
Vol . 102 (2002) A CT A PHY SIC A POLON IC A A No . 4{ 5

Pr oceed in gs o f t he XXX I I n t ern at io n al Sch oo l o f Sem icond uct i ng Co m p ou n ds, Ja szo wi ec 200 2

B ose{ E i nste in C on densation

in A to m i c G ases

J. Zachoro w sk i and W. Gawl ik

M. Sm oluchowski I nsti tut e of Physics, Jagelloni an Uni versity

Reymonta 4, 30-059 Kra k §w, Poland

Thi s paper presen ts fun damenta l prin ciple s, characteristics, and lim -
itati ons of various exp erimental metho ds of coolin g and trapping of neu-

tral atoms by laser light and magnetic Ùelds. I n additio n to surveying the
experimental techni ques, basic prop erties of quantum degenerate gases are
discussed w ith particular emphasis on the Bose{ Einstei n condensate. W e
also present main parameters and expected characteristics of the Ùrst Pol-

ish Bose{Einstei n condensate apparatus built in the N ational Lab oratory of
A tomic, Molecula r, and O ptical Physics in Toru ¥, Poland.

PAC S numb ers: 03.75.Fi, 32.80.Pj , 39.25.+ k

1. I n t rod uct io n

Bose{Ei nstein condensati on is a peculiar phenom enon of quantum degener-
acy characteri sti c of non- intera cti ng Bose parti cles at su£ cientl y low tem perature
and high density .

The achi eving of the Bose{Ei nstein condensati on in ato m ic gases has been
awarded wi th No bel Pri ze for E. Cornel l , W . Ketterl e, and C. W ieman in 2001 but
i ts roots are m ore tha n 75 years older. In 1924, Satyendra nath Bose [1] deri ved
Pl anck ' s law from the pri nci ples of stati sti cal physi cs and in 1925 Al bert Ei n-
stein [2] genera lized tha t work to mass-parti cl es and di scovered the exi stence of
the phase tra nsiti on at low tem peratures whi ch is now kno wn as the Bose{Ei nstein
condensati on. The idea rem ained abstra ct for a long ti m e even for the autho rs;
Ei nstein hi mself wro te: T he t heory is pret t y but is t here also some tr uth to i t?

(577)
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2. B asic p r i ncip les

Bose{Ei nstein condensati on (BEC) can be analyzed from two di ˜erent per-
spectives: (a) stati stical physi cs and (b) matter wa ves of quantum degenerate
parti cl es.

2.1. Stat isti cal picture

Sta rti ng from the parti ti on functi on for bosons in temperature T

f ( ¯ ) =
1

exp Ù( ¯ À ñ ) À 1
; (1)

where ¯ stands for the parti cle energy, ñ i s the chemical potenti al , and Ù =

1 =k B T ( k B being the Bol tzm ann constant), and using the norm al izati on condi -
ti on N =

P
¯

f ( ¯ ) , one can express the to ta l num ber of parti cles as

N = N 0 +

Z
1

0

f ( ¯ ) £ ( ¯ ) d¯ : (2)

N 0 denotes here the numb er of parti cles in the ground state, and £ (¯ ) represents
density of energy states. Below a certa in cri ti cal temperature, the integ ra l in Eq. (2)
becomes m uch smal ler tha n N , i .e., m ost of parti cles are in the ground state.
Thi s popul ati ng of the ground state occurs as a phase tra nsiti on at a cri ti cal
tem perature, as vi sual ized in Fi g. 1.

Fig. 1. Solid line show s p opulati on of atomic ground state versus temp erature in units

of critical temp erature T c ( dep ends on atomic density ). C ircles are experimental

results from [3] (repro duced with kind permission of the authors).

2.2. Mat ter wave pi cture

The de Bro gl ie wavelength of the parti cles depends on thei r m omentum , and
theref ore, on temperature. It is given by Ñ dB = ( 2 ¤ ñh

2
=mk B T )1 = 2 . In a m edium of
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parti cl e density n and m ean distance between parti cles n À 1 = 3 , the indi stinguisha-
bi l ity of quantum objects becomes im porta nt when the de Bro gl ie wa velength
becomes com parabl e to the inter- parti cle di stance, n À 1 = 3

¤ ÑdB . One speaks then
about quantum degeneracy, i .e., about B{ E condensati on for bosoni c parti cles.
In pri nci ple, thi s condi ti on can be achi eved either by increasing the de Bro gl ie
wa vel ength (decrease in temperature) or by decreasing the distance between par-
ti cles (i ncrease in density). The two soluti ons are not equiva lent as the latter
enhances the inter- parti cle intera cti ons and one cannot speak any m ore of free
parti cl es. It is instructi ve to com pare orders of m agni tude typi cal of the therm al
and condensed gas sampl es.For ato m gas at a tem perature of 900 K wi th a density
n ¤ 1 0 1 6 cm À 3 and m ean di stance n À 1 = 3

¤ 1 0 À 7 m, Ñ dB ¤ 10À 12 m . One has in
thi s case Ñ dB § n À 1 = 3 . On the other hand, wi th about N = 1 0 4 cold ato m s in a
tra p at a tem perature T ¤ 1 0 0 nK, Ñ dB ¤ n À 1 = 3 , i .e., quantum degeneracy occurs.

No te tha t f or trea ti ng an ato m as a boson or ferm ion, the stati sti cal proper-
ti es of an ato m as a whole need to be taken into account. An ato m can be a boson
or ferm ion depending on the to ta l num ber of i ts ferm ionic consti tuents: electrons
and nucl eons, theref ore, di ˜erent isoto pes of the sam e element may have di ˜erent
stati stical properti es, as discussed in Sec. 9 for l i thi um . Addi ti onal ly, for tra pp ed
ato m s the energy levels are quanti zed wi th a level distance given by the tra p fre-
quency ! . The condensati on occurs at tem perature much hi gher tha n the level
spacing, k B T ƒ ñh! , and in thi s context Bose{Ei nstein condensati on is a \ high
tem perature e˜ect " .

3 . Hi st or y

The history of the quest for the Bose{Ei nstein condensati on has three m ain
stream s connected wi th studi es of superÛuidi ty , adv ances in cooling, and tra ppi ng
of neutra l ato m s, and e˜o rts to achi eve BEC in ato mic hydro gen. Let us bri eÛy
recal l the m i lestones of each.

3.1. \C ryogenic rout e"

¯ D iscovery of superÛuidi ty in 4 He at 2.17 K by H. Ka mm erl ingh Onnes
awarded wi th No bel Pri ze in 1913.

¯ Suggestion by F. London tha t superÛuidi ty is a mani festati on of BEC (1938).

¯ L. D . Landau theo ry of superÛuidi ty (1941), No bel 1962.

¯ Theo ry of O. Penro seand L. Onsager (1950s) describing a long-rangeorder in
the hi ghly correl ated bosonic system . Ca lculati on of the condensate fracti on
in superÛuid 4 He | onl y 8% of ato ms,

¯ N. N. Bogol iubov' s calcul ati on of a low-energy phonon spectrum (1947).

¯ Pha se tra nsi ti on in 3 He at 3 mK discovered by D .M. Lee, D .D . Oshero˜, and
R . Richardson in 1972, No bel 1996.
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It should be pointed out tha t He is not an ideal gas when i t shows superÛuidi ty , the
stro ng intera cti on between ato ms is the reason for onl y 8% condensate fracti on.

3.2. Cooli ng and t rappi ng of neut ral atoms

¯ 1968{ 70 V. S. Leto kho v and A. Ashki n presented the Ùrst ideas of tra ppi ng
ato m s in l ight Ùelds,

¯ 1975 T. W. H�ansch and A. L. Schawlow pro posed the metho d of cool ing of
ato m s by l ight,

¯ around 1980 V. L. Balyki n, V. S. Leto kho v, and W .D . Phi l l ips perform ed Ùrst
exp eriments,

¯ S. Chu and W .D . Phi l l ips demonstra ted the Ùrst opti cal and magneti c tra ps,

¯ 1986 J. Dal ibard, D .E. Pri tchard, and S. Chu developed the m agneto-opti cal
tra p,

¯ 1997 W .D. Phi l l ips, S. Chu, and C. Cohen-Tannoudj i awarded wi th No bel
Pri ze for developm ent of cool ing m etho ds.

3.3. Quest for BEC in atomi c hydro gen

The search for BEC in hydro gen was dictated by the desire to study a
m edium tha t rem ains in a gas pha se even at the lowest tem peratures.

¯ 1976 L. H. No sanov and W .C. Stwa lley discovered tha t polari zed hydro gen
di d not sol idi f y (ground state of H 2 ; S = 0 , is not accessible by spin-polari zed
H ato m s),

¯ 1976 experim ents perform ed by D . Kl eppner and T. J. Greyta k (MIT) and
by I. F. Silvera and J. W alraven (Am sterdam ),

¯ 1986 H.F. Hess developed evaporati on cool ing techni que.

4. Ho w t o co ol at om s?

4. 1. C ool ing of at omi c beam

Let us start by showi ng the possibi l i ty of stoppi ng the ato mic beam . Co nsider
a beam of ato m s and a counter- pro pagati ng laser beam at a frequency of the
ato m ic resonance (Fi g. 2). Abso rpti on of a photo n by an ato m leads to an ato m ic
tra nsiti on to a higher energeti c state, but also changes the ato m ic m omentum by
the photo n m om entum ñh kL ; kL being the wave vecto r. The subsequent relaxa ti on
to the ground energeti c state by sponta neous emission also changes the ato m ic
m omentum. There is asym m etry between these tw o pro cessesdue to the fact tha t
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Fig. 2. Principl e of laser decelerati on of collima ted atomic beams. Laser photons ar-

rive from a well- deÙned direction, w hereas spontaneously emitted photons are essen-

tially isotropic. The momenta of absorb ed laser photons are theref ore accumulating to

a non zero value, w hile the net momentum change in spontaneous emission is zero. T his

gives rise to a light- pressure force in a direction of a laser beam.

al l absorb ed photo ns have equal wa ve vecto rs, wherea s the sponta neousl y emi tted
photo ns have an arbi tra ry di recti on. Theref ore a to tal m omentum tra nsfer af ter
N absorpti on{ emission cycl es is

Â p =
X

ñhk abs À

X
ñh kem = N ñh kL À 0 : (3)

As an exam ple let us ta ke sodi um ato m s wi th the m ass numb er M = 2 3

and m ean velocity at 400 K v = 6 0 0 m / s, i l lum inated wi th laser of Ñ = 5 9 0 nm .
Each photo n causes only a m inimal change of ato mic velocity so tha t one needs
som e 20 000 photo n absorpti ons to stop an ato m. At a qui te m odest laser beam
intensi ty of I = 6 m W =cm 2 i t can be done very fast. An ato m can be stopped in
1 ms, on a distance of 0.5 m wi th a decelerati on achi evi ng 1 0 6 m / s2 .

4.2. Cool ing of atomi c gas

For the case of gas conta ined in a cell , one has ato ms m ovi ng in arbi -
tra ry di recti ons and thus to cool them along e.g. x axi s, one has to use two

Fig. 3. Principl e of 1D laser cooling of atomic gas. T he tw o counter- propagating laser

b eams of equal intensities have their frequencies ! below the atomic resonance fre-

quency . Due to Doppler e˜ect, a mo ving atom experiences a nonzero force that slow s

its mo vement no matter in w hich direction .
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counter- propagati ng beam s propagati ng along the OX di recti on, of the same fre-
quency ! L tuned below the frequency of the ato mic tra nsiti on, ! L < ! 0 (Fi g. 3).
For such laser frequency, Doppl er e˜ect tunes ato m s to resonance wi th beam s
pro pagati ng in the di recti on opposite to the ato m veloci ty. Theref ore, the force
exerted by thi s beam (stoppi ng force) wi l l be bi gger tha n the force from the
counter- propagati ng beam (accelerati ng force) and the net e˜ect woul d be slowi ng
down of al l ato ms, i .e., cool ing them .

Fig. 4. T he light pressure forces versus atomic velo city in k = À units (À is the sponta-

neous emission rate) for the case of ! L À ! 0 = À = 2. The forces associated w ith the tw o

b eams of Fig. 3 cancel for atoms w ith the zero velo city comp onent. A round , the

force has the velo city dep endence typical of motion in viscous media.

The same pro cesscan be analyzed from the energeti c point of vi ew where one
notes tha t lessenergy is absorb ed tha n reemi tted, whi ch leads to cool ing of ato m s.
Fi gure 4 shows the forces acti ng on atom produced by two counter- propagati ng
laser beam s and thei r sum versus ato mic velocity . For a range of veloci ti es close
to zero, the e˜ecti ve force is proporti onal to velocity wi th a negati ve coe£ cient. It
has thus a character of a vi scous force. Such a conÙgura ti on has thus been term ed
opt ical mol asses.

The described one-dim ensional cool ing can be easily general ized for a three-
-dim ensional case by addi ng another two pai rs of counter- pro pagati ng laser beams.
The atom s in the crossing point of al l the beam s are decelerated (cooled), yet they
are not held by any force and can slowl y di ˜use from the l ight beams.

T o hold ato m s in a prescri bed spati al positi on (to tra p them ) one needs a
positi on-dependent force. The m ost popul ar soluti on is the m agneto -optica l ato m ic
tra p (MOT), whi ch com bines the three- dim ensional opti cal molassesconÙgura ti on
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of three pai rs of anti -para ll el laser beams tuned below the ato m ic resonance fre-
quency wi th an inhom ogeneous magneti c Ùeld of quadrup ole conÙgura ti on and
pro per circul ar polari zati on of the l ight beams. Thi s pro duces a l ight force, whi ch,
apart f rom the vel ocity characteri stics F ( v ) / À v leading to ato m cool ing, has the
desired spati al characteri sti cs, F ( x ) / À x .

Fig. 5. Principl e of a 1D magneto- optical trap. A toms w ith J g = 0 and J e = 0 are

placed in a magnetic Ùeld that depends linearly on position (top of the Ùgure). T w o

counter- propagating beams, detuned b elow ! 0 , are circularl y p olarized in opp osite senses

and induce transition s betw een di˜erent magnetic sublevels. I nhomogeneous magnetic

Ùeld causes position dependent Zeeman shif ts of the sublevels (low er part of the Ùgure)

such that an atom exp eriences p ositio n dependent light pressure. A n atom displace d out

of the zero- Ùeld position experiences a force w hich pushes it back to x . A round the

center, the net force is the same as in a harmonic trapping p otential, .

Fig. 6. A 3D realizati on of the magneto- optical trap. T he quadrup ole, inhomogeneou s

magnetic Ùeld is created by tw o anti- H elmholtz coils where current Ûows in opposite

direction s.
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It should be noted tha t the tra ppi ng forces are of opti cal, not magneti c,
ori gin; the ro le of m agneti c Ùeld is merely to contro l the intensi ty of opti cal forces
in dependence on the spati al positi on. Thi s is done by tuni ng ato m ic levels into ,
or out of, resonance wi th laser beams by the Zeeman shift of ato mic levels, as
shown in Fi g. 5 f or the one-dim ensional case. The three- dim ensional conÙgura ti on
of a MOT is presented in Fi g. 6. It shows two anti -Helm holtz coils wi th opp osite
currents produci ng the quadrup ole Ùeld and six laser beams wi th appro pri ate
polari zati ons.

Ato ms wi th nonzero angular m om enta can be local ized also in purel y m ag-
neti c tra ps (MT), but such tra ps pro vi de m uch weaker conÙnement and are thus
sui ted only for much colder ato ms (unl ess very hi gh Ùeld gradients are used).

6. T em per at u r e l im it s

Co ol ing of ato ms by intera cti on wi th l ight beams has natura l constra ints
tha t dicta te the Ùnal achi evable tem perature. The cool ing pro cess is based on a
m omentum tra nsfer process and dissipati on of energy in cycl ic pro cesses of ab-
sorpti on and sponta neous emission. Thi s leads to the decrease in avera ge ato m ic
vel ocity , whi ch tends to zero. At the sam e ti m e, however, the velocity di spersion
is not zero and even increases. Thi s increase in vel ocity di spersion (equi valent to
heati ng) is caused by the mom entum di˜usi on duri ng consecuti ve absorpti on and
emission acts. The Ùnal temperature is achi eved when cool ing and heati ng pro-
cesses equal ize. For a two - level ato m , the l imi t tem perature, T D , depends onl y
on the rate of ato mic sponta neous emission rate, À and not on the sing le photo n
m omentum k B TD = ñhÀ =2 : T D is the so-cal led \ D oppl er l imit" tem perature and
equals 2 4 0 ñ K for Na ato m s and 1 4 0 ñ K for Rb. W hen m ul ti- level atom ic structure
is ta ken into account, addi ti onal cool ing m echanisms becom e im porta nt (Sisyphus
cool ing), whi ch lower the lim it tem perature to the sub-D oppl er tem peratures of
10À 1 0 0 ñ K.

On the other hand, the radi ati on im pri sonm ent, i .e., reabsorpti on of spon-
ta neously emi tted photo ns in the dense ato m ic cloud leads to the densi ty lim i t,
n ma x = 1011

À 1012 at =cm 3.
T o reach yet lower tem peratures of the order of 100 nK, needed for the

BEC, i t is necessary to swi tch al l the l ight beam s o˜ and hold ato m s in darkness
in purel y magneti c tra ps. As the m agneti c forces are conservati ve, another cool ing
m echani sm m ust be invoked. The requi red cool ing is done by a f orced evaporati on
of most energeti c ato m s. They are subj ected to radio- frequency Ùeld, tra nsferri ng
ato m s to another m agneti c state, whi ch is not tra pped by the m agneti c Ùeld con-
Ùgurati on (Fi g. 7). The rem aining ato m s should therm al ize to lower tem perature.
Thi s happens indeed, i f the rate of col l isions between ato m s leadi ng to therm al -
izati on is hi gh enough, whi le the rate of other col l isions, whi ch could exp el cold
ato m s from the tra p, is so low as to provi de enough ti me for the therm al izati on
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Fig. 7. C ooling atoms to the low est temp eratures. In the Ùrst stage MO T is used to

bring atom gas from a room temp erature to about 100 mK . N ext, a magnetic trap

is used and atoms are cooled further by a forced evaporation b elow 100 nK . In the

right Ùgure, the mechanism of evaporation is depicted: radio- frequency Ùeld is resonant

w ith a transition betw een given levels within the trapping and anti- trapping p otential

surf aces of the magnetic trap and can drive atoms of a given energy out of the trap.

By low ering the transition frequency , less energetic atoms in a trap are addressed. A fter

each evaporation step, the remaining atoms are allow ed to thermalize so that they can

reach equilib riu m distributi on w ith appropria tely low er temp erature.

pro cess. The evaporati ve cool ing techni que inv ented f or the case of hydro gen has
been frui tf ul ly appl ied to other elements as well .

7 . Ac h ievin g Bo se{ Ei nstei n co nd en sat io n

The standard way to achi eve Bose{Ei nstein condensati on of ato mic gases
consists of three steps:

Fig. 8. (a) I dea of imaging of trapp ed atoms by recording their shadow caused by a

resonant light absorption. (b) First observ ation of the BEC with ultra- cold 8 7 Rb atoms

in a magnetic trap [4] (courtesy of the J ILA BEC group). T hree distributi ons corresp ond

to di˜erent temp eratures reached by the evaporation metho d.
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1. col lecti on of atom s in a magneto-opti cal tra p and cooling by laser intera cti on
to sub-Doppl er tem peratures,

2. tra nsfer of pre-cooled to the magneti c tra p,

3. evaporati ve cool ing in the m agneti c tra p.

The Ùnal observati on of the condensate state is done again by opti cal means.
The ato m cloud is released by swi tchi ng o˜ the m agneti c Ùeld of the tra p. Af ter
about 10 m s of free expansi on the cloud is i l luminated wi th resonant l ight and the
shadow of the ato mic sam ple is recorded by a CCD cam era. In Fi g. 8 we present
the pri nci ple of the shadow imaging of the condensate and the im age of the Ùrst
BEC produced in the E. Cornel l and C. W iemann group in JILA [4].

7. 1. T he BEC signat ures

There are disti nct signatures of reachi ng the BEC state. They are:

¯ narro w peak in a velocity di stri buti on on a broad background, indi cati ng a
qual i ta ti v ely new ato m ic fracti on,

¯ ani sotro pi c shape of thi s peak, corresponding to the shape of the conÙning
potenti a l in the ato m ic tra p, whi le the background has the Gaussian distri -
buti on of a therm al cloud,

¯ abrupt, phase-tra nsiti on- l ike, increase in the peak' s am pl i tude whi le reduci ng
tem perature.

7.2. BEC in alkali at oms

Let us summ ari ze the characteri sti c features of the Bose{Ei nstein condensa-
ti on experim ents wi th alkali ato m s whi ch are: (i ) relati ve simpl icit y of the experi -
m ent (cooling, observati on), (i i ) weak intra -ato mi c intera cti ons (range ¿ 1 0 À 6 cm,
m ean distance between ato m s ¿ 1 0 À 4 cm), (i i i ) well -known ato m ic structure,
(i v) existence of bosonic and ferm ionic isoto pes, e.g. 6 Li and 7 Li .

The Tabl e presents com pari son of param eters for the BEC observati on in
the liqui d He and in alkali ato m s. It cl earl y indi cates tha t the alkal i case is much
cl oser to the ideal free-parti cle m odel .

TABLE

Liquid helium vs. gas BEC .

4 H elium A lk ali atoms

cooling metho d evaporation rf evaporation

critical temp erature [K ] 0.37 0 :1 7 È 10 À 6

de Broglie w avelength Ñ [ ¡A ] 30

density [cm ]

mean distance [¡A ] 3.5 1000

interaction energy [K ] 20
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Mo re deta i ls on the techni ques of reachi ng BEC and on the condensate theory
can be found in several excellent revi ews, e.g., [5{ 7] and in the to pical issue of
Na ture [8]. W e refer also to the Nobel Lectures of the last year laureates [9].

8. E xp er im ent s wi t h BE C

8. 1. Coherent mat t er -wave opt ics

Fi rst experim ents wi th BEC concentra ted on the coherent properti es of the
condensate and conti nued the developm ent of ato m opti cs, dem onstra ted al ready
before the advent of BEC. A property of coherent wa ves, well kno wn in standard
and ato m opti cs, is thei r abi l i t y to interf ere. Fi gure 9 shows the pri ncipl e and
resul ts of the exp eriment [10], whi ch dem onstra ted thi s pro perty of a condensate.

Fig. 9. (a) Observ ation of interf erence of tw o condensates. T he condensates, released

from a magnetic trap, fall dow n in a gra vitationa l Ùeld (marked by a black arrow ),

expand due to Ùnite initial velo cities and eventually overlap. When imaged (as illustra ted

in Fig. 8a) the interf erence fringes of the atomic density can be seen. Figure (b) depicts

the condensate pictures b efore their divisio n and tw o cases of di˜erent initi al separation

of the divided parts. Figure (c) show s two interf erence patterns of the condensate density

corresp ondi ng to the tw o initia l separations (reprinted w ith permissi on from [10] |

M. R. A ndrew s et al. , \O bserv ation of Interf erence b etw een T wo Bose C ondensates ",

Sci ence 27 5, 637 (1997). C opyright 1997 A merican A ssociation for the A dv ancement of

Science).

Fi gure 9a depicts the free gravi ta ti onal fal l of two condensates whi ch were pro-
duced by halvi ng a sing le one. The two fal l ing parts expand due to Ùnite ini ti al
vel ociti es and after som e distance overl ap and interf ere. The observati on is per-
form ed by a resonant im aging beam (bl ock arro w) tha t a llows recordi ng shadow
im ages. Fi gure 9b shows the ini ti al sing le condensate and two separated pai rs
for launchi ng them wi th di ˜erent ini ti al separati ons. Fi gure 9c presents two sets
of interf erence fri nges of wa ve m atters corresp onding to the two di ˜erent ini ti al
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Fig. 10. A ppearance of the atom- laser beams emitted by various lasers. (a) MI T

laser (reprinted from Ref . [11] , courtesy of W. K etterle), (b) Y ale laser (reprinted w ith

p ermissio n from Ref . [12] | B. P. A nderson, M. A . K asevich, \Macroscopic Quantum

I nterf erence from A tomic Tunnel Arrays", Sci en ce 2 82, 1686 (1998) ; Copyright 1998

A merican A ssociation for the A dvancement of Science), (c) N IST laser (reprinted w ith

p ermissio n from Ref . [13] | E. W. H agley et al., \A W ell- C olli mated Q uasi-C ontinuous

A tom Laser", Sci ence 283, 1706 (1999); C opyright 1999 A merican A ssociation for the

A dv ancement of Science), (d) MPQ laser (reprinted from Ref . [14] w ith kind p ermissio n

of the authors).

separati ons. The exp eriment is a di rect analogue of the doubl e-sli t Young exper-
im ent and the m atter- wa ve fri nge period depends on the separati on in exactl y
the sam e way as the l ight fri nges depend on the sli t distance in a classical ver-
sion of the Young interf erence. Coherence of l ight is m ost spectacularly seen in
laser emission. Ma ny importa nt appl icati ons are expected from a coherent emis-
sion of m atter wa ves from a condensate, the \ atom laser" . Much e˜o rt has been
devoted to dem onstra ti on of such an e˜ect. Fi gure 10a presents pul ses of m atter
wa ves in the Ùrst dem onstra ti on of a \ pul sed ato m laser" [11]. Fi gures 10b and
c present results of impro ved versions bui l t by the Yale and NIST, Gai thersburg
tea ms [12, 13]. The laser shown in Fi g. 10c al lows a quasi-conti nuous emission,
wherea s tha t shown in Fi g. 10d, from the Ma x- Planck- Inst. for Quantum Opti cs
in Garchi ng, emi ts a conti nuous matter wa ve [14].

8. 2. Nonl inear at om optics

One im porta nt e˜ect in nonl inear light- opti cs is the phenomenon of nonl in-
ear wa ve mixi ng. D ue to nonl inear response of materi al media to externa l l ight
Ùelds of appro pri ate intensi ty , i .e., when externa l l ight perturba ti on becom es com -
parable wi th intra -ato mic intera cti ons, coherent l ight beam s are emi tted from the
m ateri al sam ple wi th thei r frequenci es and di recti ons determ ined by the energy



Bose{Ei nstein C ondensat ion in Atomi c Gases 589

Fig. 11. N onlinear w ave mixing: (a) of light waves; (b) of the matter w aves (BEC ' s).

T he top Ùgure is a numeric simulation, the low er one show s the experimental results.

Reprinted w ith permission from N a t u r e (Ref . [15], copyright 1999, Macmill an Publi sh-

ers Ltd).

and mom entum conservati on condi ti ons,
P

k i n =
P

k out and
P

! in =
P

! out ,
where k in ; kout ; ! in , and ! out are the wa ve vectors and frequenci es of the inci dent
and emi tted l ight wa ves, respectivel y, Fi g. 11a.

In contra st to l ight, intera cti on of m atter wa ves is always nonl inear, as gov-
erned by the last term in the Gross{Pi ta evski equati on describing evoluti on of the
condensate wa ve functi on ˆ

iñh
@̂

@t
=

˚
À

ñh 2

2 M
+ V + U 0 j ˆ j

2

Ç
ˆ ; (4)

where M i s the m assof the ato m , V | the externa l tra ppi ng potenti al and U 0 |
the intera cti on coe£ cient. The intri nsic nonl ineari ty of the Gross{Pi ta evski equa-
ti on al lows observati on of nonl inear m ixing also wi th matter wa ves. The upper
part of Fi g. 11b depi cts the resul ts of num erical simulatio ns of such an experi -
m ent [15]. W i th the help of l ight pulses, a condensate sampl e is broken into three
parts m ovi ng wi th m omenta p 1 ; 2 , and 3 . D ue to the mixing term in Eq. (4),
a f ourth part o f condensed ato m s appears and moves wi th m omentum 4 . Thi s
is the fourth m atter wa ve created by the nonl inear four- wave m ixing pro cess.
Exp erim ental observati ons shown in the lower part of Fi g. 11b are in very good
agreem ent wi th the simul atio ns.

8.3. Ul tra- low densit y condensed mat ter physics

Qua ntum -degenerate gases allow investigati on of phenomena characteri stic
of condensed matter physi cs at the range of densiti es typi cal of di luted gas sam ples.
Thi s o˜ers a uni que opportuni ty of studyi ng importa nt pro cesseswi th negl igibl e
perturba ti ons due to mutua l parti cl e intera cti ons. Below, we bri eÛy discussseveral
exam ples of such possibi l i ti es.

8.3. 1. SuperÛuidi t y

In the experim ent of Burg er et al . [16], the B{ E condensate of 8 7 R b ato ms
wa s pl aced in a magneti c tra p superim posed wi th a 1D opti cal latti ce. Opti cal
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latti ce is a periodic structure, created by interf erence of l ight wa vesof appro pri ate
polari zati ons and di recti ons. 1D latti ce is the simpl est case of a l ight wa ve created
by tw o counter- pro pagati ng beams of equal polari zati on and frequency. Superpo-
siti on of such a latti ce wi th the m agneti c tra p resulted in a com bined potenti al
whi ch consisted of a parabol ic harm onic well and a sinusoida l latti ce potenti al (the
period equal to hal f o f the opti cal wavel ength, i.e. about 400 nm ). By appl yi ng
addi ti onal oscil lati ng homogeneous m agneti c Ùeld, the m agneti c potenti al under-
went periodi c spati al oscil lati ons around a given point, whi le the opti cal latti ce
is stati c (see the right frame in Fi g. 12). If the temperature of the sampl e was
above the cri ti cal value, the therm al cloud was pinned by the latti ce Ùeld and did
not fol low oscil lati ons of the m agneti c wel l. However, below Tc rit , the condensed
sam ple (represented by darker spots in Fi g. 12) m oved freely and fol lowed the
oscil lati ons of the m agneti c potenti al . Thi s exp eriment i l lustra tes the abi l i t y of a
BEC to tunnel thro ugh the potenti al barri ers whi ch is typi cal of superÛuidi ty .

Fig. 12. BEC (dark spots) and thermal cloud (lighter clouds) beha vior in a combined

p otential of a harmonic w ell (magnetic trap) and a perio dic optical lattice (seen in the

right part of the Ùgure). Spatial oscill ati on of a magnetic p otential move the BEC across

the lattice sites thanks to BEC tunnelli ng through the lattice barriers. T he thermal

cloud cannot tunnel and remains pinned by the lattice Ùeld [16, 17] (reprinted w ith kind

p ermissio n of the authors from [17]).

Fig. 13. V ortice arrays in BEC created and observed by K etterle' s team (reprinted

w ith permission from [18] | J .R. A b o-Shaeer et al. , \O bserv ation of Vortex Lattices in

Bose{Einstei n C ondensates", Sci ence 292, 476 (2001). C opyright 2001 A merican A sso-

ciation for the A dvancement of Science).
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Ano ther phenom enon characteri stic of superÛuidi ty is creati on of vorti ces.
Fi gure 13 represents vorti ces created in the BEC sam ple by appro pri ate l ight
Ùelds by Ab o-Shaeer et al . [17]. As in a superÛuid l iquid, the vorti ces in BEC
are quanti zed (they carry one uni t o f angul ar m om entum per vortex) and f orm
characteri sti c, regular spati al arrays. Note tha t sim i larl y to any other m anipul a-
ti on wi th BEC, creati on of vo rti ces can be perform ed exclusively by appro pri ate
electrom agneti c Ùelds. Al so, observati on of the vorti ces is very chal lenging, given
the size of the condensate (about 0.1 m m ).

8.3. 2. J osephson osci l lat ions

Josephson oscillati ons wi th a BEC sam ple have been observed in the Eu-
ropean LENS Laborato ry in Fl orence [18]. The experim ent dem onstra ted an os-
ci llati ng ato m ic current in a one-di mensional arra y of Josephson juncti ons. The
juncti on array was a 1D opti cal latti ce superim posed on a m agneti c potenti al tra p-
pi ng of the 8 7 Rb BEC. Ab out 200 neighbori ng latti ce sites were Ùlled wi th about
1000 ato ms in each well . Simil arly as in another experim ent on superÛuidi ty , the
opti cal latti ce and m agneti c potenti al could be m oved independentl y and ato m ic
tunnel l ing across the latti ce potenti al barri er coul d be observed. The current of
ato m s tunnel l ing thro ugh the opti cal latti ce barri ers exhi bi ted the oscil lato ry be-
havi or typi cal of the Josephson e˜ect.

8.3. 3. Mot t insulat or

In the experim ent of Greiner et al . [19], a reversible tra nsiti on between the
conducti ng (sup erÛuid) and insul ati ng m odes has been dem onstra ted wi th BEC
ato m s. A 3D opti cal latti ce has been loaded wi th the condensate. As long as

Fig. 14. BEC interf erence pictures demonstratin g the transition betw een superÛui d

and insul atin g modes. A 3D optical lattice is loaded w ith BEC and then switched o˜.

A toms released from lattice sites atoms fall dow n and interf ere. I f their phases are cor-

related, the distinct interf erence pattern is seen, as in (a) and (c), w hile uncorrelated

atoms yield a structureless distributi on (b). T he phase correlation depends on the lattice

depth and, consequently on the atomic abili ty to tunnel b etw een the lattice sites. I f the

lattice w ells are not to o deep, tunnelli ng is possibl e and an interf erence pattern appears,

w hile for to o deep lattice, tunnell in g is prohibited and no interf erence structure is seen

(b) (image courtesy T .W. H �ansch).
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the potenti al depth of the la tti ce is low, the condensate ato m s spread wa ve-l ik e
over the who le latti ce. The ato ms can move freely thro ugh the latti ce potenti al
barri ers whi ch is nothi ng but the superÛuidi ty , a signature of the conducti ng pha se.
The atom s preserve strong phase correl ati ons among them selves, so when released
from the latti ce and fal l ing down due to the gra vi ty , they can interf ere and f orm
di stinct interf erence patterns (Fi g. 14a). However, when the latti ce potenti al is high
enough, the tunnel ing is pro hibi ted and ato ms are local ized in indi vi dual latti ce
sites whi ch signi Ùesthe insul ati ng phase (Mo tt insul ato r). Being localized in latti ce
wel ls, ato m s lose thei r phase correl ati on wi th the consequence tha t no interf erence
pattern can be seen after release from the latti ce (Fi g. 14b). The quantum phase
tra nsiti on f rom a superÛuid to a Mo tt insulator is reversible, the ato ms retri eve
thei r phase correl ati on and return to the conducti ng m ode when the potenti al
barri er is lowered again (Fi g. 14c). Thi s ki nd of exp eriments al low preci sion study
of strongly correlated systems and such e˜ects as superconducti vi ty . They may
also Ùnd appl icati ons in quantum computi ng and m etro logy.

9. Co ld f er m ions

No t only bosonic ato ms (i nteg er tota l angular m omentum ) but also tho se of
ferm ioni c character (f racti onal to ta l angul ar m omentum ) can be opti cal ly cooled
and tra pped in m agneto -optica l tra ps. Ho wever, the quest for quantum degener-
acy is much m ore di £ cul t wi th ferm ionic ato m s tha n wi th bosons. The reason
for tha t is the Paul i exclusi on pri nci ple whi ch inhi bi ts intra -ferm ion intera cti on
when the de Bro gl ie wa velength becom es comparable wi th the parti cle distances.
Thi s feature m akes the evaporati ve cool ing of fermioni c atom s very ine£ ci ent at
low tem peratures. Fortuna tel y, thi s pro blem can be solved by usi ng the, so-cal led,
sym patheti c cool ing whi ch empl oys mixtures of bosons and f ermions, or of di ˜er-
ent ferm ionic species, e.g., di ˜erent ferm ionic isoto pes or ato m s in di ˜erent spin
states. Since the Paul i exclusi on appl ies onl y to identi cal parti cl es, the use of di f-
ferent ato m s m akespossible evaporati ve cool ing of a given ki nd of ato m s and thei r
therm alizati on wi th the species of interest. In thi s way, by using ferm ionic ato ms
in two di ˜erent spin states, Bri an D eMarco and Deborah S. Ji n in JILA m anaged
to cool a gas of fermioni c 4 0 K below 300 nK whi ch is 0.5 of the Ferm i tempera-
ture [20]. The onset of quantum degeneracy was seen as a barri er to evaporati ve
cool ing. Mo reover, Jin and co-workers observed [21] a modi Ùcati on of the classi-
cal therm odyna mics: the quantum degenerate ferm ionic atom s have energy per
degree of freedom signi Ùcantl y hi gher tha n the 3 k B T cl assical equiparti ti on value
(Fi g. 15).

A very spectacul ar evidence of the Paul i blocki ng and the related Fermi
pressure whi ch prohi bi ts ferm ionic parti cles from getti ng to o cl ose is pro vi ded by
im aging the ato m ic clouds in tem peratures corresp ondi ng to the quantum degen-
eracy. R andal l Hul et (R ice Uni v. , Housto n) perform ed such a measurement [22]
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Fig. 15. Exp erimentall y measured energy of fermionic 40 K atoms versus their tem-

p erature (in units of the Fermi temp erature). Below T F , a distinct deviation from the

classical energy 3 k B T is seen [21] (reprinted w ith kind permission of the authors).

Fig. 16. Density distributi ons of bosonic and fermionic lithi um isotop es, 7 Li and 6 Li,

resp ectively , simultaneousl y trapp ed in the same magnetic trap. By a prop er choice of

laser frequency , one isotop es at a time can b e imaged. When the temp erature is low ered,

the boson cloud decreases its size by populati ng lower energy states of the trap, w hile

the fermionic cloud decreases their size much less (reprinted with permission from [22]

| A .G. T ruscott et al. , \O bserv ation of Fermi Pressure in a Gas of T rapp ed A toms",

Sci ence 291, 2570 (2001). C opyright 2001 A merican A ssociation for the A dvancement

of Science).

wi th two isotopes of l i thi um : ferm ionic Li and bosoni c Li held in the sam e tra p
under identi cal condi ti ons. By using an imaging l ight beam of appro pri ate fre-
quency, one isoto pe at a ti me has been observed. In thi s wa y the im agespresented
in Fi g. 16 ha ve been obta ined. Thi s picture cl earl y demonstra tes tha t the cl oud of
cold ferm ionic ato m s canno t reach the size of the boson sampl e whi ch is a di rect
consequence of the Ferm i pressure.
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10. O ur way t ow ar d s BEC

In Poland, exp erimenta l studi es of tra pp ed, cold ato ms begun by the con-
structi on of the Ùrst MOT f or rubi dium ato m s in the Ja giel lonian Uni versi ty of
Cra cow [23]. Af ter creati on of the Nati onal Laborato ry of Ato m ic, Mo lecular and
Opti cal Physi cs in Toru ¥, we started to work to wards BEC. Our design aims at
condensati on of 8 7 R b atom s and consists of three m ain parts depicted in Fi g. 17:

Fig. 17. T he design of the Polish BEC apparatus, consisting of MO T1, the transf er

part and MO T 2 w ith the MT , and three stages of its operation: (a) MO T 1 is loaded

w ith about 10
8 87 Rb atoms at about 300 ñ K , (b) the cold atoms are pushed dow n from

MO T 1 by a laser beam (vertical arrow ) and recaptured in MO T 2. (c) the laser beams

are switched o˜ and the atoms are kept in dark by MT and cooled by rf evaporation.

For the sake of clarity the magnetic trap coils are show n only in (c).

(i ) The Ùrst m agneto -opti cal tra p (MOT1 ); (i i) the tra nsfer stage where ato ms
wi l l be tra nsp orted from MOT1 to the second m agneto -optica l tra p (MOT2 ) and
to the dark, magneti c tra p (MT). The tra nsfer needs to be done in a di ˜erenti al ly
pum ped vacum apparatus, al lowi ng ato m ic passage from MOT1 region wi th about
1 0 À 8 mbar pressure to the MT region of ul tra -high vacuum (about 1 0 À 1 1 mbar);
(i i i ) MOT2 overl appi ng wi th MT. Achi eving BEC wi l l be accom pl ished in the
fol lowi ng major steps:

1. loadi ng MOT1 and col lecting a possibly large numb er of pre-cooled ato ms
(about 1 0 8 ato m s at about 3 0 0 ñ K). Thi s wi l l be done by using laser beam s
(to p of Fi g. 17a) and quadrup ole m agneti c Ùeld;
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2. tra nsferri ng pre-cooled ato m s to the lower cell by a l ight pressure of an extra
laser beam (verti cal arro w on top of Fi g. 17b);

3. recapture of tra nsferred ato ms by MOT2 (in a positi on of MT) and cool ing
them below 100 ñ K (addi ti onal laser beams seen at the botto m of Fi g. 17b);

4. m agneti c tra ppi ng (three coi ls produci ng stro ng inhom ogeneous Ùeld of the
tra p are shown only in Fi g. 17c),

5. cool ing by forced radio-frequency evaporati on and therm al izati on by col l i -
sions below the cri ti cal tem perature. In thi s way we exp ect to reach con-
densate of about 1 0 5 { 1 0 6 atom s wi th a cri ti cal tem perature of the order of
100 nK.

11. Co ncl usions

In thi s revi ew we aimed at a very general survey of the ideas, metho ds, and
resul ts of the ul tra -cold ato m physi cs. It uni tes the contri buti ons from ato m ic
physi cs, condensed m atter physi cs and stati stical physi cs. The Ùeld is rapi dly de-
vel oping and new, fascinati ng resul ts appear every day. W e refer the interested
readers to the Bose{Einstei n Co ndensati on Ho mepage at Georg ia Southern Uni -
versi ty , http: / / amo.phy.gasou. edu/ bec.htm l, whi ch gathers the most up- to -date
news and conta ins also the BEC Onl ine Bi bl iography.
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