils and β the curvature by the
pinch coils. The magnitude of such field is

B =

√(
ax− 1

2
βxz

)2

+

(
ay +

1

2
βyz

)2

+

(
B0 +

1

2
β

[
z2 − 1

2
(x2 + y2)

])2

(2.30)

If a >> β1/2, the confinement in the radial directions that is caused by the gradient
is much stronger than the one from the curvature. In this case, one can ignore the radial
harmonic dependence and,thus, the magnitude of the field can be approximated by the
familiar theoretical magnetic field that characterizes the IP trap

B =

√
(aρ)2 + (B0 +

1

2
βz2)2 (2.31)

with ρ2 = x2 + y2.
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Now we will examine what is the form of the magnitude in the radial direction. For
z = 0, the magnitude is written: B =

√
(ar)2 +B2

0 . In the case that B0 is very small
(compared to the temperature of the gas) then the magnitude is simply B = ar and the
potential is predominantly linear in that direction. On the other hand, if the bias field B0

becomes large, then using the approximation (1+x)n = (1+nx) for small x the magnitude
becomes

B = [(aρ)2 +B2
0 ]1/2 = B0

(
1 +

(
aρ

B0

)2
)1/2

≈ B0 +
a2

2B0
ρ2 (2.32)

and the potential becomes harmonic in the radial directions with a minimum B0. In the
more general case (not just in the line with z = 0), in the limit of B0 being large, one can
follow the same procedure and deduce that the potential is of that of a 3D anisotropic
harmonic oscillator is

B ≈ B0 +
a2

2B0
ρ2 +

1

2
βz2 (2.33)

with frequencies

ωr =

√
gFmFµB

m

a2

B0
ωz =

√
gFmFµB

m
β (2.34)

Figure 2.8: In (a) the magnitude of the magnetic field in the radial direction in the case of B0 = 0. As B0

is added in the trap (b) and the minimum ceases to be zero, the configuration offers a harmonic potential
for small r. The field an atoms sees depends on its kinetic energy. For kBT << µBB0, the atom is at the
bottom of the trap and feels a harmonic potential. For kBT >> µBB0, the linear dependence is restored
and the frequencies given above have no physical meaning any more.

Trap properties and Thermodynamics. In order to calculate the energy density of
states of the IP trap, we may use its general definition in a potential U as

D(ε) = (2π~)−3

∫
dr3dp3δ(ε− U(r)− p2/2m) (2.35)

where r is a particle’s position, p its momentum and δ the delta-function. D(ε) is defined
in such a way, that D(ε)dε is equal to the number of the eigenstates of the trapping
potential U(r) = −µBB(r) with energy between ε and ε + dε. For the IP potential 2.31,
one derives

DIP(ε) = AIP(ε3 + 2U0ε
2) (2.36)
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with U0 = µBB0 and

AIP =
(2π2m)3/2

(2π~)32(µBgFmFa)2
√
µBgFmFβ/2

(2.37)

Another particularly useful parameter for describing the statistical properties of the
trap is its partition function Z. In the language of Statistical Physics, this quantity comes
form the counting particles which are distributed over the available levels in accordance
with a certain probability distribution. At low temperatures one has to use the Bose-
Einstein distribution, whereas at higher temperatures the Boltzmann distribution is used.
The partition function for this distribution is defined as

Z = (2π~)−3

∫
dr3dp3exp{−(U(r) + p2/2m)/kBT}

=

∫
dεD(ε)exp{−ε/kBT}

(2.38)

The partition function is a measure of the degree to which the particles are spread out
over the energy levels. This can be more obvious in quantum mechanical systems, where
Z plays the role of the ratio of the number of particles in the system, N , to the number of
particles in the lowest energy level, N0, i.e. Z = N/N0. Using the density of states 2.36,
the partition function of the IP trap becomes

ZIP = 6AIP(kBT )4

(
1 +

2µBB0

3kBT

)
(2.39)

A third useful quantity for our purposes is the effective volume of the trap. This is
defined as the ratio of the number of atoms to the peak-density in the center of the trap

Veff = N/n0 (2.40)

and plays the role of the real volume of the cloud in the trap. Using this effective volume,
the partition function can re rewritten [8] as Z = VeffΛ−3

T . This form offers another
intuitive explanation of the partition function. It is the ratio of the effective volume of
the trap to an effective volume of an atom with wavelength ΛT. Multiplying both parts
of the above equation, one gets

Z = N/Dp (2.41)

Therefore, the partition function includes all the useful quantities we need to optimize for
BEC, namely the number of atoms, the density and the temperature of the cloud.

C. Theoretical aspects of Evaporative Cooling

As mentioned in the beginning of the current section, evaporative cooling is a dual work:
atoms with energy that surpasses the depth of the trap, εt, escape from the cloud, while
elastic collisions of the remaining atoms restore thermal equilibrium with a new lower
temperature. If the trap-depth remains constant, after the most energetic atoms leave the
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trap, the average energy of the atoms in the cloud becomes significantly smaller than εt
and, thus, fewer and fewer atoms are capable to acquire sufficient energy to escape from
the trap. A scenario like this is called plain evaporation [72] and as a result, evaporative
cooling becomes less efficient as time goes on. In order to keep an efficient rate for the
high-velocity atoms to leave the trap, the truncation energy εt, which defines the depth
of the trap, should be ramped down over time. This kind of cooling technique is known
as forced evaporation. A related quantity that offers assistance in describing evaporative
cooling is the truncation parameter η, such that εt = ηkBT , which is in the general case
time-dependant.

Rethermalization and the truncated distribution function. In order to justify
a thermal distribution for the remaining cloud, we will follow the arguments given by
Walraven in [67]. For that goal, one has to introduce a number of assumptions that
seem to work well in the temperature and density regime we are interested in. The first
assumption is ergodicity. In Statistical Mechanics theory, ergodicity means that in the
phase space of a system, the distribution of the particles f(r, p) depends exclusively on
their energy. In a mathematical way:

f(r, p) =

∫
δ(U(r) + p2/2m− ε)f(ε)dε (2.42)

In the above equation, f(ε) can be interpreted as the occupation number of states with
energy ε. Secondly, we make use of the ”full-power evaporation” assumption. According
to that, every atom that gains energy greater than εt through an elastic collision escapes
from the trap without further collisions with other atoms. This is satisfied if the mean
free path λ of an atom is much larger than the dimension l of the cloud [68]

λ� l (2.43)

Furthermore, we assume classical atoms described by a Boltzmann distribution. A last
but not least assumption is the fact that elastic collisions result only from the s-wave
scattering channel. As a consequence, the elastic cross-section σel of the atoms becomes
[69] a function of the scattering length as in accordance with the relation σel = 8πa2

s.
Using simulation results, Walraven proved that during evaporative cooling the thermal

nature of the atom’s distribution is well preserved. Therefore, the distribution of the cloud
can be described by a truncated at the depth of the trap Boltzmann distribution as

f(ε) = n0Λ3
T e
−ε/kBTΘ(εt − ε) (2.44)

where Θ is the Heaviside step function. From eq. 2.42, one can calculate the phase-space
distribution

f(r, p) = n0Λ3
T e
−(U(r)+p2/2m)/kBTΘ(εt − U(r)− p2/2m) (2.45)

and by integrating the last result over momentum, one obtains the density distribution

n(r) = n0e
−U(r)/kBTP [3/2, (εt − U(r))/kBT ] (2.46)

with P [a, b] the incomplete gamma function [70] and n0 the peak-density of the cloud in
the center of the trap.
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The rate of evaporation. The evolution of the phase space distribution during the
process of evaporative cooling is described in the framework of the kinetic theory by the
Boltzmann equation [71]. This equation is converted into a simpler for f(ε) in case the
assumptions previously mentioned still hold. The rate of change of the number of atoms
due to evaporation, in the absence of loss mechanisms, is given by

dNev

dt
=

∫ ∞
εt

dεD(ε)
df(ε)

dt
(2.47)

For the truncated Boltzmann distribution 2.44, one gets [67]

dNev

dt
= −Nn0σelve

−η Vev

Veff
(2.48)

In the above equation, v = (16kBT/πm)1/2 is the average velocity of the atoms and

Vev =
Λ3
T

kBT

∫ εt

0
dεD(ε)[(εt − ε− kBT )e−ε/kBT+kBTe

−η
] (2.49)

Finally, using eq. 2.36 for the density of states in a IP trap, one can derive the accurate
formula for the rate of evaporation in such a trap. However, we will pay more attention
on the case of large η. For large values of η, we can approximate Vev/Veff ≈ η and, thus

dNev

dt
= −Nn0σelvηe

−η (2.50)

It is important to note that the above equation is valid for any power-law potential as
long as η remains adequately large, due to the fact that the trap depth becomes order o
magnitude greater than the average energy of the cloud or equivalently kBT and, therefore,
the exact form of the potential near the minimum ceases to play a significant role. The
last equation eq. 2.50 implies that evaporative cooling occurs on an exponential scale with
a time-constant τev = (n0σelvηe

−η)−1.

The efficiency of evaporation and the role of collisions. As mentioned above,
interactions play a crucial role for evaporative cooling in bringing back thermal equilibrium
in the remaining cloud. Collisions in the trap can be divided into two types: the elastic
collisions that are responsible for the redistribution of the kinetic energy as two atoms
collide and the inelastic collisions which lead to atom losses from the trap.

Elastic collisions between two atoms work in favour of the process of evaporation.
First of all, they are responsible for the rethermalization of the cloud leading to thermal
equilibrium that is described by a temperature. What is more, such collisions of two atoms
often give to one of these atoms energy larger than the threshold, whereas the other atom
gets less energy. As a result, this process helps the decrease of the temperature by bringing
out energy in a quicker rate. The elastic collision rate is given by the following equation
[72]

γel = nσelv

= n(8πa2
s)(16kBT/πm)1/2

(2.51)
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with as the familiar scattering length.
However, the efficiency of evaporation depends not on the absolute rate of elastic

collisions, but on the relative elastic collision rate with respect to the rate of losses that
occur because of inelastic collisions. There are three processes that contribute to losses in
a magnetic trap:

1. Background collisions: Inelastic collisions of trapped atoms with high energy atoms
from the surroundings. The rate of such collisions depends only on the pressure of
the trapped area and, thus, γbg is constant with respect to the atomic density, with
a value of −Kbg, with Kbg a positive constant.

2. Dipole relaxation: Inelastic collisions between two trapped atoms, where they ex-
change angular momentum between their orbital motion and their intrinsic spin,
being scattered into untrapped states. This type of loss rate is proportional to the
density of the cloud. However, two body dipolar relaxation is not possible in fully
spin polarised samples. Such a collision would have to lead to a spin flip, which
means that the spin cannot be conserved since there is no upper state to go to. This
is experimentally verified in [73].

3. Three-body collisions: Inelastic collisions among three trapped atoms, where two
of the atoms form a molecule that leaves the trap (the third atom is necessary for
energy and momentum conservation). The loss rate is proportional to the square of
the density, γ3b = −K3bn

2, with K3b a positive constant.

The total loss rate is expressed as the sum of all loss rates as

γls = −Kbg −K3bn
2 (2.52)

The ratio of elastic (’good’) to non-elastic (’bad’) collisions R = γel/γls sets the limit
to evaporative cooling. In other words, the major requirement for the application of
evaporative cooling is that the lifetime of the sample in the trap be long compared to the
time of thermalization. Apart from that, an important criterion for successful evaporation
is the maintenance or even better the increase of the elastic collision rate as the process
goes on. If that is the case, one can say that evaporation is done in the runaway regime.
In other words, for runaway evaporation, the following condition has to be fulfilled:

dlnγel

dlnN
< 0 (2.53)

Using eq.2.51 the above condition is written as

dln(nT 1/2)

dlnN
< 0 (2.54)

An important parameter for describing evaporative cooling, since it occurs in exponential
times, is

ξ =
dlnT

dlnN
(2.55)
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This parameter expresses the decrease of temperature per atom loss of the trap. It is a
general result [72] that for any power-law potential, the effective volume of the trap, as
defined in eq.2.40, scales as Veff ∝ T δ, with δ a value that depends on the potential of the
trap. For the case of a harmonic potential, δ = 3/2 and, therefore

Veff = CeffT
3/2 (Ceff : positive constant) (2.56)

Combining eq.2.54 and 2.56 one gets

dln(nT 1/2)

dlnN
=
dln([N/Veff]T 1/2)

dlnN

=
dlnN

dlnN
− dlnT

dlnN
− dlnCeff

dlnN
< 0

(2.57)

which gives the values of ξ for runaway evaporation: ξ > 1. The physical meaning
of runaway evaporation is that the temperature decrease is faster with decreasing atom
number.

If ξ remains constant during evaporation, then from its definition there is a dependence
of the form

T ∝ N ξ (2.58)

between the number of atoms and the temperature as the process goes on. This is the
case found by a great amount of groups searching for BEC and will be of great assistance
in order to describe our experiments [74][75][76][89].

2.3.2 Sequential steps for evaporative cooling realization

Loading of the IP trap - mode-matching

After the MOT, the cloud is transferred into the IP trap. The transfer is done by
switching off the optical molasses which previously cooled the MOT cloud and suddenly
switching on the currents in all the coils of the trap. This switching-off of the beams and
switching-on of the magnetic field should be rapid with respect to the trapping frequencies
in order to avoid a change in the confinement the cloud feels. The efficiency of loading
the MOT cloud into the IP trap plays a crucial role in the process of reaching BEC, as
it offers the initial conditions for evaporative cooling. Elastic collision rate, the number
of atoms initially in the trap and the phase-space density are among the quantities that
have to be maximized for a successful evaporative cooling process.

All these quantities are maximized [77] when the cloud preserves its size and its shape
during the transfer from the MOT to the magnetic trap. As a result of this conservation,
temperature remains unchanged as well. One refers to this ideal confinement as mode-
matching. In any different case, when the transfer in not mode-matched, heating of the
cloud will be the result. For a tighter magnetic trap, the atoms gain increasing potential
energy, that leads to a hotter cloud. For a looser magnetic trap, non-adiabatic expansion
of the cloud will cause again heating.

In the MOT, the cloud is well-approximated as a spherical, Gaussian shaped cloud
in an effective harmonic potential with frequencies ωMOT in all directions, given by 2.13.

48



Therefore, to ensure that the cloud maintains its temperature, size and shape, the IP
trapping potential has to be harmonic with frequencies equal to ωMOT in all directions.
The first requisition is fulfilled by using a high bias field B0. As we argued, the trap is
harmonic in both radial and axial directions if kBT � µBB0. Using the largest offset field
(B0) possible in our apparatus, one can calculate the optimized gradient and curvature
for mode-matching from eq.2.34 and a known effective MOT frequency.

a =
m

µBgFmF
ω2

MOT β = ωMOT

√
mB0,max

µBgFmF
(2.59)

For our experiments, ωMOT ≈ 8Hz and the theoretical values of the gradient and the
curvature for mode-matching are a ≈ 82G/cm and β ≈ 40G/cm2 respectively.

However, in practice, there is a great number of constraints for mode-matching which
force us to optimize the loading of the trap only experimentally. The first of these con-
straints is the trap position. The laser beams and the magnetic coils, consisting the MOT,
have created a cloud with a certain center which may be altered by the switching-off of the
beams and the change of the magnetic fields. Such transition in the center of the cloud
causes oscillations in the mass-center which for a shallow trap bring atoms out of the trap.
Another important constraint is the trap depth. To keep as many atoms as possible, the
trap must be as deep as possible.

Another important issue during the loading of the trap is atom loss. The way the
magnetic trap works causes inevitably a loss of a large fraction of atoms compared to the
corresponding number in the MOT. This is quite crucial since the aim of the trapping is
to cool the atoms with evaporation, something that reduces further the number of atoms.
First of all, after laser cooling using the transition 5S1/2F = 2→ 5P3/2F = 3, the atoms
are approximately equally distributed over all 5mF -states in the F = 2 hyperfine manifold.
However, the atoms get magnetically trapped if they are kept in low-field seeking states.
As a result, 3/5 of the atoms are because of that lost. Apart from that, atoms in the
mF = 1 state can also be lost due to the gravity if the magnetic gradient is sufficiently
small (α < 15G/cm). Finally, in the ideal case the losses are only due to the distribution
of the mF states, i.e. one traps 1/5-th of the atoms that are in the MOT. This number is
reduced further by imperfect trap matching.

Compression of the IP trap

In order to reach BEC in the shortest possible time or with the largest possible number
of atoms in the BEC, the elastic collision rate for rethermalizing the cloud has to be as
large as possible. During the loading of the magnetic trap, the trapping potential is quite
weak so as to achieve mode-matching and the prevention of heating and losses from the
trap. We compress the trap as much as possible, resulting in an increase in density and
temperature and thus in collision

The confinement increases by ramping up the currents flowing through the trap coils
to their maximum value in a reasonable time and in a reasonable way. The result of such
increase is a subsequent increase in the gradient and the curvature of the trap and, in
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turn, an augmentation in the trapping frequencies. From eq.2.34, one can notice that a
decrease in the value of B0 also assists in a better radial confinement.

Several assumptions have to be made, in order to study the process of compression
of the magnetic trap. First, we assume that the thermal cloud consists of ideal classical
monoatomic particles. An ideal gas is defined as the one in which all collisions between
atoms are perfectly elastic and in which there are no interatomic attractive forces. The
ideal gas obeys the ideal gas law, a simplified equation of states, which is expressed as

PV = NRT (2.60)

with P the pressure of the gas, V its volume andR the gas constant equal to 8.314JK−1mol−1.
It is important to note that for an ideal gas, the internal energy Uint depends only on the
temperature [78] through the relation

dUint = CvdT (2.61)

with Cv being the specific heat capacity of the gas.
Second, we assume that compression is an adiabatic and reversible process. Adiabatic-

ity guarantees that there is no heating transfer to the cloud during compression

δQ = 0 (2.62)

The criterion to preserve adiabaticity is [79]

dω

dt
<< ω2 (2.63)

with ω = (ω2
rωz)

1/3 the mean frequency of the trap.
At this point, we should mention a complication of the IP trap related to the above

condition: Since B0 is decreased at least by an order of magnitude, the radial frequency
becomes greater than the axial resulting in a cigar-shaped cloud. This results in an
additional criterion for adiabaticity: the rate of the compression has to be slow with
respect to the elastic collision rate in order to prevent an anisotropy in the temperature. In
our experiments, a and β increase linearly until their maximum values while B0 decreases
exponentially with a time constant of 3 seconds. This trajectory ensures that adiabaticity
is preserved. On the other hand, the reversibility implies that the cloud is continuously
in equilibrium and the only work involved it that of compression, hence

δW = −PdV (2.64)

Any reversible and adiabatic process is isentropic [78], i.e. ∆S = 0, where S the entropy
of the system.

Using the results above that describe a reversible adiabatic process for an ideal gas in
the first law of Thermodynamics, which states that Uint = δQ− δW , one can derive:

V CvdT = −RTdV ⇒ dT

T
= −(γ − 1)

dV

V
(2.65)
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where γ = (R+Cv)/Cv. For ideal monoatomic gases it is γ = 5/3 which remains constant
and, thus:

T = cV −2/3 (c : constant) (2.66)

The above relation expresses the fact that the decrease of the volume of the trapped cloud
results in an increase of the temperature.

In section 2.3.1 we defined an effective volume for the cloud in the IP trap, which
plays the role of the real volume of the gas. By substituting Veff from eq. 2.40 in the above
relation, one gets:

T 3/2ZΛTT
3 = const. (2.67)

In turn, if we use the formula of the partition function deduced in eq. 2.39 for the IP trap
and the thermal wavelength ΛT =

√
2π~2/mkBT , we can write:

T 3/2(
√

2π~2/mkBT )36AIP(kBT )4

(
1 +

2µBB0

3kBT

)
= const. (2.68)

Removing all the constants that are independent of the trapping parameters, we finally
reach to the important result for the reversible adiabatic compression of ideal gas:(

kBT

~ω

)3(
1 +

3kBT

2µBB0

)
= const. (2.69)

In the above relation, the definition of ω, which as already mentioned is ω = (ω2
rωz)

1/3,
comes from the fact that AIP that is inserted in relation is dependent on a and β as
AIP ∝ 1

a2
√
β

. The parameter ω coincides to the geometric average of the frequencies as

long as the potential remains harmonic. When it is in the linear regime there is no physical
meaning of ω except for the form of dependence on the gradient and the curvature.

Another important result of adiabatic compression is the fact that as long as the trap
lifetime is much greater than the compression time, the number of atoms remain constant,
as there are not inelastic collisions.

Scaling laws for the adiabatic compression. In this paragraph, we are interested in
the way the various quantities change as compression takes place. Parameters without a
prime sign represent the corresponding quantities in the beginning of compression, while
with a prime sign at the end of it. Using eq. 2.66 between the volume and the temperature
of the cloud and the fact that the number of atoms remains constant during compression,
we are able to write:

TV 2/3 = const.⇒ T (V/N)2/3 = const.⇒ n′

n
=

(
T ′

T

)3/2

(2.70)

On the other hand, following the argument of [72], if a power-law potential U(r) ∝ rd/δ,
with d the dimensions of the trap, is raised by a factor κ,

U ′ = κU (2.71)
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then the above relation holds
T ′

T
= κ

( n
n′

)1/δ
(2.72)

For a harmonic potential d = 3 and δ = 3/2, while for a linear potential d = 3 and δ = 3.
As a consequence, by combining relations 2.70 and 2.72, we get the result

n′ = κ3δ/(2δ+3)n

T ′ = κ2δ/(2δ+3)T
(2.73)

and from the definition of the phase-space density 1.14 and the elastic collision rate 2.51,
as long as the s-scattering length remains unchanged:

D′p = Dp

γ′el = κ4δ/(2δ+3)γel

(2.74)

This is exactly what we aimed for: to increase elastic collision rate without decreasing the
phase-space density. In fact, PSD remains constant if the potential keeps the same shape
throughout the adiabatic change. However, this is not the case of a IP trap, where the
radial potential changes from harmonic to linear. This change gives a small increase in
the phase-space density in the center of the trap [77], since the distribution of the levels
changes from being equally spaced to decreasing spacing with increasing energy.

RF-induced forced evaporative cooling

In a compressed magnetic trap with high elastic collision rate, evaporative cooling can be
realized in an efficient way to bring BEC. For the implementation of evaporative cooling,
we use the technique of radio-frequency induced forced evaporation, which, in contrast
to other related methods, permits evaporation in three dimensions. In this technique,
a radio-frequency oscillating magnetic field is applied to the cloud of the trap, which
couples the trapped hyperfine sub-state with untrapped ones leading to spin-flips of the
atoms and, thus, driving them out of the confinement. In an inhomogeneous magnetic
field as the trapping one, the resonance frequency between two hyperfine sub-states is
position dependent and as a result a RF-field with a certain frequency ωrf is in resonance
with this transition only for specific positions. The resonance occurs for atoms in a region
of the trap where the field magnitude B satisfies the resonance condition:

~ωrf = µBB (2.75)

In the above, µBB is the Zeeman splitting between the related hyperfine sub-levels.
Therefore, by beginning with a high frequency ωrf and ramping it down in time, atoms

with decreasing high energy will escape from the trap, reducing the cloud’s temperature.
At the instant when the frequency is ωrf, the truncation energy can be written as

εt = µF~(ωrf − ωmin) (2.76)
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where ωmin = µBgFB0/~ is the resonance frequency of the sub-levels in the bottom of the
trap. At the specific time, atoms with energy ε > εt will probably have already left the
trap.

For the theoretical case of a gas with two-level atoms, the probability of such an atoms
to make the transition as it traverses the resonance region can be estimated using the
Landau-Zener theory [80][81]. In this theory, the trapping field is assumed to vary in a
linear way with respect to the gradient a in the vicinity of the resonance. If the atoms
traverses this region with velocity v, then the probability of the transition is found to be

p = 1− exp{−ζ} (2.77)

with ζ = πµBavB
2
⊥/~. Here, B⊥ is the amplitude of the RF field perpendicular to the

bias magnetic field B0

The frequency decrease has to be slow with respect to the rethermalization time, or
otherwise the elastic collisions cannot restore a thermal distribution. On the other hand, a
very small rate of ramping down becomes inefficient and leads to a large loss of atoms due
to the finite lifetime of the trap. For these reasons, an optimized trajectory of the radio-
frequency has to be realized. In our experiments, the RF fields is turned on at 50MHz
and we start evaporation by lowering it linearly in time until the value of almost 0.4MHz.
It is important to note that the lowest value of RF determines the final temperature of
the remaining cloud. The duration of this change is found to be efficient if it is almost 10
seconds.

In fig. 2.9 we plot the number of atoms with respect to the temperature during the
whole process of evaporative cooling. The slope of this graph represents the ξ-parameter
discussed in section 2.3.1. It becomes clear that ξ experimentally remains constant at a
value of ξ ≈ 1.2 for the biggest time interval of evaporative cooling. Similar constancy
of ξ seems to govern a great amount of other group’s experiments [74][75][76][89]. In our
case, this constancy is violated only in the very beginning of the evaporation, where it
seems to be less efficient, and at the end of it, exactly where BEC occurs.

The anharmonicity of the trap during the procedures of loading in the IP trap,
adiabatic compression and evaporative cooling.

After describing the whole procedure of the magnetic trapping and evaporative cooling,
it is important to explore the behaviour of the Ioffe-Pritchard trap during mode-matching,
compression and evaporation. As mentioned in the section describing theoretically the IP
trap, it is the relative value of the minimum of the field with respect to the kinetic energy
of the atoms that defines if they feel a linear trap in the radial direction or a harmonic
one (see fig.2.8 and relation 2.32). For kBT << µBB0 the potential is harmonic whereas
for kBT >> µBB0 it becomes linear.

In fig.2.11 we plot our experimental data for the parameter kBT/µBB0. In mode-
matching, the trap behaves as harmonic in accordance with the theoretical prediction
that in order to achieve the best loading of the trap a harmonic trap with the frequencies
of the MOT-cloud are required. After mode-matching, the compression of the trap with
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Figure 2.9: Experimental data from evaporative cooling. A linear ramping down of the RF-frequency is
realized from 50MHz downto 0.4MHz in 10 seconds. The slope of the diagram, representing the ξ parameter
remains constant during almost the whole process. The value is xi ≈ 1.17. Deviation from this constant
value is only at the very beginning of the process and at the end of it, where BEC is achieved. The region
painted blue is the phase-space of BEC as proposed by 1.18 for the case of a harmonic potential.

Figure 2.10: In (a) For kBT << µBB0 the atoms are gathered in the bottom of the IP-trap and feel a
harmonic potential. (b) For kBT >> µBB0, the atoms have generally moved away from the center of the
trap and the linear dependence of the quadrupole trap is restored.

the exponential decrease of B0 leads to a linear trap, which becomes ”more linear” as
compression goes on, having the highest value of kBT/µBB0 in the fully compressed trap,
exactly when evaporation starts. On the other hand, during evaporation, the minimum
B0 is preserved in a constant value, whereas the temperature decreases, resulting in a
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smaller value of the ratio. BEC occurs always in a harmonic trap.

Figure 2.11: kBT/µBB0 during mode-matching, compression and evaporation until BEC is reached. The
trap takes its most linear form when compression finishes and evaporation begins. On the other hand, it
is harmonic at the beginning of mode-matching and at the end of evaporation.
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Chapter 3

Characterization of the cloud and
detection techniques

In the previous chapter we described the procedure by which we produce Bose-Einstein
condensates. We now turn our attention towards the analysis of these BECs. This process
of calculation can be divided into two steps: the imaging of the cloud and the extraction
of results through an appropriate fit to this image.

For the first step of the imaging, different techniques have been proposed, all of which
have in common the application of a laser beam to the thermal cloud or the condensate
and the observation of the light after its interaction with the atoms. Absorption imaging,
fluorescence imaging, dark-ground imaging and phase-contrast imaging are the most com-
mon imaging techniques. In all these techniques, the direct extracted information is the
atomic density of the cloud. In the framework of this thesis, we will focus on absorption
imaging technique, since this is the one used for our experiments.

Together with the technique that is chosen for imaging, one has to select the instant
when this image occurs. There are two different approaches to this problem that have
been used in labs: the in-situ and the time-of-flight (ToF) methods. In the first case, we
image the density distribution of the cloud in the trap, whereas in the latter after it is
allowed to expand in a free way. Absorption imaging technique for the condensate works
well only after the free expansion of the cloud, and, thus, in this chapter we are interested
in the ToF method.

Three main reasons lead to the choice of this approach and to the expansion of the
cloud before imaging takes place. First, the cloud and the condensate may become smaller
in volume than the resolution limit of the optics, making it easy for misinterpretation of the
results. Second, the existence of dense clouds may result in the appearance of ”lensing”,
in which the real part of the index of refraction becomes as important as the absorption.
This lensing effect may lead to systematic errors in determining the number of particles
or the size of the cloud. Third, since the transmission of the light drops exponentially
with atomic density, for a dense cloud, such as the one in the trap, the shadow (that one
exploits in the absorption imaging technique as we see next) will be completely black and
quantitative information is lost. Using the ToF technique, one can identify BEC from
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its anisotropic expansion and, hence, this technique does not prohibit the observation of
the condensate, as we discuss in the next section. However, this technique exhibits some
drawbacks which we should keep in mind: any delay in the turning off of the trap before
the beginning of expansion may lead to unpredicted behaviour from the work done on the
expansion gas. The prohibition of obtaining multiple images of the same cloud is another
disadvantage that adds inevitable time to our experiments.

After the image is taken and the density distribution of the cloud is depicted, one has
to extract reliable results for the interested quantities, such as the size, the shape, the
temperature of the cloud, the number of atoms etc. These results are successful, only if
one approaches the cloud with a fit that resembles the real form of its distribution. For
this reason, we first discuss, in the next section, the shape of the cloud in the different
stages of the process to reach BEC and its density distribution in theory and then describe
the techniques used for imaging and the derivation of the results.

3.1 Density distribution of the cloud throughout the pro-
cess

3.1.1 Density profile in the MOT

In section 2.2.1 we distinguished two regimes of the MOT with different behaviour with
respect to the density’s dependence on the temperature and on the number of atoms. These
two regimes are the temperature-limited, with small number of trapped atoms, and the
multiple-scattering regime, with dense clouds of large atom numbers. In the same section,
we calculated the density in the center of the trap for these two regimes, given in eq. 2.14
and eq. 2.17 respectively. We are, now, interested in the way the atoms are distributed
in space. For that reason, in order to keep a simplicity without losing contact with the
experimental results, we make the essential assumption: the trapped cloud consists of
classical atoms. This is a sensible assumption, since the temperature throughout the
process of the MOT is high compared to the one where quantum phenomena start to be
obvious.

For any isotropic cloud with a stress tensor composed of exclusively of normal stresses
P , from the application of the Kinetic theory, the equation [82]

∇P (r) = Ftot(r)n(r) (3.1)

holds. Here, Ftot(r) is the total force that acts on an atom of the cloud of density n in
position r (in the following, r is the position in any of the main directions {x, y, z, ρ}).
Therefore, the above equation is valid, also, for the case of the cloud in the MOT. An
easy way to explain the validity of the above relation is the following: A perturbed distri-
bution of the cloud, without having achieved equilibrium, is described by time-dependent
quantities, such as the temperature T (t) = T0 + δT (t), the density n(t) = n0 + δn(t) and
the velocity of the atoms v(t) = v0 + δv(t) (with v0 = 0). Using the results of [83], one
can find for the velocity fluctuations:

mn0
∂δv(t)

∂t
= −[∇P (r)− Ftot(r)n(r)] (3.2)
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In equilibrium, the right-hand side of eq. 3.2 must be zero, and therefore, one reaches
eq. 3.1.

This equation can be exploited in order to find the spatial distribution of the cloud.
For the temperature-limited regime, the atoms are essentially non-interacting, the only-
force acting on them is FMOT, as it is found in eq. 2.11, and the assumption of an ideal
gas (see eq. 2.60 for the ideal gas equation) gives:

∇P (r) = kB[T (r)∇n(r) + n(r)∇T (r)] = n(r)FMOT(r) (3.3)

If the temperature is constant in space, T (r) = T , one can finally write

kBT∇n(r) = −κn(r)r (3.4)

Solving the above first order differential equation, we get

ntl(r) = n0e
−κr2/2kBT (3.5)

with n0 given by eq. 2.14. This is a spherical Gaussian distribution with a width ∆r =√
2kBT/κ.
Until now, we assumed that the spring constant, κ, is the same in all directions. This

assumption gives us a spherical cloud. In our experiments, the gradient of the field is
twice along the y-axis(which is perpendicular to the big-Ioffe coils that are used for the
MOT) compared to the gradient in the other directions (this is a result of the Maxwell
equations and in particular ∇B = 0). Therefore, a spherical symmetry of the cloud is
broken. An ellipsoid is a better approximation for the shape of he cloud with deviations
∆x = ∆z 6= ∆y. Nevertheless, the difference among these sizes is not so important and
one can assume a spherical cloud.

On the other hand, in the multiple-scattering regime the additional forces that emerge
FR and FA, given in eq. 2.15 and eq. 2.16 respectively, make the situation more complex.
In this regime, the thermal cloud can no longer be assumed to be ideal and, thus, an
equation similar to eq. 3.3 does not hold. However, we suppose that a Gaussian approxi-
mation for the density distribution is still a valid one. This approach is mainly driven by
our experimental data, in which a Gaussian distribution seems particularly successful in
describing the real distribution of the cloud (See fig. 3.3).

nms(r) = n0exp{−
κr2

2kBT
} (3.6)

where n0 is the peak density as in eq. 2.17 and κ a fitting parameter.
In the compressed MOT, according to theory, we increase the gradient of the magnetic

field and the detuning of the laser beams with respect to the resonant frequency. As long
as the detuning becomes sufficiently large and simultaneously the gradient rumps to an
adequately high value, the compressed cloud maintains its Gaussian velocity distribution,
as the results in [84] show. The increase of the gradient leads to a corresponding increase
of the spring constant of the MOT and its effective frequency, which, in turn, results in
the decrease of the width of the Gaussian cloud. Since the number of the atoms remains
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Figure 3.1: (a) The spherical shape of
a 1010-atoms MOT as it is taken us-
ing absorption imaging technique and the
method of time-of-flight that are described
in next section. Here the x-y plain is de-
picted. (b)(c) The Gaussian fit of the
density distribution in x and y directions
is rather successful in describing the real
distribution. The dash points are experi-
mentally measured, while the continue line
is our Gaussian fit. The widths of these
expanded Gaussians are almost 16mm.
tToF = 12.5ms.

almost constant, the Gaussian that characterizes the density distribution becomes sharper
with a larger peak, in order to keep a constant area that gives the number of atoms in
the graph of the density distribution vs the position of the atoms. This conservation of
the shape of the distribution is not self-evident. As, again, in [84] it is shown, for small
detunings or for small increase in the gradient, one finds irregularities in the distribution,
which ceases to be Gaussian, while the number of atoms is significantly reduced. On
the other hand, for higher gradients, a diffuse cloud of atoms appear that surrounds the
narrow Gaussian-distributed atoms. However, in practice, we decrease the gradient of
the magnetic field. This is an experimental decision which leads to a better compressed
cloud. In our experiments, the Gaussian distribution of the compressed-MOT seems to be
preserved.

3.1.2 Density profile in the IP magnetic trap

In this section, we investigate the density distribution of the thermal cloud, while it is
confined in the IP magnetic trap during the loading of the trap, the adiabatic compression
of the cloud and evaporative cooling.

Mode-matching. During the loading of the magnetic trap, the thermal cloud is charac-
terized by a relatively high temperature, such that quantum phenomena can be neglected.
In other words, we can assume a classical trapped cloud. Under this and the additional
assumption that the cloud is ideal, the energy distribution f(ε) of the gas is described by
the Boltzmann distribution

f(ε) = n0Λ3
Te
−ε/kBT (3.7)

and the phase-space distribution is

f(r, p) =

∫
dεf(ε)δ[U(r) + p2/2m− ε] (3.8)

By substituting eq. 3.7 into eq. 3.8 we get

f(r, p) = n0Λ3
Te
−(U(r)+p2/2m)/kBT (3.9)
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and by integrating over momentum space we obtain the density distribution

n(r) = n0e
−U(r)/kBT (3.10)

From eq. 3.14 we can deduce that the spatial profile of the cloud depends on the form
of the trapping potential. Therefore, mode-matching is possible for the correct choice of
the potential U(r). In order to achieve mode-matching, the cloud that is loaded in the trap
should preserve the Gaussian distribution that it had in the MOT (both in momentum
and position). A harmonic potential U(r) = 1

2mω
2r2 offers this Gaussian distribution,

with a width ∆r =
√

2kB
mω2 . This is another reason that in mode-matching the trap should

be harmonic. If we notice fig. 2.11, we can argue that, indeed, during mode-matching
the potential of the trap is harmonic. Therefore, the density distribution of the cloud is
successfully approximated by a Gaussian function.

Adiabatic compression. As in the compression of the MOT, compressing adiabatically
the trap preserves its Gaussian form of the density distribution. The experimental result
can be seen in fig. 3.2. However, the almost spherical shape that leads to an isotropic
distribution in all directions alters into a cigar-shaped cloud. This is due to the fact that
during adiabatic compression, the radial frequency, as in eq. 2.34, becomes an order of
magnitude larger that the frequency in the axial direction, giving a stronger confinement.
As a result, Gaussian distributions of different widths have to be adopted for the axial
and the radial directions in order to fit the cloud’s distribution in a correct way.

Evaporative cooling. In the previous discussion for the density distribution in the
MOT, during the loading of the IP trap and during adiabatic compression, we used a
classical approach for the trapped gas, which is valid since the temperature remains in
much higher values than the critical one. Contrary to that, during evaporative cooling,
the cloud begins with relative high temperatures ending in a regime where quantum phe-
nomena dominate. Therefore, we have to handle the gas in the trap in a different way in
order to calculate its density distribution.

From a quantum mechanical point of view, the density of non-interacting bosons is

n(r) =
∑
i

fi|φi(r)|2 (3.11)

where fi is the occupation number for the state i whose wave-function is denoted by φi.
Nevertheless, we abandon this exact relation for the density and adopt a semi-classical
approach which is valid for the thermal cloud in the trap that consists of atoms in the
excited states, since their wavelengths are small compared with the length scale over which
the trapping potential varies significantly. In the framework of this approach, we are able
to use a semi-classical distribution function f(r, p), which for the Bose gas takes the form

f(r, p) =
1

e(εp−µ)/kBT − 1
(3.12)
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with energies εp = p2/2m+U(r) (U(r) the external trapping potential). This distribution
function is defined in such a way that in phase space f(r, p)dpdr/(2π~)3 is the mean
number of atoms in a volume dpdr with the center (p, r).

In this approach, the density of the cloud can be written as

n(r) =

∫ ∞
0

dp

(2π~)3
f(r, p) =

∫ ∞
0

dp

(2π~)3

1

e(εp−µ)/kBT − 1
(3.13)

By introducing the variables x = p2/2mkBT and z = exp[(µ− U(r))/kBT ] one finds [26]

nmagn(r) =
2√
πΛ3

T

∫ ∞
0

dxx1/2

z−1ex − 1
=

1

Λ3
T

g3/2(z) (3.14)

with g3/2 =
∑∞

n=0
zn

n3/2 the Bose function. This function introduces the effects of quantum
statistics on the density distribution. Please note that equation eq. 3.14 does not take
into account the ground state of the system. This approximation is well justified only at
higher temperatures where many levels are occupied. On the other hand, in the case of
the ground state, the spatial variations on length scales are comparable with those over
which the trap potential varies, making this semi-classical approach invalid. However,
we are not concerned about this separation, since we are interested only in the density
distribution of the thermal cloud in the trap.

Since the last steps of evaporative cooling the chemical potential is large and negative
(or the temperature relatively high), one can approach the density by the first order
approximation of the Bose function as

nmagn(r) =
1

Λ3
T

z =
1

Λ3
T

e(µ−U(r))/kBT (3.15)

This approximation leads us argue that a Gaussian profile for the density distribution is
still valid. In the figure fig. 3.2 below, one can see that this is the case in our experiments.

Figure 3.2: (a) The elliptical shape of a thermal
cloud in the first stages of evaporation in the x-
y plain as it is taken using time-of-flight absorp-
tion imaging. In reality the cloud that is depicted
has a pancake-like shape in three dimensions, as
will be discussed in the next section. (b)(c) The
Gaussian fit of the density distribution in x and
y directions is rather successful in describing the
real distribution. The dash points are experi-
mentally measured, while the continue line is our
Gaussian fit. The widths of these expanded Gaus-
sians are almost 6.5mm and 7.5mm respectively.
tToF = 12.5ms.

3.1.3 Density profile in the condensate

We assume for simplicity that at zero temperature all the atoms of the cloud belong to
the condensate. Since the number of atoms in our experiments is large (of the order of
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106), it is valid to assume that the condensate is in its Thomas-Fermi limit. As discussed
in section 1.1.3, in this regime one can neglect the kinetic term in the Gross-Pitaevskii
equation eq. 1.24 and result in eq. 1.25 for the density of the condensate, which we repeat
here for convenience

ncond(r) =
1

g
[µ− U(r)] (3.16)

In accordance with the analytical result described by eq. 2.33 which is experimentally
verified in fig. 2.11, when BEC occurs, the potential is very harmonic, which is given by

U(ρ, z) = µBB0 + µB
a2

2B0
ρ2 +

1

2
µBβz

2 (3.17)

By substituting U in eq. 3.16, one finds

ncond(ρ, z) =
1

g
(µ− µBB0)− µB

g

(
a2

2B0
ρ2 +

1

2
βz2

)
(3.18)

The above formula represents an inverted parabolic density distribution of the cloud in
both the axial and the radial directions. In both cases, their sharp maximum has the
value (µ− µBB0)/g. The chemical potential can be expressed through the normalization

condition for the number of atoms from eq. 1.9 as µ = ~ωm
2

(
15Na
am

)2/5
, with ωm the

geometric average of the trapping frequencies and am = [~/mωm]1/2 the typical length of

harmonic confinement. The focal width1 of the parabolas is Wρ = 4µB
g

a2

B0
and Wz = 2µB

g β.
On the other hand, near the critical temperature and below it, the condensed atoms

coexist with the thermal cloud. Although it is not theoretically established, it is plausible
to claim that a bimodal function would appropriately represent the density distribution
for the coexistence. The choice of a Gaussian distribution for the thermal cloud and a
Parabolic density profile for the condensate is straightforward

ntot(r) = nthe
− 1

2
mω2r2 + nc(1−

4Wr

nc
r2) (3.19)

for both the axial and the radial distributions. Here, nth and nc are the peaks of those
two distributions. In case, the number of atoms in the condensate in comparable with
the thermal atoms, since the Parabolic distribution is sharper than the Gaussian, then
nc � nth.

3.2 Techniques used for measurements

3.2.1 Time of Flight (ToF) Technique

In this section, we describe the way the cloud and the condensate expand in order to
depict the density distribution with the time-of-flight technique. A thermal cloud and
a condensate behave rather differently when they are allowed free for expansion. In the
following, we describe these behaviours.

1The focal width for the function y = ax2 + bx + c is defined as W = 4|a| and expresses a measure of
how wide this parabola is.
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Figure 3.3: (a) BEC depicted in the
x-y plain. (b)(c) The bimodal fit
for the experimental data. A Gaus-
sian function is used for fitting the
thermal cloud and a parabola for
the condensate. The peak of the
parabola is larger than the Gaus-
sian, which appears as a tail in the
distribution. tToF = 12.5ms.

Expansion of a thermal cloud

A thermal cloud that is allowed to expand after being in a trap can exhibit two different
behaviours depending on its density. At low densities, where the mean free path of an
atom before colliding with another is large compared with the cloud’s size and, thus,
collisions are rare, the cloud expands freely. This is known as the Collisionless or Free
expansion. On the other hand, at high densities with a mean free path of the atoms less
than the size of the cloud, collisions play a crucial role. An expansion in this regime is
called Hydrodynamic expansion. In the latter case, the procedure may be regarded as
isentropic. Following the arguments for the isentropic compression in section 2.3.2, one
expects that there is a temperature decrease as the cloud expands that is related with its
density as T ∝ n2/3. More details about this behaviour can be found in [85].

In the remaining of this section we concentrate our attention in the process of free
expansion or with other words the expansion of an ideal gas. Since the gas expands freely,
no work is done on it, therefore δW = 0. Furthermore, the expansion occurs quickly and
as a consequence there is no heat transfer to or from the cloud, δQ = 0. From the first
law of thermodynamics, the internal energy dUint is zero and from eq. 2.61 it follows that
dT = 0. Therefore, the temperature of the cloud during collisionless expansion remains
unchanged. This is an important result, since the deduction of the temperature in the
trapped cloud is straightforward from the calculated in the expanded cloud.

We, now, deduce the density distribution of the expanded cloud after tToF temporal
interval of expansion, when the initial density distribution of the trapped cloud and its
initial velocity distributions are known. Let us assume that an atom of the cloud is found
in position ri exactly at the instant t0, that the cloud is let to expand, with a velocity v.
Its velocity will remain constant, since it does not feel any force on it and the temperature
of the gas does not change. Thus, according to classical mechanics, after tToF its final
position rf will be

rf = ri + vtToF (3.20)

There are different combinations of initial positions and velocities that lead to a specific
final position, rf , for an atom after tToF. The probability of finding the atom in this
position is equal to the sum of the probabilities of all these combinations, each of them is
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the product of the probability for the atom to be in a position ri at t0 and the probability
of having velocity v. This can be written as

Pf (rf , tToF) =

∫ ∞
−∞

Pi(ri)fv(v)dri (3.21)

where Pi(ri) is the density distribution of the trapped cloud at t0 and fv(v) its velocity
distribution that remains unchanged during expansion.

Thus, in order to find the final distribution Pf , we have to know Pi and fv. For the
initial density distribution, we deduced in the previous section 3.1 a Gaussian distribution,
both for the MOT cloud and the one in the magnetic trap. In a more abstractive form,
we can write

Pi(ri) =
1√
π∆ri

e−r
2
i /∆r

2
i (3.22)

with ∆ri the width of the distribution. For the velocities of the atoms, in case the gas is
ideal, they also obey a Gaussian distribution, namely the Maxwell-Boltzmann distribution
[11]:

fv(v) =

√(
m

2πkBT

)3

2pv2e−mu
2/2kBT (3.23)

which holds for both the magnitude of the velocity and any of its components. The above
relation is the result of the H-theorem2, a basic theorem of Statistical mechanics. The
width of the velocity distribution is ∆v =

√
2kBT/m.

In order to find the distribution of the expanded cloud, one can combine eq. 3.20 and
eq. 3.21 to write

Pf (rf , tToF) =

∫ ∞
−∞

Pi(ri)fv

(
rf − ri
tToF

)
dri (3.24)

The last relation can be seen as the convolution of Pi(ri) with the scaled function fv(ri/tToF).
It is known, using any textbook of Statistics, that the convolution of two Gaussian func-
tions is a Gaussian function, as well, with a width equal to the square root of the sum of
the squares of each Gaussian width3.

∆r =

√
∆r2

0 +
2kBT

m
t2ToF (3.25)

From the above relation, considering large times of expansion, tToF � ωtrap, the size of

the cloud can be approximated by ∆r ≈
√

2kBTx
m tToF and assuming that the temperature

is uniform in all directions, we can claim that the gas expands isotropically with symmetric
density distributions even though the initial shape of the cloud is anisotropic4.

2For an isolated ideal gas, the H-function H(t) =
∫∞
0
f(E, t)

(
log
(
f(E,t)√

E

)
− 1
)
dE with f(E) the

energy distribution has its minimum when the atoms have a Maxwell-Boltzmann distribution. From his
Kinetic theory, Boltzmann showed that the continual process of elastic collisions causes H(t) to reach its
minimum.

3In fact, we also used another property, stating that if f(x) is a Gaussian function with width W , then
the function f(ax) is also Gaussian with a width W/a2.

4This is the case of the IP magnetic trap where it is cigar shaped as mentioned in 3.1

64



Expansion of the condensate

In section 1.1.3 we described the Thomas-Fermi approximation for the condensate that
neglects its kinetic energy and this approach was used in section 3.1 to determine the
density distribution of the condensate. When BEC is free to expand, the general Gross-
Pitaevskii equation becomes time-dependent and a corresponding Thomas-Fermi approx-
imation is not applicable, since the variation of time of the trapping potential converts
potential energy into kinetic, making it impossible for the latter to be neglected. In order
to study the way the condensate expands, we follow [86] and a classical approach with a
unitary transformation that solves the problem of neglecting the kinetic energy.

According to this model, any atom of the condensate experiences a force

Fcond(r, t) = −∇(U(r, t) + gncond(r, t)) (3.26)

Under this force , the cloud experiences a dilatation and an atom, after the instant t0 that
is let free, follows a trajectory in the j direction (j = {1, 2, 3} for the three directions of
space)

rj(t) = λj(t)rj(t0) (3.27)

All the dynamics of the expansion are contained in the evolution of these scaling param-
eters. The density of the cloud at time t becomes

ncond(r, t) =
1

λ1(t)λ2(t)λ3(t)
ncond({rj/λj}, t0) (3.28)

The above relation makes us state that the condensate is a time-dependent parabola.
Substituting the force from eq. 3.26 and the position from 3.27 into Newton’s law, we
finally reach to the self-consistent differential equations

d2λj
dt2

=
ω2
j (t0)

λjλ1λ2λ3
− ω2

j (t)λj (3.29)

For our specific case of a sudden and total opening of the IP trap (where λ1 = λ2 = λρ
and λ3 = λz) at t0, the above differential equations become

d2λρ
dτ2

=
1

λ3
ρλz

d2λz
dτ2

=
ε2

λ2
ρλ

2
z

(3.30)

Here we defined τ = ωρt and ε = ωz(t0)/ωρ(t0). Solving, up to a second order, we get

λr(τ) =
√

1 + τ2

λz(τ) = 1 + ε2[τarctanτ − ln(
√

1 + τ2]
(3.31)

The aspect ratio of the cloud Wρ/Wz, with W the width of the parabolic distribution as
defined in the previous section 3.1, evolves according to

Wρ(t)

Wz(t)
=
λρ(t)Wρ(t0)

λz(t)Wz(t0)
=
λρ(t)

λz(t)
ε (3.32)
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One can easily show that λρ increases in a much faster rate than λz and, thus, the width
in the radial direction becomes bigger than the one in the axial direction. As a result, the
initial cigar-shaped cloud with ε� 1 takes after some expansion time a pancake-like form
with an inverted aspect ratio. This behaviour is contradictious to the case of the thermal
cloud, which after adequate time expands isotropically in all directions and can be used
for the BEC identification.

3.2.2 Absorption Imaging technique

After the expansion of the cloud via the time-of-flight process, described above, that
reduces the atomic density to acceptable levels, absorption imaging technique is used
to project the cloud’s properties into a camera. Using absorption imaging, a reliable
density distribution of the cloud in two out of the three (x and z) directions is provided.
Having the density distribution imaged, information can be extracted for the size, shape,
temperature and atom number of the expanded cloud and thus the initial cloud that we
are really interested in.

The main principle of this technique relies on the absorption of photons of a probe
beam (’imaging beam’) which is near resonant with the resonance frequency of the atoms.
This absorption gets bigger in regions with bigger density and the intensity of the imaging
beam decreases more in such regions. Therefore, with this technique we can gain the
shadow of the cloud, which can be used for fitting its distribution.

Figure 3.4: Schematic outline of the imaging system. It uses a relay telescope in the 4f-configuration. The
blue beamis the probe beam that is launched from a single-mode optical fiber. The first lens collimates
this prob beam. The red beam is the fluorescence beam and the green is the absorption beam that both
are created after the interaction of the probe beam with the atoms.

From the Lambert-Beer’s law for the absorption of a beam from a means [87], we can
write

I(x, z) = I0(x, z)e−σphn(x,z) (3.33)

where I0 is the initial intensity before the absorption, n(x, z) =
∫
dyn(x, y, z) and σph the

photon absorption cross-section that for linear polarization is [88]

σph =
7

15

3λ2

2π

1

1 + (2∆/Γ)2
(3.34)

For the realization of this technique, three successive images must be taken. A first
one with the probe beam and the cloud, which gives an intensity distribution Iabs(x, z), a
second just with the beam but after the cloud is gone, with intensity Iref (x, z) and a last

66



one without either the beam or the cloud as the background intensity Ibg(x, z). Having
measured these intensities, one can deduce:

I(x, z) = Iabs(x, z)− Ibg(x, z)
I0(x, z) = Iref (x, z)− Ibg(x, z)

(3.35)

With these intensities known, one can plot the density profile solving eq. 3.33 for n(x, z)

n(x, z) =
ln[I0(x, z)]− ln[I(x, z)]

σph
(3.36)

3.3 Measurements and fits

3.3.1 Atom number derivation

In order to calculate the number of atoms at the measured stage, one has to make a
fitting in the image he depicted with the absorption imaging technique after letting the
cloud expand freely. This fitting will be done taking into account the profiles we assumed
for the thermal and the condensed clouds.

For the case of the thermal cloud, a Gaussian fit is appropriate

nth(x, z) = Kthexp

[
−
( x

∆x

)2
−
( z

∆z

)2
]

(3.37)

In the above, Kth is the maximum optical density in the picture divided by σph. After the
fit, the number of atoms can be easily calculated from

Nth =

∫ ∫
dxdznth(x, z) = πKth∆x∆z (3.38)

For the case of the condensed cloud, an inverted parabolic fitting is appropriate

ncond(x, z) = Kcond

[
1−

( x

∆x

)2
−
( z

∆z

)2
]3/2

(3.39)

and the number of atoms in the condensation

Ncond =

∫ ∫
dxdzncond(x, z) =

2

5
πKcond∆x∆z (3.40)

3.3.2 Temperature derivation

For the calculation of the temperature, we take advantage of the relations ?? and ??.
We write them again here

1

2
mω2

x∆x2
0 = kBTx

∆x =

√
∆x2

0 +
2kBTx
m

t2ToF

(3.41)
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For the case of the temperature in the MOT, the above equations are not adequate
for its calculation. This is because the trapping frequency is unknown and so there are
three unknown variables in two equations. To find the temperature, one can follow one
out of two different ways: either one makes some approximations or one gets forced to
make more than one experiments to make a fitting. For the first case, the usual way is
to let the cloud to expand for large tToF . When this happens, the initial size of the cloud
is much smaller than the final, so ∆x0 can be omitted from the second equation in 3.41.
Then, temperature in the MOT can be calculated:

TMOT =
m∆x2t2ToF

2kB
(3.42)

For the second case, for calculation of the temperature in the MOT, that we finally fol-
lowed, one can run the procedure for two times and calculate two different values of the
width ∆x and the time of flight tToF . After that, we can fit the second of 3.41 and thus
find the values of both ∆x0 and TMOT .

For the case of the temperature in the magnetic trap, the equations 3.41 are adequate
for the calculation. Combining them, we finally get

T IPi =
mω2

i ∆i
2

2kB

1

ω2
i t

2
ToF + 1

(3.43)

for i = r, z.
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Chapter 4

The derivation of the Quality
factor for quantifying and
optimizing the process towards
BEC

In section 2.1 we begun our discussion by mentioning the dual effort that is needed in
order to achieve quantum degeneracy in an efficient way. Until now, we described only
the first part of this effort, the process which is followed for increasing the phase-space
density to its critical value for the BEC to occur. In the remaining chapters of this thesis,
we concentrate our interest in the second part: the optimization of the process in order
to obtain the largest BECs in the shortest time possible. From the first years of the
BEC realization, there are persistent attempts (simulations of the procedure, theoretical
studies and experimental results [68][90][76]) of finding the optimal cooling procedures.
These conditions vary, depending on the direction of the experiments and the applications
that they are focused on. For instance, some applications need high atomic densities,
whereas others require high atomic numbers in the condensate. Since there is not a
direct correlation of these two demands, the decision of whether to optimize for maximum
number of atoms or atomic density depends on the specific application. In this thesis,
we are interested in the optimization of BEC with respect of the number of atoms in the
condensate.

4.1 The usefulness of a Quality Factor

From the first years of BEC in dilute gases (first was achieved in 1995 [15][16]) till now,
there was a great amount of attempts to reach BECs with as large number of atoms as
possible. This aim was driven by both fundamental interest and practical reasons. For the
first case, big numbers of atoms lead to BECs deep in the Thomas-Fermi regime where
interactions dominate. Many interesting phenomena and new physics are supposed to be
explored when strong interactions are present. In addition, the Thomas-Fermi limit offers
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an easy solution for the Gross-Pitaevskii equation eq. 1.24, presented in Section 1.1.3, and
a comfortable inverted parabolic profile for the condensed atoms as mentioned in Section
3.1. For the second case, many applications and thoughts have been proposed which need
large number of atoms N0 in the condensate. Atom lasers and studies about the coherence
of BEC [37] are among them, in particular interest for our group.

Despite its significance for this purpose, until now it has been difficult to find the critical
parameters for the maximization of the number of the condensed atoms. In most cases, this
maximization is based on trial and error and the methods often remain unmentioned. In
other cases, researchers adopt the phase-space density (PSD) as the appropriate parameter
that by being optimized in the various steps of the process leads to the maximization of
the number of atoms in the condensate. Such approach is driven by the fact that, due to
relation eq. 1.15 which connects the occurrence of BEC with PSD, it becomes the ideal
parameter to measure the proximity to BEC and for its identification if one is able to
reach it. For instance, laser cooling has been proposed to be inadequate for condensation
since it increases PSD only up to 6 orders of magnitude less than its critical value for
BEC. Under this approach, many publications exist [91][92][93][94] and many groups use
PSD for optimization of the process to reach the biggest attainable value of N0.

However, the PSD is not the appropriate parameter we are looking for in order to
maximize the number of the condensed atoms, N0. This becomes evident by the fact that,
by its definition 1.14, the PSD is not directly dependent on the absolute number of atoms
N , but rather on the density of the cloud (N divided by the volume it occupies). As a
result, the optimization of PSD does not guarantee the optimization of the total number
of atoms N and finally, as we see in the next section, the optimization of N0. In other
words, having as a goal to make PSD getting a larger value as the process goes on, one
can manage it with the decrease of the volume of the cloud without having any profit in
the number of atoms he is really interested in. There have been some attempts [95] that
try to overcome this disadvantage, like the optimization of the cooling efficiency instead
of PSD. The cooling efficiency is defined as dDp/dN , the ratio of the increase in phase
space density to the decrease of the number of atoms. In fact, this cooling efficiency can
be also seen as the inverted partition function of the IP trap, as expressed in eq. 2.41.

Nevertheless, similar choices for the optimized quantity, that depend on both the
number of atoms and their density, have a significant drawback, which follows PSD as
well: Its dependence on the stage of the cooling process. This dependence can be easily
expressed if one claims that PSD does not remain constant during it. In fact, PSD increases
during laser cooling and also evaporative cooling. Even when it is assumed to remain
constant (during compression of the cloud in the IP magnetic trap), the transformation
of the trap from harmonic to linear (see fig. 2.11) leads to an increase of the phase space
density, according to [96][77]:

Dp,lin

Dp,harm
=

exp{Elin/NkBTlin}
exp{Eharm/NkBTharm}

(4.1)

where Elin/Eharm denote the internal energy of the gas in the linear/harmonic trap that
changes due to the alteration of the density of states of the trapping potential. As a
result of this change in PSD during the process, clouds at different stages or even at
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different times of the same stage cannot easily be compared. However, this comparison is
an essential feature in order to know the efficiency of the process for the final aim of the
number of atoms. Without this ability of comparison, even if we are aware at any point
of the process how close we are to reach BEC (by measuring the absolute value of PSD
and comparing it with 1.15), we cannot state anything about the efficiency of this process
and its optimization. Thus, the need of quantifying the process.

The previous argument becomes stronger if we take into consideration that we can-
not achieve a global optimization for PSD. There are publications [92][93] showing that
maximizing PSD in the MOT does not imply guaranteed optimization of it when mode-
matching occurs and consequently during the cloud in the magnetic trap. In other words,
a smaller value of PSD in the MOT could lead to a better value of it in the IP trap.
Even if this was not the case, we can still claim that it is an extremely difficult project
to attempt to find the optimum trajectory for evaporative cooling (investigating the best
time-dependence of RF sweeping of the frequency) to maximize PSD. Theoretical attempts
and simulations have been given [68][97], but have been too focused on their specific sys-
tems to be discussed here.

For all the above, one can be in the quest of a parameter, that from now on we call it as
the Quality factor, which withdraws these drawbacks. In particular, the first property it
should have in order to be assumed as a successful parameter for the aim of optimization,
would be its direct dependence on the number of atoms of the condensate. It is important
this Quality factor to have a direct ascending relation with the number of the condensed
atoms. In case this factor can also be used for the expression of other important physical
quantities, like PSD, it would offer additional advantages.

The Quality Factor should also quantify the cloud and the condensate at different
times and stages in order to give us the opportunity of comparison between them. This
quantification comes in two parts: the constancy of the Quality factor during the whole
process and its independence from the trapping parameters. In the former case, a constant
Quality factor can offer the ability to compare the clouds at different instants of the cooling
process in case this process evolves as we expect. Deviations from this constancy should
indicate deviations of this ideal case. In the latter case, by the independence of the
trapping parameters (i.e. the minimum magnetic field B0, the gradient and the curvature
of the IP magnetic trap) this factor could work as a global factor for comparing clouds
and processes of different runs of the experiments or even different set-ups.

4.2 Derivation of the Quality Factor

After the discussion of the importance of a Quality factor in our attempt to quantify
the quality of the cloud and maximize the number of atoms in the condensate, our goal
will be to prove the mere existence of such a parameter.
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4.2.1 The equivalence of optimizing the number of condensed atoms and
the critical number of atoms

We start with an essential working statement: The optimization of the number of
the condensed atoms, N0, when we observe the derived BEC, can be substituted by the
attempt of optimizing the critical number of atoms, Nc, at the moment when BEC just
occurs. This equivalence can be proven briefly as follows.

We suppose that t0 = 0 is the moment when BEC just occurs at the critical tempera-
ture T (t0 = 0) = Tc and the critical number of atoms

N(t0 = 0) = Nth(t0 = 0) = Nc (4.2)

since at this point the condensed fraction N0(t0 = 0) is still negligible compared to the
thermal component Nth. Evaporative cooling continues after the occurrence of BEC, until
the moment tf, when the ramping down of the RF-frequency is interrupted. At tf, the
final condensate is reached, with its parameters as

N(tf) = N0(tf) +Nth(tf)

T (tf) = Tf

(4.3)

In Section 1.1.2 we described the behaviour of the condensate for the case the trapping
potential is harmonic. By combining relations eq. 1.18 and eq. 1.19, we can finally write

N0(tf) = N(tf)−
ζ(3)(kBTf)

3

(~ω)3

N(tf)

Nc
(4.4)

or using the relation eq. 4.3 above, we finally get

Nth(tf) =
ζ(3)(kBTf)

3

(~ω)3

N0(tf) +Nth(tf)

Nc
(4.5)

What is more, in Section 2.3.1.C, where we discussed the concept of evaporative cool-
ing, we made the essential hypothesis that for large values of the η-parameter, the remain-
ing atoms in the trap follow an exponential decrease, which is governed by eq. 2.50. This
hypothesis is taken for granted in the framework of this thesis and is strengthen by our
measurements as they are plotted in fig. 2.9. Solving this equation, one can write

Nth(tf) = Nth(t0 = 0)e−tf/τev

= Nce
−tf/τev

(4.6)

with τev = (n0σelvηe
−η)−1 in accordance with the theory in Chapter 3. At this point, we

made the rational assumption that only atoms from the thermal cloud escape from the
trap as the process of evaporative cooling goes on.

As a result of the above, by substituting eq. 4.6 in the previous equation eq. 4.5 we
find a relation between the critical number of atoms and the number of condensed atoms
when evaporative cooling stops

N0(tf) =
(~ω)3

ζ(3)(kBTf)3
e−tf/τevN2

c − e−tf/τevNc (4.7)
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When we previously described the stage of RF-induced forced evaporative cooling, we
stated that the final temperature Tf is determined by the lowest value of the radio-
frequency. Therefore, for a certain value of the final temperature, the number of con-
densed atoms is related with the critical number of atoms by a parabolic formula, given
by relation eq. 4.7. Since Nc is a positive quantity, the relation between N0 and Nc is
ascending and, thus, the maximum value of Nc implies the maximum value of N0.

4.2.2 Basic relations for describing the processes in the IP-trap

In the previous section, we concluded that BEC optimization with respect to the number
of the condensed atoms can be achieved if one maximizes the critical number of atoms at
the onset of BEC.

Figure 4.1: Subscripts of the parameters at different
times

Before investigating the possibility of
optimizing this quantity using a Quality
factor, we exploit the behaviour of the mag-
netic trap in order to extract useful formu-
las for the following of the discussion. From
now on, we will denote the parameters at
some critical times of the process with the
subscripts given in table 4.1. Each param-
eter with a subscript will refer to that time
of the corresponding process. Parameters
without subscripts will refer to a measure-
ment at any random time, without caring if it is in mode-matching, compression, evapo-
ration or after BEC.

With that in mind, using the essential results eq. 2.69 and eq. 2.58 for the stages of
compression and evaporative cooling respectively and also the transformation of the trap
from harmonic to linear and back to harmonic as the whole process goes on until the
degeneracy (see fig. 2.11), we get:

Mode-matching. In section 2.3.2, where we described the loading of the IP trap after
the MOT, we assumed that mode-matching can be achieved only if the magnetic trap is a
harmonic potential. This assumption is experimentally realized by the addition of a large
offset field into the quadrupole field, as it is already discussed in section 2.3.1.B. Looking at
fig. 2.11, one can claim that this is the case in our experiments. For the case of a harmonic
trap, it is µBB0

kBT
� 1 and therefore the basic relation eq. 2.69 can be approximated by(

kBT

~ω

)3

= constant (4.8)

This potential is harmonic also at the end of mode-matching, before compression takes
place. On the other hand, in the ideal case, the number of the atoms is constant as no
atoms leave the trap. Thus, the basic relations that characterize mode-matching can be

73



written as (
kBT

~ω

)3

=

(
kBTm

~ωm

)3

= constant

N = Nm = constant

(4.9)

Since the number of the atoms and the average trapping frequency ωm remain constant
during mode-matching, the temperature also does not alter.

Adiabatic compression of the trap. At the last paragraph of section 2.3.2, we dis-
cussed the anharmonicity of the trap during the loading and the compression of the IP trap
and the process of evaporative cooling. We found there that during compression, the trap
which is initially harmonic is finally transformed into a linear potential. Thus, relation
eq. 4.8 holds also in the beginning of compression. However, as the average frequency ω
increases, the trapping potential ceases to be purely harmonic and as a result the general
form of the relation eq. 2.69 should be used. We repeat it hear for convenience:(

kBT

~ω

)3(
1 +

3kBT

2µBB0

)
= constant. (4.10)

However, at the end of the adiabatic compression, the trap is fully converted into a linear
trap, i.e. the temperature is high compared to B0. In this case µBB0

kBT
� 1 and therefore,

the above relation can be approximated by(
kBTe

~ωe

)3 3kBTe

2µBB0e
= constant. (4.11)

Moreover, we assume that in the ideal case of compression the atom number is conserved.
Combining eq. 4.10 and eq. 4.11, we write the basic relations which hold during compres-
sion:(

kBTm

~ωm

)3

=

(
kBT

~ω

)3(
1 +

3kBT

2µBB0

)
=

(
kBTe

~ωe

)3 3kBTe

2µBB0e
= c (c : const.)

Nm = N = Ne = const.

(4.12)

Evaporative cooling of the cloud and Bose-Einstein condensation. During evap-
oration, the tightness of the trap does not change, i.e. the the frequency ω remains con-
stant throughout this process. On the other hand, assuming the ideal conditions stated
in Section 2.3.1 and with the additional experimental evidence for the constancy of the
ξ-parameter, one can adopt relation eq. 2.58 for the beginning, the end, or any random
moment in evaporative cooling. Therefore, the basic relations that hold at this stage are

Te

N ξ
e

=
T

N ξ
=

Tc

N ξ
c

= const. ωe = ω = ωc = const. (4.13)

At the critical temperature, from fig. 2.11 we can see that the IP is again transformed into
a harmonic trap. It is therefore valid to use the formula eq. 1.18 derived for a harmonic
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potential for the critical temperature. Written in a slightly different form, we get the basic
relation for the condensate

Nc = ζ(3)

(
kBTc

~ωc

)3

(4.14)

4.2.3 The Quality factor Derivation in the IP trap

In Section 4.2.1 we stated that in order to optimize the number of the condensed atoms,
we can alternatively attempt to maximize the critical number of the thermal atoms exactly
when BEC just occurs. Therefore, we are able to investigate the existence of the Quality
factor using as a starting point this exact moment, when BEC is just achieved at the critical
temperature Tc. According to the analysis in the previous section, at Tc the number of
atoms satisfies two conditions: From the point of view of the condensate, relation eq. 4.14
holds, while from the point of view of the evaporation, relation eq. 4.13 is valid. By
combining these two relations, one finds the correlation between the moment of the BEC
onset {Nc, Tc, ωc} and any random moment during evaporative cooling {N , T , ω}:

Nc = ζ(3)

(
kB
[
Nc
N

]ξ
~ωc

)3

⇒ Nc = ζ(3)1/(1−3ξ)

(
N ξ ~ω

kBT

)3/(3ξ−1)

(4.15)

and applying it at the beginning of evaporation, where this correlation still holds

Nc = ζ(3)1/(1−3ξ)

(
N ξ
e

~ωe
kBTe

)3/(3ξ−1)

(4.16)

This formula expresses the critical number of atoms as a function of the quantities (tem-
perature, atom number, trapping parameters) at the beginning of evaporative cooling.

Tracing even more back, we attempt to connect the critical number of atoms in the
BEC with the process of compression. This can be done by exploiting the moment when
compression is interrupted in order to begin evaporative cooling. At that exact moment,
both the relations for the stage of compression and for the stage of evaporative cooling, that
were derived in the previous section, hold. The key point is to express the term N ξ

e
~ωe
kBTe

,
which is part of the relation eq. 4.16, as a function of the quantities (temperature, atom
number, trapping parameters) at any instant of the compression. Using equations eq. 4.12,
one can express this term as a function of a constant c(

kBTe

~ωe

)3 3kBTe

2µBB0e
= c⇒ N ξ

e

~ωe

kBTe
= N ξ

(
3c−1~ωe
2µBB0e

)1/4

(4.17)

or substituting c by its equality any time of the compression from eq. 4.12, we get finally

N ξ
e

~ωe

kBTe
= N ξ

(
kBT

~ω

)−3/4(
1 +

3kBT

2µBB0

)−1/4( 3~ωe

2µBB0e

)1/4

(4.18)

The above equality connects the number of the atoms and the temperature when evap-
orative cooling begins with the corresponding values of the number of atoms and the
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temperature at any other instant during compression. The substitution of this equality
eq. 4.18 into the formula eq. 4.16, which predicts the critical number of atoms, is straight-
forward:

Nc = ζ(3)1/(1−3ξ)

N ξ

[(
kBT

~ω

)3(
1 +

3kBT

2µBB0

)]−1/4
3/(3ξ−1)(

3~ωe

2µBB0e

)3/4(3ξ−1)

(4.19)
This is the desired relation connecting the critical atom number in BEC with the parame-
ters {T,N, ω,B0} at any time during the compression. One can mention the unavoidable
presence of the trapping parameters (ωe and B0e) at the beginning of evaporative cooling.
This presence can be interpreted by stating that in order to predict the critical atom num-
ber, one has to be aware of the exact state of the trap when one stops the compression, or
in other words, to be aware of the initial conditions of the evaporation. Such a result was
to be expected, since there is a strong dependence of the efficiency of evaporative cooling
and the strength of BEC on the initial collision rate when evaporation is firstly applied.

This formula eq. 4.19 can be divided into two terms: The parameter A, which reflects
the parameters of the trap at the beginning of evaporation and the parameter Q, which is
a function just of the parameters at the measured time. Therefore, we define the factors:

A = ζ(3)1/(1−3ξ)

(
3~ωe

2µBB0e

)3/4(3ξ−1)

(4.20)

Q =

N ξ

[(
kBT

~ω

)3(
1 +

3kBT

2µBB0

)]−1/4
1/(3ξ−1)

(4.21)

with which the critical atom number is expressed as

Nc = Q3A (4.22)

The term A depends on the trapping parameters {ωe, B0e} at the beginning of evapo-
ration and is a feature of the fact that the trap is not harmonic at that instant1. We call

1In order to see clearly that the A-term appears in relation eq. 4.19 due to the linear nature of the
trapping potential during the first stages of evaporation, we examine the hypothetical case in which the trap
remains harmonic throughout the whole process taking place in the magnetic trap. In this hypothetical
scenario, equation eq. 4.13 that describes the behaviour in compression would be replaced by the following:(

kBTe

~ωe

)3

=

(
kBT

~ω

)3

=

(
kBTm

~ωm

)3

= c (4.23)

By the substitution of this equation into eq. 4.16 one finds the relation between the critical atom number
and the state of the cloud in compression

Nc = ζ(3)

(
kBT

~ω

)3

(4.24)

which is independent of the trapping parameters in the beginning of evaporation, but solely depends on
the random moment of compression.
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this term A as the anharmonicity factor of the IP trap. From eq. 4.22, under the demand
to maximize Nc, one has to find the largest attainable value of A. By combining eq. 2.34,
eq. 4.20 and the fact that ωe = (ω2

ρ,eωz,e)
1/3, one can finally find:

A = A0

[
(a2

e

√
βe)

1/3

B
4/3
0e

]3/4(3ξ−1)

(4.25)

where

A0 = ζ(3)1/(1−3ξ)

(
3~

3µB

)3/4(3ξ−1) (gFmFµB

m

)3/8(3ξ−1)
(4.26)

In a qualitative discussion, the anharmonicity term depends on the quantity a2
e

√
βe/B

4
0e.

Maximizing A implies the maximization of the final gradient and curvature of the trap just
before evaporation with the contemporary decrease of the offset magnetic field, which is
exactly what one does during the adiabatic compression. During compression, the gradient
and the curvature increase to their maximum values attainable with the setup, whereas,
B0 decreases until that minimum value that prohibits the appearance of massive spin-flips
losses and the escape of the atoms, according to eq. 2.28. Note that the minimum value
of B0 is set by Majorana spin flip losses.

The anharmonicity term A depends on the trapping parameters and, thus, its largest
possible value can be set by adjusting the existing setup. On the other hand, Q is a more
complex parameter which is determined by the different stages of the cooling of the cloud:
by the MOT which gives the initial values of {N , T}, by the loading of the IP trap which
modifies the values of {N , T} and sets the initial frequencies, by compression which should
be adiabatic in order for Q to be constant, by evaporative cooling through the ξ-parameter.
Thus, given that A gets its maximum value, the critical atom number is a function solely
of Q. This dependence gives us the main reasons that make Q important. First, Nc is an
increasing function of Q, as one can notice in eq. 4.22. This fact can decidedly help us with
the optimization of the processes that lead to BEC. Second, Q remains constant during
compression if ξ is constant in evaporative cooling and the atoms do not escape from the
trap throughout the adiabatic and reversible compression. Third, Q is independent of
the trapping parameters. These two facts together lead to a quantification of the cloud
throughout compression. Thus, Q is probably a proper candidate for being the Quality
factor we are looking for. In order to affirm this claim, one has to examine how Q behaves
during mode-matching and evaporative cooling. In case Q remains constant during these
stages, we can confirm that this quantity can be our Quality factor.

Q in mode-matching. Investigating what happens in the beginning of compression,
from fig. 2.11 we know that the trap behaves in a harmonic way, kBTm � µBB0m and,
thus, Q can be successfully approximated by

Qm =

[
N ξ

m

(
kBTm

~ωm

)−3/4
]1/(3ξ−1)

(4.27)
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Tracing back even more in mode-matching, we can use the extracted relations eq. 4.9
to relate Qm with the parameters of the cloud at a random measured instant of mode-
matching

Qm =

[
N ξ

(
kBT

~ω

)−3/4
]1/(3ξ−1)

(4.28)

However, since the tightness and the harmonic profile of the IP trap does not alter during
the loading of the trap, we can now argue that Qm approaches Q as it is defined by eq. 4.22
also for the randomly measured cloud in mode-matching and, thus, Q remains constant
also during mode-matching. The above result of constancy works well at least after the
first moments of the loading and the balance of the number of the trapped atoms after
the MOT.

Q in evaporative cooling. In the opposite limit of compression, when evaporative
cooling begins, the IP trap transforms into a linear trap. For such a trap kBTm � µBB0m

and at the end of compression Q can be well approximated by

Qe =

N ξ
e

[(
kBTe

~ωe

)3( 3kBTe

2µBB0e

)]−1/4
1/(3ξ−1)

=

(
N ξ

e

kBTe

(
3

2~ω3
eµBB0e

)−1/4
)1/(3ξ−1)

(4.29)

Following the same argument as in the case of mode-matching, we can use relations eq. 4.13
to express Qe with respect to the parameters of the cloud at a random moment of evapo-
rative cooling

Qe =

(
N ξ

kBT

(
3

2~ω3µBB0

)−1/4
)1/(3ξ−1)

(4.30)

It is clear from the above discussion that Qe is unchangeable during the whole process
of evaporative cooling. However, Qe takes exactly the same form as Q, which is defined
in eq. 4.22, in case the trapping potential is linear. Thus, the initial Q also remains
constant during evaporation as long as the trap remains linear. From fig.2.11 we can
argue that this is the case until almost the BEC occurrence when the trap is transformed
into harmonic. However, our interest is mainly before the emergence of the condensation,
since the fundamental aim of this thesis is the attempt to quantify the cloud for the
optimization of the process to reach the maximum Nc.

As a conclusion of the above arguments, Q in eq. 4.22 remains independent of the
trapping parameters of the setup, in direct connection with the prediction of Nc and
constant during mode-matching, compression and the interesting for our scopes part of
evaporative cooling (before the occurrence of BEC). These properties make us use this
Q quantity as the Quality factor we need for the optimization of the processes in the
magnetic IP trap.
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4.2.4 Extending the Quality Factor in the MOT

The Quality factor Q works well for the procedures in the magnetic trap. Contrary
to that, during laser cooling, Q does not remain constant and as a result it cannot be
used for the desired quantification. Nevertheless, by attempting to extend this Quality
factor in the MOT, one could gain a better supervision of the whole process mainly for
two reasons: First, the ability to optimize in a sufficient way for the sequential steps the
process of laser cooling, which works as the source of the cloud for the magnetic trap.
Second, the possibility to quantify mode-matching that connects laser and evaporative
cooling.

For these reasons, we extend the definition of the Quality factor at the end of the MOT.
To do so, we use the equivalent formula for Q that holds in mode-matching, eq. 4.28, to
define Qo in the MOT

Qo =

[
N ξ
o

(
kBTo
~ωo

)−3/4
]1/(3ξ−1)

(4.31)

In the above formula ωo = ωMOT is the effective frequency of the MOT, defined in eq. 2.13,
if one could correspond a harmonic potential to the light forces that act on the atoms.
This extension seems sensible, since in mode-matching the IP trap works in the harmonic
regime.

This quantity can also be expressed by explicitly measured parameters, if one uses
eq. 3.41

Qo =

N ξ
o


√
kBTo(m∆x2 − 2kBTot2ToF)

√
2~

−3/4


1/(3ξ−1)

(4.32)

We repeat once again here that Qo cannot be regarded as a constant quantity during
laser cooling. Its importance becomes clear when we try to relate it with the corresponding
quantity during the processes in the magnetic trap. Under this attempt, we assume the
perfect mode-matching between these two cooling techniques, as discussed in section 2.3.2,
which can be summarized by the conditions

ωo = ωm

To = Tm
(4.33)

In the same section, we mentioned that, in the ideal case, the transfer from the MOT to the
magnetic trap leads to the stay of only 1/5 of the trapped atoms, due to the fundamental
property of the magnetic traps that can confine atoms only in the low-field seeking states.
In our case, only the {F = 2,mF = 2} state works as a trapping state. Therefore, in case
the MOT and the IP trap are ideally mode-matched, the relation between the Quality
factor in the magnetic trap and Qo at the end of the MOT can be written as

Qo
Q

=

[
N ξ
o

(
kBTo
~ωo

)−3/4
]1/(3ξ−1)

[
N ξ
m

(
kBTm
~ωm

)−3/4
]1/(3ξ−1)

=

(
No

Nm

)ξ/(3ξ−1)

= 5ξ/(3ξ−1) (4.34)
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In any other case, Qo/Q > 5ξ/(3ξ−1), since the cloud is heated and more atoms get lost.
The importance of Qo is straightforward. Looking from the point of view of optimizing

the magnetic trap, condition eq. 4.34 is adequate for the ideal mode-matching. Thus, for
a certain value of Qo, we become aware of the maximum value of Q that can be achieved
in the magnetic trap and as a result the maximum critical number of atoms that we can
gain as long as we can also maximize the trapping parameters supported by our setup.
On the other hand, exactly due to this condition, Qo at the end of the MOT becomes the
ideal quantity to be optimized, in order to be able to achieve a larger value of the Quality
factor Q in the IP trap and, thus, a larger critical atom number.
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Chapter 5

Properties of the Quality factor
and experimental verification

In the previous Chapter we discussed the need of finding a proper parameter, which
we named as the Quality Factor, Q, for the aim of quantifying the atomic cloud and
optimizing the process of reaching BEC with respect to the maximum attainable number
of atoms in the condensate. We described the properties this factor should have and
derived the parameter Q, which satisfies these properties during the procedures in the IP
magnetic trap. In the current Chapter we will exploit the available set-up of our group,
as described in Chapter 2, to verify the success of this Quality factor experimentally and
explore Q, its behaviour and its usefulness in more depth. During the experiments, the
apparatus was kept without significant modifications and the exact devices used, as well
as the values of the parameters can be found in [38].

We divide this chapter into three sections. In the first one, we treat Q as a factor
that quantifies the quality of the atomic cloud in the IP trap, while in the following two
sections we discuss the main consequences of this quantification, the prediction and the
optimization of the critical number of atoms during the various stages of the process.

5.1 The Quality factor and the Quantification of the cloud

The quantification of the cloud gives us the ability to compare its quality in terms of
our goal -in the specific case for the aim of achieving large BECs- during different repeti-
tions of the same experiment, during different stages of the process and during different
set-ups that accomplish BEC. This quantification can be achieved with the use of a pa-
rameter that has the properties of remaining constant during the whole procedure, being
independent of the trapping parameters -always having in mind that we are interested
in IP traps- in the beginning of evaporation and also expressing an explicit behaviour
(ascending or descending) with respect to the cloud’s quality. The way the Quality factor
Q was derived in Chapter 4 guarantees theoretically the ability of the cloud quantification
during magnetic trapping: it seems to be constant during the process, the dependence of
the trapping parameters is tranfered solely to the anharmonicity term of eq. 4.22 and the
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quality of the cloud that is translated to the critical number of atoms is ascending with
respect to Q. We should always keep in mind that Q works in a successful way only under
specific assumptions, which we repeat here: The atomic cloud is considered to be ideal,
the process of compression of the cloud is assumed to be adiabatic and reversible and also
evaporative cooling follows the fact that the ξ-parameter remains constant.

In this section we investigate experimentally the properties of the Quality factor that
are related to the cloud’s quantification, i.e. the constancy, the independence of the trap-
ping parameters and the ascending relation between Q and the quality of the cloud.

5.1.1 The Constancy of the Quality factor

In fig. 5.1(a) we plot the Quality factor during the whole process of evaporative cooling
after the loading of the IP magnetic trap and the adiabatic compression of the atomic
cloud. In order to calculate the number of the atoms and the temperature during any
moment, we realized various repetitions of the same process, let the cloud to expand freely
and used the time-of-flight and the absorption imaging techniques, as described in Chapter
3. With these calculated quantities, one is able to extract the value of Q from eq. 4.22 at
the same moment of the process. In this figure, each of the dots represents the average
value of Q at time t for the different repetitions of the same experiment, with the same
trapping parameters throughout the whole process. The specific experimental procedure
is characterized by an interval of 0.5 seconds for achieving mode-matching with the same
values of the trapping parameters (a = 85G/cm, b = 40G/cm2, B0 = 30G), the same
process of compression (being finished after 2 sec with the final values of a = 450G/cm,
b = 240G/cm2, B0 = 0.5G) and finally the same evaporative cooling (10 seconds of linearly
ramping down the frequency from 50 GHz down to 0.5 GHz). Under these conditions,
fig. 2.9 was extracted which gives the constant value of ξ = 1.2 during evaporation.

The main conclusion of this depiction is that we can experimentally verify the con-
stancy of Q during the stages of mode-matching, compression and evaporation. Similar
results can be found if we alter the trapping parameters and/or the times of the processes,
with the only difference to be the value of the Quality factor. The specific value of 320 in
the experiment that is depicted says nothing, unless we try to connect it with the quality
of the cloud. However, before this connection that brings the ability of comparison, we are
interested in exploring the behaviour of the Quality factor in more detail. This is driven
by the fact that there are some deviations from this stability at some critical points of the
process.

In fig. 5.1(b) we see the behaviour of Q during the stage of mode matching. At the
first moments of the loading of the magnetic trap, the Quality factor has a much larger
value than the one during the rest of the process. As the loading goes on, Q sharply drops
until its stable value. This behaviour is totally predictable and can be interpreted by the
fact that only the low-field seeking sub-state {F = 2,mF = 2} is a trapping state for the
atoms. Due to this fact, the number of the confined atoms is decreased by a factor of 5,
compared with the cloud in the MOT. Therefore, if one concentrates its attention at the
first instants of the loading of the magnetic trap, one can deduce that not all of the atoms
in the untrapped states have already left, leading to an increased value of Q. At exactly
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Figure 5.1: (a) The experimentally calculated value of the Quality factor as a function of time, during
mode-matching, compression and evaporative cooling. In mode-matching the trapping parameters that
were used in the specific experiments were: a = 85G/cm, β = 40G/cm2 and B0 = 30G. After 2 seconds
of compressing the cloud until the trapping parameters reach the values a = 450G/cm, β = 240G/cm2

and B0 = 0.5G, the final stage of 10 seconds of forced evaporative cooling takes place. The value of ξ is
calculated to be 1.2 in the largest interval of evaporation. The big image implies that the Quality factor
remains constant, at a value of 320, during these processes in the magnetic trap. Some fluctuations are
seen in (b),(c)and (d). In (b) The Quality factor begins with a value of 670, rapidly drop and finally
after 0.05sec reaches its stable value. The reason for such behaviour is the remainder of the untrapped
atoms in the trapping region i.e. that the atoms in mF states that are not trapped fall out of the trapping
region.. In (c) we plot the first stages of evaporative cooling. An initial increase of Q implies the erroneous
calculated value of Q. This mistake is due to the wrong value of ξ. (d) The behaviour of Q near and after
BEC. Its unpredicted value is not similar for the concept of this thesis.

the moment of the switching on of the IP trap, all the atoms in the MOT are present and
by referring to eq. 4.34, we can find the theoretically expected initial value of the Quality
factor with ξ = 1.2

Qinitial = 51.2/2.6Q = 51.2/2.6 × 320 = 672 (5.1)

This is in complete agreement with the experimental result shown in fig. 5.1(b). From
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the same figure, one can deduce also the time one needs in order all the atoms in the
untrapped states to escape from the trap. In our case, it is almost 0.05 seconds. Last but
not least, we want to notice an unexpected drop in Q just before the stabilization of its
value. This is a behaviour that is found in almost all the repetitions of the experiment
with various values of the trapping parameters and are currently unexplainable.

Another critical point for the behaviour of the Quality factor is the beginning of
evaporative cooling. Contrary to the remainder of this process, at the first stages of
evaporation Q seems to have a slightly larger value than its stable one. In fig. 5.1(c) we
can see clearly this behaviour. Taking into account this figure, we can separate evaporative
cooling before the occurrence of BEC into two regimes. The first one takes place at the
beginning of evaporation and lasts almost half a second when Q appears to be larger with
respect to the previous stage of compression with a decreasing tendency as the process goes
on until its stable value. The second regime occurs during the next stages of evaporation
and is characterized by a constant value of Q, having the same value as in compression.
Contrary to what happens in the beginning of mode-matching, this instability is not
followed by any physical interpretation. This unexpected increase simply expresses the
fact that at this stage, the Quality factor is not calculated in a proper way. In order to
explain this, one has to look at fig. 2.9. In the discussion of this figure, we mentioned the
experimental fact that at the very beginning of evaporative cooling ξ has a smaller value,
before it becomes constant to its value ξ = 1.2. However, Q in fig. 5.1(c) is calculated
with the assumption of ξ = 1.2 everywhere. As a result of this, we overestimate Q in this
regime and this is exactly the reason why we notice an increased and changing value of it,
before the correct value of ξ = 1.2 is restored. After this regime, Q is calculated again in
a proper way which gives the correct value and the constancy.

In fig. 5.1(d) we see the experimental behaviour of Q near the critical temperature
Tc of the occurrence of BEC and after its realization. The Quality factor, in the way it
was derived with starting point the critical number of atoms in Tc, does not guarantee
any behaviour after that point. However, for the aim of this thesis we can state that we
are not really interested in the Quality factor in BEC. Experimentally, we can notice the
following: During the last stages of evaporative cooling before BEC, one can see an abrupt
increase of Q. This behaviour can be interpreted using the same argument as in the case
of the beginning of evaporation. From fig. 2.9, we see a drop of ξ at the last milliseconds
of the process, which leads to an over-calculation of Q. In addition to that, and perhaps
even more important, just before the BEC occurrence the IP trap is transformed again
into a harmonic trap. In chapter 4, when we derived Q, we mentioned that it remains
constant until the trap becomes harmonic. This is the case near the condensate. On the
other hand, after the BEC occurrence, we can notice a rapid decrease of the value of Q.
At this point we should make an important note. The significance of the Quality factor
as a parameter for prediction of the critical number of atoms, for the quantification of the
process that leads to BEC and for the optimization of this process holds, independently
of its break-down after the realization of the condensate.

The fundamental consequence of the above discussion, is that we can assume Q to
be constant during all the processes that take place in the IP magnetic trap. Deviations
of this stability refer to interruption of the main assumptions that we stated in order to
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Figure 5.2: (a) The number of atoms and (b) the Quality factor as a function of time during the process
of adiabatic compression. In theory, we argued that under the assumption of a constant number of atoms,
the Quality factor remains also constant in an adiabatic and reversible compression of the cloud. In the
experiments, the number of atoms is clearly decreased, due to the finite lifetime of the magnetic trap or
some inelastic collisions among the atoms. In some cases, like the one depicted here, this decrease reaches
the 30% of the atoms. However, the value of the Quality factor does not seem to be prone to such changes.

extract the Quality factor. However, even with interruptions, Q can remain constant.
Such case is depicted in fig. 5.2. In (a) we see the progress of the number of atoms as
compression goes on, while in (b) the corresponding value of the Quality factor. One can
mention that despite the important decrease of the atom number of about 30%, which is
contrary to the ideal case of adiabatic compression, Q stays almost constant.

Verification of measurements

While discussing the constancy of the Quality factor in the magnetic trap, we found
that at the beginning of evaporative cooling Q is depicted to be unstable due to some
wrong hypothesis (in that specific case, it was the incorrect calculation of ξ). The the-
oretically and experimentally verification of the constancy of Q can help us in affirming
the correctness of different kind of measurements that are taken from the experiments or
deduced after the elaboration of the taken data. In other words, the possible outcome
that the Quality factor is not stable may show that the measurements come with some
errors.

As an example of this usefulness of Q, in fig. 5.3 we plot the Quality factor during
the stage of compression. What is different in these subplots is the duration of the free
expansion of the cloud before the image is taken, as described in Chapter 3. For small
times of flight, Q is depicted as it was not constant, while for bigger times the prospective
stability gets restored. This result defines a low-limit time for the ToF process that we
are able to use, as it is clear that for times less than 10 milliseconds, the Quality Factor
is not calculated correctly. The problem, of course, lies in the erroneous calculation of
the temperature with the process described in Chapter 3, since in these cases with small
expansion time the condition ∆x2

0 �
2kBTx
m t2ToF that we assume does not hold, and as a

result the erroneous calculation of Q.
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Figure 5.3: The Quality factor as a function of time during compression. Each figure is characterized by
a different time of flight for the depiction of the cloud. For small small times of flight Q seems to be
ascending in time, while for larger times its constancy is restored. The critical value for the time of flight
before the image is taken seems to be 10 milliseconds. This behaviour has nothing to do with the physical
process of compression or the meaning of Q. It is an indication of the correctness of the measurements.
For small times of flight, the cloud is dense and according to the analysis in chapter 3 ans in particular
eq.3.42 the temperature is not calculated in a proper way. This is an example of an unexpected use of the
Quality factor, the verification of the correctness of measurements.

5.1.2 The strictly increasing relation between the Quality factor and the
quality of the cloud

It is now time to concentrate our attention into the value of the Quality factor itself. In
the previous figures fig. 5.1 and fig. 5.2 we see that in the specific experiments, the Quality
factor has the value of 320. The interesting question is the following: How does this value
change if a different cloud is prepared in the MOT, if different trapping parameters during
the loading of the magnetic trap are applied or if a different trajectory in evaporative
cooling is followed? Before investigating this question, we should take a minute and
answer this first: What do we expect for the behaviour of Q? In order for the Quality
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factor to be the proper parameter that quantifies the quality of the cloud, it should express
in a clear way this quality. In other words, Q has to be a strictly monotone function with
respect to the cloud’s parameters (temperature, number of atoms) and to the efficiency of
the processes (frequencies of the trap, the ξ-parameter).

In fig.5.4(a) we plot Q as a function of the measured number of atoms for different
clouds that all of them are characterized by the same temperature, the same trapping
parameters and the same ξ-parameter. The Quality factor is a strictly increasing function
with respect to the number of the trapped atoms. This fact means that for two clouds
in the same trap, Q is higher to the one that has a larger number of atoms, which is the
more qualitative. In a similar way, in fig.5.4(b) we plot the Quality factor as a function
of the measured temperature for clouds with the same atom number. Q increases if the
temperature decreases. This means that for two clouds in the same trap, the Quality factor
is higher to the one that has the lower temperature, which again is the more qualitative
for the aim of achieving large BECs.

Figure 5.4: The Quality factor as a function of (a) the number of atoms, (b) the temperature of the cloud
and (c) the ξ-parameter. In each of these plots, only one of the parameters change, whereas the others
remain the same. The additional condition of Q = 300 for the measured combination of values N = 9×109,
T = ... and ξ = 1.2 is used, in order to plot rational and realistic values for the Quality factor. Q increases
with the increase of the atom number, with the decrease of the temperature and the increase of ξ. These
behaviours confirm the role of Q as a quantity which expresses the quality of the cloud. The larger the
value of the Quality factor, tha more qualitative the cloud in achieving large BECs.

In Chapter 2, in the description of the process of evaporative cooling, we inserted the
ξ-parameter. In Chapter 4, by saying that Q does not alter even if the trapping parameters
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in evaporation are different, as long as they do not affect the value of ξ, we essentially
argued that the role of evaporative cooling in determining the value of Q is reduced to
the fixing of the value of ξ. This holds only in the assumption that ξ remains constant
throughout evaporation. Therefore, in order to express the quality of the cloud, it is a
demand for this Quality factor to increase with an increase in ξ. We repeat here that this
quantity, ξ, is an index of the sufficiency of evaporation, since it expresses the decrease of
the temperature per atom loss of the trap. In fig. 5.4(c) we plot Q as a function of ξ, as
it is defined in eq. 4.22, having all the other quantities (temperature, number of atoms,
frequencies) constant. This can be seen as having identical clouds in identical IP traps
and applying different evaporative cooling trajectories that give different ξ. The additional
condition that Q(ξ = 1.2) = 300 is used in order to give realistic numbers for Q. With the
assistance of this figure, we argue that the Quality factor is an ascending function of ξ.
The quantification of the cloud by the Quality factor indeed includes evaporative cooling.

After this discussion, we can finally argue that the value of Q determines the quality of
the cloud. The largest possible value of Q which we can have in our experiments describes
the optimum combination of the parameters of the cloud and the process {N , T , ξ} which
give the maximum critical atom number in BEC.

5.1.3 The Independence of the Quality factor from the trapping param-
eters

After investigating the behaviour of the Quality factor in time and verifying its con-
stancy, it is now time to explore the second important property of Q that renders it the
ideal parameter for the cloud quantification: its independence of the trapping parameters,
i.e. the gradient, the curvature of the magnetic field and the bias field B0, exactly when
evaporative cooling begins.

In order to confirm experimentally that the value of the Quality Factor depends only
on the quality of the cloud and not on the values of the IP-trapping parameters, we have to
show that for the same cloud, Q remains the same while one changes the parameters at the
beginning of evaporative cooling. In fig. 5.5 we show graphically what the above sentence
means for the case of a change in B0 at the end of compression. In our experiments
B0 is reduced exponentially, as already mentioned, but this can have a more general
implementation. We plot two different trajectories for the bias field resulting in a different
offset B01 and B02. The final value of B0 is determined by an offset that we can apply
and adjust. In this specific experiment, the independence of Q from B0 is verified if by
following the red, green or other routes, the value of the Quality Factor remains stable
without any change. Two conditions all these trajectories should accomplish in order to
extract credible results about this independence: The maintenance of the value of ξ in all
these different repetitions of the experiments and the validity of the relation kBT � µBB0,
so that the trap is linear in the beginning of evaporative cooling. We have to mention at
this point, that unlike B0, the other trapping parameters and also the time of compression
remained the same in all these repetitions.

The experimental results of this procedure are depicted in fig. 5.6. In (a) we plot Q as
a function of B0 in evaporative cooling. We bound the final B0 in a region of small values,
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Figure 5.5: A process that can helps up exploring the theoretical argument that the Quality factor is inde-
pendent of the trapping parameters in evaporative cooling. We modify one of these trapping parameters,
in the specific plot the bias field, whereas keep all the others the same. Following a different trajectory,
Q should change if it depends on this parameter. One has to be sure that some conditions hold for this
experiment: First, ξ should be the same for all these trajectories, since a different value of ξ changes the
value of Q. Second, in the beginning of evaporative cooling, the trap should be linear.

so that the linearity of the trap in the beginning of evaporation always holds. Looking at
this figure, we see that the Quality factor does not change with this B0 modification. In
(c) the extracted value of ξ is shown for each of the final values of B0. For this interval of
values for B0 between 0.2G and 1.4G, the ξ-parameter remains unchangeable (ξ ≈ 1.15).
Combining these two sub-figures we can state that for the case of B0, if ξ is constant then
Q does not depend on this bias field. The same results can be extracted experimentally
for the cases of the gradient and the curvature of the magnetic field. The basic result can
be confirmed experimentally: Q is independent of the trapping parameters in evaporation.

On the other hand, the critical number of atoms depends on these trapping parameters.
As already mentioned, it is the anharmonicity term in eq. 4.22 that offers this dependence.
In fig. 5.6(b) we depict this critical atom number for the different values of the bias field.
As it is expected and described in Chapter 4, the lowest value of B0 brings the largest
value of Nc. We repeat once again that there is a threshold for this bias field, under which
massive spin-flips occur and the atoms escape from the trap. The value B0 = 0.2G is near
this threshold. For the cases of the gradient and the curvature of the trap in evaporative
cooling, the things are ever clearer. The maximum number of atoms we can attain is
achieved with the maximum values of a and β our apparatus can offer.

Q as an absolute factor for the quality of clouds. The ability of Q to be constant
and independent of the trapping parameters of the IP trap can help to compare not only
the quality of the cloud in order to create big BECs among experiments in different times
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Figure 5.6: (a) Q as a function of the final offset field B0.Repetitions of the same experiment with the
only difference the final value of the bias field during evaporation. Experimentally this is done by using
an offset field in addition to the exponentially decreased during compression. For smaller values than
0.2G, the cloud may be leaded to massive spin-flips. For much larger values than 1.5G, the condition of
linearity is not guaranteed. In the intermediate interval, the Quality factor remains constant. Q seems
to be independent of the bias field. (b) The calculated critical atom number as a function of B0. Unlike
the Quality factor, the critical number of atoms depends strongly on these trapping parameters through
the anharmonicity term. The smaller the value of the bias field, the larger the value of the critical atom
number. (c) The ξ factor for different offset fields B0. Verification that the ξ-parameter remains the same
as we change the bias field inside this regime between 0.2G and 1.4G.

or stages, but also among different set-ups and different groups. The only prerequisite for
that comparison is the presence of a IP trap. In the figure below, a comparison among
some famous experiments is fulfilled.
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Figure 5.7: The Quality factor as it is calculated by the values of the temperature, the number of atoms,
the ξ-parameter and the trapping parameters for some famous experiments that have led to BEC. For
details of these experimets one can see [89][75][74][76][36].

5.2 The Quality factor and the Prediction of the critical
atom number

The successful attempt to quantify the quality of the cloud in the IP magnetic trap
makes it possible to predict the critical atom number even from the first stages of the
process. This capability is a combination of the constancy of Q and its relation with the
critical atom number through eq. 4.22:

Nc = Q3A (5.2)

Thus, if we can calculate the value of A at these initial stages, we can also calculate Nc.
This value of A depends solely on the trapping parameters at the beginning of evaporation,
B0e and ωe.

Let us first concentrate our attention in the case that the measurement is taken during
a random moment in evaporative cooling. In this case, the anharmonicity term A is well
known, since the trapping parameters remain unchanged throughout the whole process of
evaporation and, thus, we can use the measured values of B0e and ωe in the calculation
of A. As a result of this, if the experimental data confirm our assumption of constant
ξ during evaporative cooling, then the critical atom number can be predicted from the
initial stages of evaporation with the exclusive use of the measured values at that moment
of the measurement. In fig 5.8(a) we plot the predicted value of Nc by using only the
measured values of the cloud’s parameters {T , N} and the trapping parameters {B0, ω},
i.e. in calculating A we substitute B0e and ωe with the measured values B0 and ω. As we
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can notice in this figure, during evaporative cooling, the predicted value of Nc is close to
its final value.

Figure 5.8: (a) The prediction of the critical atom number with the use of the measured values of the pa-
rameters of the cloud (number of atoms, temperature) and the measured values of the trapping parameters
(frequency, bias field). With red dots we represent the predicted values of the critical number, whereas the
green line implies the real measured value of Nc. This prediction is successful during evaporative cooling,
even from the beginning of it, but fails in the loading and the compression of the IP trap. This behaviour is
due to the important role of the trapping parameters in the beginning of evaporative cooling, that are not
taken into consideration in this plot. (b) The same plot as in (a) with the only difference the substitution
of the measured trapping parameters by the ones in the beginning of evaporation. The prediction does
not fail even in compression or mode-matching.

Different is the case where the measurement is taken during the compression or the
loading of the cloud in the magnetic trap. This can be explained by the fact that one is
unaware of the trapping parameters in the beginning of evaporation if the measurement
is taken in a former instant of the process. This weakness is depicted in fig 5.8(a). The
predicted critical atom number fails in mode-matching and compression if one uses only the
measured values. The specific value of Nc in this figure expresses in fact the prediction of
the critical atom number in the hypothetical case that evaporative cooling starts at that
particular moment with the contemporaneous cease of the compression. On the other
hand, in fig. 5.8(b) we plot the prediction of Nc with the additional knowledge of the
trapping parameters in the beginning of evaporation. In order to calculate the value of
Nc in this figure, we calculate A with the final values B0e and ωe. This substitution can
be achieved only if we are aware of the final values of the parameters. However, this is
sensible, since in order to maximize Nc, one compresses the cloud until its limit as they
are determined by the apparatus used and the condition for voiding massive spin-flips.
The critical atom number in this case is well-predicted even from the first stages of the
loading of the cloud in the trap.
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5.3 The Quality Factor and the Optimization of the process
to BEC

Another significant consequence of the quantification of the atomic cloud in the IP
magnetic trap, apart from the prediction of the critical atom number even from the first
stages, is the potentiality to improve or even maximize under some conditions this number.
This optimization of the process to BEC and the quality of the cloud is connected with the
result extracted in Section 5.1.2, that the Quality factor is a strictly increasing function of
the cloud’s ability to cause large condensate. Thus, by optimizing Q, one maximizes the
critical atom number one gets. Such improvement can be achieved during the MOT (even
if Q is not defined or constant in this procedure), during loading and the compression of
the cloud and finally during evaporative cooling.

The intention of this thesis is not a detailed study for the optimization of Q and as a
result of Nc with respect to every parameter that affects the process, but we rather mention
some basic results that describe the success of this optimization and the behaviour of the
procedure that leads to the condensate. A final notice before the presentation of these
results: As already mentioned, the process of evaporation is described by the value of
ξ-parameter for our aim of the optimization, as long as this parameter remains constant
throughout the whole process of cooling. In Section 5.1.2 we found that the Quality factor
is a strictly increasing function of this parameter ξ. Therefore, the optimization of the
process is eventually transferred to the ξ optimization, an attempt that is out of the scope
of this thesis. The optimum value of ξ that we managed to get experimentally is the one
used in all of the plots, ξ = 1.2.

5.3.1 The Quality factor and the Improvement of the MOT

Although the Quality factor has not a physical meaning during the stage of the laser
cooling, its extension Qo at the end of the MOT as described in Section 4.2.4 is extremely
important. This value of Qo at the end of the MOT determines the existence of a sup-
premum in the value of Q in the magnetic trap and, thus, a suppremum in the quality of
the cloud. Using eq. 4.34, one can find the optimum value of Q for a given value of Qo.
This optimum value can be achieved not only by mode-matching, but also by selecting
the best compression trajectory. The only freedom left, after the determination of Qo, to
increase the maximum attainable value of Q is the ability to increase ξ. Therefore, even
if we cannot measure the ability of the cloud at any random moment during the MOT,
its final value Qo informs us about its overall potential quality.

Theoretically, there is not a limit in the value of Qo. The only limitation lies in the
restrictions of the apparatus. This is the reason we do not refer this investigation of Qo
as optimization but rather as the improvement of the process of the MOT.

In fig. 5.9(a) and (b), we plot Qo and the thermal atom number respectively after
the stage of CMOT as a function of the gradient of the magnetic field applied in the big
Ioffe coils during the process of the MOT before the compression. In (a) we see that
the maximum attainable value of Qo is almost 820 for the case of aMOT = 25G/cm. All
the other parameters of the MOT remained constant with their values as the ones that
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Figure 5.9: (a)-(b) The behaviour of (a) the Quality factor and (b) the number of atoms at the end of laser
cooling as a function of the gradient of the MOT before the stage of the compressed MOT and Optical
Molasses. Both these quantities have a maximum for aMOT = 25G/cm. In this case, it seems valid to
substitute the Quality factor by the number of the atoms as the parameter which we should consider for
the optimization. (c)-(d) The behaviour of the Quality factor (c) and (d) and the number of atoms after
the whole stage of the MOT as a function of the detuning during the stage of the MOT. In this case, a
substitution is not allowed, and Q remains the proper factor for the optimization.

create the clouds in all the previous graphs and results. In fig. 5.9(c) and (d), a similar
representation of Qo is plotted with respect to the detuning of the MOT.

Looking at both of these cases, we can see that the maximization of Q occurs at the
same values of aMOT and fMOT as at the ones for the maximization of the final atom
number after the whole laser cooling process. This fact can amplify the claim that we can
optimize the number of atoms instead of Qo and instead of Q in the magnetic trap in order
to optimize the final and critical atom number. Such claims, however, seem to be invalid.
The justification of this invalidity can be found in the same plots. Concentrating, for
example, on the case of the detuning of the MOT, we can see that for fMOT = −12.5MHz
the value of Qo is much larger than for fMOT = −10MHz. On the other hand, this is
not true for the value of N . Moreover, looking again at the case of the detuning of the
MOT, one can notice that for detunings in the region among −25MHz and −35MHz the
number of atoms remains practically constant, whereas Qo has a varying value which does
not seem random. A similar behaviour appears in the case of the gradient change. Any
claim for the optimization of the number of atoms does not take into account the change
of the temperature under the changes of different parameters which also contribute in the
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quality of the cloud.

5.3.2 The Quality factor and the Optimization in the IP magnetic trap

In the previous section we discussed the improvement of Qo, which leads to a higher
suppremum for Q in the magnetic trap. After this experimental optimization, we attempt
to optimize the cloud in the IP trap. Relation eq. 4.34 offers the knowledge of the theo-
retical optimized value of Q for a certain value of Qo. Thus, our attempt lies in combining
all the parameters in that trap in order to reach this theoretically maximum value of Q.
This value depends mainly on the process of mode-matching, which determines the initial
frequency, temperature and number of atoms, and on the processes of compression and
evaporative cooling, which set the value of ξ and therefore the definitive value of Q.

In Section 2.3.2 we described the process of the MOT and argued that for mode-
matching the frequencies of the magnetic trap should be equal to the effective frequency
of the MOT. The optimum values of the gradient and the curvature theoretically are found
by eq. 2.59. Using these relations, the experimental results of the MOT and an arbitrary
choice for B0 under the concern to keep the trapping potential harmonic, we deduce that
mode-matching occurs for a gradient near the value a = 45G/cm, for a curvature almost
β = 20G/cm2 and for B0 = 30G. However, these calculated values do not agree with
the experiment, where we found that for B0 = 30G, the optimum values of the gradient
and the curvature of the magnetic field we managed to achieve are a = 85G/cm and
β = 50G/cm2.

In fig. 5.10(a) and (b) we plot Q as a function of the gradient a, while we kept the
curvature and the bias field constant. In (a) we set β = 50G/cm2 and for B0 = 30G. In
(b) we set β = 70G/cm2 and for B0 = 30G. The dashed lines represent the theoretically
optimum value of Q as it is determined for a given cloud in the MOT and described in the
previous section. It is clear that in (a) the attempt of optimization is much more successful
than in (b). In this plot (a), one can see that some repetitions of the experiment almost
reach the ideal value for Q, whereas their mean value is not far away from that ideal
case. Another self-evident notice is the fact that for a different value of the curvature,
the maximum of Q is achieved for a different value of the gradient. In order to study
in complete the optimization of the cloud’s loading of the magnetic trap, one should
investigate all the combinations of these parameters and combine them with the theoretical
maximum of the Quality factor. Similar is the case if one modifies the curvature, leaving
without change the gradient of the magnetic field. In fig. 5.9(c) this case is depicted.
Another final comment for mode-matching is the following: The choice of the initial B0,
does not seem to be extremely decisive for achieving largeQ. This can be seen in fig. 5.9(d),
where the Quality factor is unchanged for different values of the bias field in the region
from 20G to 40G.

The importance of compression for the optimization of the Quality factor is dual: It
should guarantee the adiabatic change of the cloud in order for Q to be constant and it
offers the initial conditions for evaporative cooling or in other words it is a factor which
determines the value of ξ. The former demand is satisfied if the process of compression
evolves adequately slowly. The exact choice of the duration of the process does not seem
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Figure 5.10: (a)-(b) the Quality factor as a function of the gradient during mode-matching. The dashed
lines represent the ideal value of Q for the certain measured value of Qo in the MOT, according to the
discussion in the previous section. In(a) we used the parameters β = 50G/cm2 and B0 = 30G, while in
(b) β = 70G/cm2 and B0 = 30G. The first plot is more successful compared to the second. Another notice
is the different value of the optimum gradient in case the other parameters, the curvature and the bias
field, have a different value. (c) The Quality factor in case the curvature changes for a = 85G/cm and
B0 = 30G. (d) The initial bias field does not seem to be so critical for mode-matching.

to be critical for the value of the Quality factor. 2 seconds of compression, as we used
in all the experiments whose results are previously plotted, are enough for adiabaticity.
The study of compression as a process for determining ξ is out of the scope of this thesis.
However, experimentally, we find that the best value of ξ is ξ = 1.2 and that this value
does not alter unless the conditions of compression are totally different.
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Chapter 6

Conclusions and Outlook

We derived the Quality factor as the result of our quest in quantifying the cloud and
optimizing the processes that lead to BEC. We, also, proved experimentally the properties
of this Quality factor, which set it the appropriate parameter for our purpose. Its constant
value, its independence of the trapping parameters and its ascending relation with the
critical atom number are the most important properties that distinguish it from any
other parameter, such as the phase-space density (PSD). Having these properties, we can
use it for the optimization of the MOT, mode-matching and evaporative cooling, for the
prediction of the critical atom number even from the first stages, for comparison of how
well we have achieved BEC and for verifying the correctness of some experimental results.
This Quality factor works only for the case of the Ioffe-Pritchard magnetic trap and takes
into consideration its transformations from a harmonic potential into a linear and back
to a harmonic one as the processes of mode-matching, the compression of the cloud and
evaporative cooling take place.

We can take advantage of this Quality factor and produce BECs with high atom
numbers. BECs with 1010 atoms is a daily routine in our experiments. Having such
large BECs and trying to make them even larger, can give us the opportunity to study
many interesting aspects, such as the interactions among the atoms and the growth of the
coherence in the condensate. Atom laser, another application which requires large BECs,
is going to concern ourselves in the near future. From another point of view, it will be
interesting for us to investigate the extension of the Quality factor to other magnetic traps
that are widely used in BEC experiments, such as the pure harmonic trap.
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