
Vol . 101 (2002) ACT A PHY SIC A POLON IC A A No . 1

Pr oceed in gs of t he Co n f er ence \ From Qu an t um Op t i cs t o Ph o t on i cs" , Zak opa n e 200 1

N on l in ear Spectro scopy

of C ol d , T rap p ed A to m s

J. Zach oro wsk iÊ , T. Br zozo wsk i, T. Pa¤asz, M. Za wa da

an d W. Gaw lik

I nst yt ut F izyki M. Smoluchowski ego, Uni wersytet Jagiello¥ski

Reymonta 4, 30-059 Kra k §w, Poland

W e rep or t on our stu dies of ato ms contained in a ma gneto- optica l trap
using the nonli near spectroscop y metho ds. A bsorption and four- w ave mi x-
ing signals are recorded for the prob e frequency near the coolin g transitio n

frequency and the two metho ds are compared. T he di˜erences in the signal
structure and their sensitivi ty on external conditio ns are discussed . I t is re-
vealed that central feature of these spectra consists of several contributions

of di˜erent origin.
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1. I n t rod uct io n

Co ld sam ples of tra pp ed ato m s form very attra cti ve objects for spectroscopic
research. Thei r m ain characteri sti c is the absenceof an inhom ogeneous broadening.
The popul ar way to study the pro perti es of cold, well -isolated ato m s is such tha t
the atom s are gathered in a m agneto -opti cal tra p (M OT) [1] and cooled there,
but duri ng the actual measurement when they are subj ect to pum p and probe
laser beam s, the tra ppi ng l ight, and often also the quadrup ole m agneti c Ùeld, are
swi tched o˜. W hi le such exp erim ents pl ay a very importa nt ro le for better under-
standi ng the quantum pro cessesof l ight intera cti on wi th m ul til evel ato ms, they
pro vi de l i ttl e inf orm ati on on the ato m dyna m ics in a worki ng tra p. At the same
ti m e, spectroscopy pro vi des also a m eans of studyi ng pro perti es and dyna m ics
of cold, tra pped atom s in situ. In thi s aspect the spectroscopi c m easurement can
be used to study the behavi or of ato m s in the tra p and e˜ecti ve parameters of
the tra p i tsel f. Theref ore, such experim ents should be perform ed whi le the tra p is
acti ve and all the Ùelds present.
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Fi rst experim ents on nonl inear absorpti on of tra pped ato ms have been per-
form ed by T abosa et al. [2] wi th rubi dium and by Grison et al . [3] wi th cesium
ato m s. Studi es of absorpti on spectra of ato m s gathered in the tra p, but af ter
swi tchi ng the tra p beams o˜, were perf orm ed by Mi tsuna ga et al . [4], Li psich et
al . [5], and Chen et al . [6]. Four- wave m ixi ng (FW M) spectroscopy of atom s in a
MOT has started wi th the works of Louni s et al . [7, 8], and Hemm erich et al . [9]
and conti nued by T abosa et al . [10{ 12] and Lezama et al . [13].

Our aim is to establ ish m etho ds of a real - ti m e diagnostics of ato m s in a
wo rki ng MOT. W e have thus underta ken studi es of the nonl inear spectra wi th the
use of both absorpti on and FW M spectroscopy . The m easurem ents were perform ed
in the conÙgura ti on where the tra ppi ng beam s are present and play the ro le of
pum p. The quadrup ole magneti c Ùeld were neither swi tched o˜, i .e., the recorded
spectra characteri ze a wo rki ng MOT rather tha n an unp erturb ed cloud of cold
ato m s.

2. M agnet o-o pt ica l t r ap

Let us recal l bri eÛy the worki ng pri ncipl esof the m agneto -opti cal tra p (Fi g. 1).
Ato ms in a l ight Ùeld are subj ect to two ki nds of opti cal forces: the sponta neous or
l ight pressure force due to the gradient of the l ight Ùeld phase F S / r ` ( r ) and the
di po le force due to the gradi ent of the Ùeld am pl itude F D / r E (r ) . The two ki nds
of forces di ˜er in tha t one is di ssipati ve and the other reacti ve, they have di ˜erent
dependence on the l ight frequency around the ato m ic resonance l ine. A com bi-
nati on of six l ight beam s of frequency ¡ L , counter pro pagati ng along the three

Fig. 1. Scheme of the magneto- optical trap. Six light beams of circular polari zatio n

¥
+

=¥
À exert light- pressure force on atoms in the magnetic quadrup ole Ùeld B pro duced

by two coils of opposite current Ûow (thic k loops ).
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ortho gonal spati al di recti ons, and detuned by about 1{ 3 natura l wi dths À below
the atom ic tra nsiti on (red detuni ng) give a resulti ng force whi ch has a vi scous
character, F ( v) / À v. Thi s f orce cools ato m s and form s the so-cal led opti cal m o-
lasses.W hen quadrup ole m agneti c Ùeld is pro duced where the beam s are crossing
and proper circul ar polari zati on of the beam s is used, the force becomes positi on
dependent, F ( r ) / À r , and opti cal force pro vi des the restoring force needed to
form a tra p.

The cloud of cold ato m s stored in the MOT conta ins 1 0 6
À 1 0 8 ato ms and has

the size of a fracti on of a m m. The m axi mum density is l imited to
1 0 1 0

À 1 0 1 2 atom s/ cm 3 . The ki neti c tem perature of the ato m ic sampl e is of the
order of the Doppl er l im it tem perature whi ch is 0.1{ 1 m K. Thi s tem perature cor-
responds to the ato m ic vel ociti es of the order of 10 cm/ s. Even lower tem peratures
can be obta ined by sub-D oppl er cool ing af ter swi tchi ng the m agneti c Ùeld o˜.

The m ost importa nt feature of the ato ms in the tra p from the spectro scopy ' s
point of vi ew is tha t ato mic D oppl er wi dth is smaller tha n natura l wi dth of the
tra nsiti on used for cool ing the ato m s, Â D § À . Thi s consti tutes a sam ple of un-
usual absorpti on pro perti es where m any interesti ng e˜ects, norm al ly bl urred by
the Doppl er e˜ect, show up easily. Thi s sam ple possesses also some very interesti ng
characteri sti cs as a m edium for the wave-m ixi ng exp eriments. Since the D oppl er
wi dth is smal ler tha n the natura l wi dth, al l atom s contri bute to the signal , more-
over, for the alm ost immo bi le ato m s the \ grati ng washing" e˜ect [14] is strongly
reduced, whi ch al lows for relati vely big angles between the pum p and the probe
beam s. On the other hand, the num ber of ato m s and the size of the sampl e is
smal l , so the achi eved f our-wa ve mixing e£ ci ency reaches 1%. The slow decrease
in the signal due to the movement of the ato m s has been used by Mi tsuna ga et
al . [15] to measure the tem perature of the ato ms vi a the ti me-resolved four- wa ve
m ixi ng.

Our experim ent was perform ed wi th 8 5 Rb ato m s tra pped in a vapor- loaded
MOT. For the deta i ls of the tra p see [16]. The axi al gradi ent of the quadrup ole
m agneti c Ùeld was 6 Gs/ cm. The laser beams used for tra ppi ng had wa ist of
4 m m and carri ed the typi cal power I L = 14 mW =cm2 each. Thi s intensi ty was
vari ed in the exp eriment, whi ch resul ted in the changes of the numb er of stored
ato m s, the cloud density , and tem perature. The tra ppi ng laser was locked to the
ato m ic resonance and tuned below the frequency ¡ 3 À 4 of the cool ing tra nsi ti on
F g = 3 ! F e = 4 of the Rb D l ine wi th the use of an acousto-opti cal modul ator
(AOM). The actua l detuni ng £ = ¡ L À ¡ 3 4 was vari ed between { 6 and { 30 MHz ({ 1
to À 5 À ) in the experim ent. T o avoid the escape of atom s into the other hyp erÙne
ground level a weak repum pi ng beam , resonant wi th the F g = 2 ! F e = 3
tra nsiti on, was superimposed on the tra p. The m easured tem perature of ato m s in
the tra p was 0.75 m K for laser detuni ng of £ = À 2 À and for low tra ppi ng intensi ty
of 2.9 m W / cm in each beam . Thi s corresp onds well to the theo reti cal predi cti ons
of the tem perature for these param eters.
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3 . Wi d e scan

Our studi es were perf orm ed in a setup schemati zed in Fi g. 2. The six tra p
beam s acted as the pum p Ùeld. A weak beam of l inear polari zati on and of fre-
quency ¡ p was used as a probe of the tra pped ato m absorpti on or for induci ng the
FW M signal . The probe beam m ade an angle of about 2 0 £ to one of the tra ppi ng
beam s and wa s focused to a wa ist of 1 0 0 ñ m. D etector 1 (see Fi g. 2) recorded
the absorpti on spectrum and a beam spl i tter inserted in the probe beam directed
the generated phase-conj ugated beam (FW M beam ) to detecto r 2. The lock- in
detecti on scheme was used to im pro vethe signal -to -noise rati o in the wa ve-mixi ng
m easurements.

Fig. 2. Exp erimental setup illustrati ng the prob e b eam and two detectors. DET 1

records the absorption signal and DET 2 measures the intensity of the FW M b eam

reÛected from the beam splitter. T he dotted line indicates optional pump b eams used

in degenerate FWM measurements.

In the recordi ngs of the wi de scans of absorpti on and FW M, coveri ng al l
the l ines of tra nsi ti on f rom the F g = 3 ground state, we deri ved the probe beam
from a separate diode laser, tuned independentl y. As the relati ve frequency di ˜er-
ence between the pum p laser and the pro be laser was not contro l led there is an
addi ti onal bro adening of about 5 MHz in the spectra.

3.1. Absorpt ion

A typi cal plot o f an absorpti on spectrum is presented in Fi g. 3. It shows
absorpti on changes around al l al lowed hf s com ponents: F g = 3 ! F e = 2, 3,
and 4. Tho se associated wi th the 3 ! 2 and 3 ! 3 tra nsiti ons have a form of
asym m etri c doubl ets wi th one stro ng com ponent slightl y above the unp erturb ed
resonance frequency (bl ue-shifted) and one much weaker, red- shifted component.
In Fi g. 3, the red-shifted component of the F g = 3 ! F e = 2 doubl et is to o weak
to be resolved and can be seen onl y as a broadening of the low-frequency wi ng of
the absorpti on l ine. Aro und the 3 ! 4 hf s tra nsiti on, the absorpti on signal has a
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Fig. 3. A bsorption, wide scan over all hf s comp onents. The trapping laser is at ¡ L =

¡ 3À 4 À 12 MH z. Intensity of each trapping b eam is 14.4 mW /cm 2 .

Fig. 4. Energy levels of Rb atoms dressed by the strong coolin g beam for ¨ = 0 and

¨ 6= 0 . The resonant transitions in the dressed atom are indica ted. A weak perturbatio n

of levels F 2 and 3 is neglected in the Ùgure.

di stinct tri pl e structure consisting of two side bands: one showi ng the pro be gain
at the low- frequency side of ¡ and another, absorpti ve one on the bl ue side of
¡ plus a centra l feature at the pum p laser frequency ¡ . Al l these resonances
can be easily expl ained in term s of dressed ato m states (Fi g. 4).

3.2. F W M spectra

FW M spectra di ˜er stro ngly from the absorpti on signals. W hi le absorpti on
exhi bi ts vi sible resonances corresp ondi ng to al l al lowed hfs tra nsiti ons i rrespec-
ti vel y of the pum p beam frequency and power (in parti cul ar, even wi tho ut any
pum p beam an unp erturb ed D oppl er-f ree l inear absorpti on can be recorded), thi s
is not the case wi th the nonl inear FW M signals. W e have observed tha t wi th the
tra p beams kept at about 1 À below ¡ the wa ve m ixi ng occurs onl y when
the pro be is tuned cl ose to thi s tra nsi ti on. The absence of FW M at other hf s com -
ponents is due to very big detuni ng of the pum p beams f rom the resonance wi th
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the F g = 3 ! F e = 2, 3 tra nsiti ons. FW M is a highly nonl inear pro cess strongly
enhanced by tuni ng al l involv ed l ight beam s to resonance wi th appro pri a te inter-
m ediate ato m ic states. W hen the pum p frequency is cl oseto ¡ 3 À 4 , i t is to o far f rom
other hf s states to give a noti ceable contri buti on to the FW M at other tra nsiti ons.

In order to see the FW M signal at each al lowed hfs com ponent, we used
the techni que of degenerate FW M (D FW M). The second laser provi ded not onl y
a weak pro be beam but also two stro nger, counterpro pagati ng beam s acti ng as
addi ti onal pum ps. They were di rected onto the tra pped cloud under 1 : 6 £ angle
to the probe beam and about 2 0 £ to one of the tra ppi ng beam s. In thi s way, the
phase-conj ugated signals due to D FW M could be recorded for ato ms sim ulta ne-
ousl y i l lum inated by tra ppi ng beam s. Fi gure 5 shows a typi cal spectrum obta ined

Fig. 5. Degenerate four- w ave mixing signal , w ide scan over all hf s comp onents. T he

trapping laser is at ¡ L = ¡ 15: 7 MH z. I ntensity of each trapping beam is

14.4 mW/cm and of each addition al pump b eam is 0 : 7 mW =cm .

whi le scanni ng the second laser (the pro be and two addi ti onal pum p beam s) over
the F g = 3 ! F e = 2, 3, and 4 tra nsiti ons. DFW M signal occurs around each of the
hf s com ponents, sim i larl y to the absorpti on spectra of Fi g. 3. The intensi ty of the
addi ti onal counterpro pagati ng beam s was up to 0.70 m W / cm per each beam , i .e.,
m uch lesstha n the 14.4 m W / cm typi cal intensi ty of each of the tra p beam s. For
thi s reason, the presence of the addi ti onal beam s does not add m uch perturba ti on
to thi s al ready im posed by the tra p beams on the atom ic structure and dyna m ics.
W e have veri Ùed thi s by recordi ng the absorpti on spectra wi th these addi ti onal
beam s (no t shown here). Al m ost no distorti on of the spectra was seen except for
about 50% reducti on of the absorpti on depth. Mo st l ikely thi s reducti on was due
to addi ti onal satura ti on caused by m ore e£ ci ent opti cal pum pi ng by the two ex-
tra beam s. Thi s extra satura ti on reduces also resoluti on of the D FW M spectra. In
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parti cul ar, weak com ponents of the doubl ets in the 3 ! 2 and 3 ! 3 components
are now seen only as the l ine asymm etry . Apa rt from tha t, the resoluti on of the
wi de scans is l imited m ainly by the relati ve noise between two independent lasers.

4. Nar row scan

T o get better resoluti on around the tra ppi ng tra nsiti on we repeated the
scans but wi th the pro be laser locked to the tra ppi ng laser (inj ection locking).
W e used two AOMs to contro l the frequency of the probe laser: one tuna ble in a
doubl e passage to shi ft the frequency of the inj ected laser beam and thus to set
the probe frequency and one wi th Ùxed frequency. Thi s resulted in perf ect phase

Fig. 6. Scheme of the laser system. OI | optical isolator, A OM | acousto- optical

mo dulator, PD | photo dio de, Ñ /4 | quarter- w ave plate.

correl ati on between the pum p (tra p) and pro be beam s and al lowed recordi ng of
spectra l structures well below the 6 MHz natura l wi dth of the Rb l ines and even
below the laser l ine wi dth. The param eters of the AOMs l im ited the possible scan
range of about Ï 6 0 MHz around the pum p frequency ¡ 3 À 4 . The scheme of the
laser system is shown in Fi g. 6.

4.1. Absorpt ion

The high-resoluti on absorpti on spectrum of stro ngly dri ven cold ato m s is
presented in Fi g. 7. If we analyze the spectrum in term s of a dressed two- level
ato m in the vi cini ty of the strong pum p frequency we shoul d expect a tri pl et
structure consi sting of an absorpti ve feature close to ¡ 3 À 4 , of a three- pho ton gain
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feature close to 2 ¡ L À ¡ 3 À 4 , and of an asym m etri c com ponent at ¡ L . These AC
Sta rk e˜ect side bands should occur close to ¡ L Ï ¨ 0 , where ¨ 0 =

p

¨ 2 + £ 2

i s the general ized Rabi frequency for the laser detuni ng £ [17]. Our spectrum
resembl esroughly such a spectrum of a two- level dressed ato m . There are, however,
im porta nt di ˜erences. Fi rst, the centra l feature has m uch bigger am pl itude, smal ler
wi dth, and even a di ˜erent sign of asym metry tha n in the absorpti on spectrum
of two- level ato m s. It has a com plex sub-natura l structure. The second di ˜erence
concerns the absorpti ve and gain side bands, whi ch app ear m uch broader and are
not sym metri cal ly positi oned around ¡ L .

Fig. 7. A bsorption, narrow scan around the trapping laser frequency . T he trapping

laser is at ¡ L = ¡ 13 MH z. Intensity of each trapping beam is 6.4 mW/cm .

Pl ease note tha t the di ˜erence in shape of the centra l feature at ¡ L frequency
between the recordi ngs of Fi g. 3 and Fi g. 7 is due to the poor resoluti on of the
form er, obta ined wi th independent (unl ocked) probe laser. W e have veri Ùed tha t
thi s is indeed the cause: we have num erical ly averaged the spectrum of Fi g. 7 over
the 5 MHz relati ve j itter of the two lasers and obta ined a spectrum very closely
resembl ing the one in Fi g. 3, wi th shal low and inverted centra l feature.

The positi ons of side resonances show asym metry . W e note tha t the low-
- frequency, gain side band is m ore displ aced from ¡ L tha n the high- frequency,
absorpti on side band. There are tw o reasons for thi s: one is tha t our ato m is by
no means a two- level system . It has instead several Zeeman levels and a related
spread of dipole m oments of indi vi dual tra nsiti ons. The second reason is tha t there
exi sts spati al inhomogenei ty of the net tra ppi ng l ight Ùeld due to interf erence of
beam s intersecti ng in the tra p, whi ch involv es periodi c intensi ty and polarizati on
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Fig. 8. A bsorption spectrum due to four, Zeeman degenerate, tw o- level substructures

w ith di˜erent dip ol e moments. T he actual values of these moments corresp ond to the

Â m = 0 transition s in the rubidium F g = 3 ! F e = 4 line.

vari ati ons. Theref ore, even in the simpl est case when the local l ight polari zati ons
of the pum p and pro be Ùelds al low decom positi on of the dri ven tra nsiti on into
several two -level substructure s (equal circul ar or paral lel l inear polari zati ons), the
absorpti on spectrum is a superpositi on of several spectra of two - level subsystem s
characteri zed by di ˜erent dipole m om ents [5]. The crucial point is tha t the ab-
sorpti on and gain side bands show di˜erent am pl i tude dependence on the R abi
frequency. As the di pole m oment of the tra nsiti on increases, the gain side band
also increases but the absorpti on one satura tes. Thus, even i f the side-band posi-
ti ons wi thi n indi vi dual tri plet substructures are perf ectly sym m etri c, the resulti ng
superpositi on spectrum shows a clear asym m etry: the absorpti on side band is
shi fted to wards ¡ L , whi le the gain side band is shif ted to wards higher detuni ng. T o
show thi s e˜ect we have model led the absorpti on signal as a sum of contri buti ons
from di˜erent ¤ -polari zati on tra nsiti ons on the F g = 3 ! F e = 4 tra nsiti on in

Rb. The plot in Fi g. 8 shows the sam e behavi or as the exp erimenta l recordi ngs.

4.2. Four-wave mi xi ng

Fi gure 9 shows the spectrum of the near-degenerate four-wa ve m ixing in the
setup shown in Fi g. 2 wi tho ut the extra pum p beams. The spectrum has a narro w
centra l resonance and two side bands. These side bands have the same ori gin as
tho se seen in absorpti on spectra , i .e., AC Stark e˜ect, and should app ear close
to ¡ L Ï ¨ . The asym metry of side bands positi ons is opposite to the absorpti on
case: the low- frequency side band is closer to the pum p-laser frequency tha n the
hi gh- frequency one. Thi s asym metry cannot be caused by the di ˜erent intensi ty
dependence of the two side bands, as f or the two -level ato m the am pl itudes of both
FW M side bands scale in the same way [18] and thus the signal , whi ch is a sum of
two - level substructure s, rem ains sym m etri cal . Thi s holds also for more com pl icated
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Fig. 9. N ear-degenerate four- w ave mixing, narrow scan around the trapping laser fre-

quency . T he trapping laser is at ¡ L = ¡ 3 À 4 À 16 MH z. Intensity of each trapping b eam

is 14.4 mW/cm 2 .

polari zati on cases. W e attri bute the observed asym m etry to the inÛuence of the
AC Sta rk perturb ed absorpti on. In consequence, the resonant absorpti on shifts
the positi on of the blue side band m axi mum to wards hi gher frequenci es, as seen
in Fi g. 9.

5. Cen t r al r eson an ce

The centra l resonance appears for the pro be frequency being very close (of
the order of a few MHz) to the frequency of the tra p (pum p) laser. It di ˜ers
signiÙcantl y from the case of a dressed two- level m odel , whi ch predi cts a di spersive
shape of wi dth À , whi le the actual exp eriment gives a more compl icated shape.
The spectra of Fi g. 7 show al ready tha t the resonance wi dth is below the natura l
wi dth À , and i ts asymm etry is reversed. An even narrower scan presented in Fi g. 10
shows a substructure wi th resonances a few hundred ki lohertz apart. Pl ease note
tha t to record such a narro w structure i t wa s necessary to use the probe laser
inj ection locked to the pum p laser and tuned wi th acousto-opti cal m odul ato rs.

Let us consider the situa ti on of the ¤ -polari zed pum p beam and the ¥ -polar-
ized pro be. D istances between the resonances corresp ond to the spacing between
the l ight- shi fted magneti c sublevels of the ground state. The resonances resul t
from the R aman tra nsiti ons inv olvi ng pum p and probe photo ns as suggested in [3]
(Fi g. 11). D ue to the di ˜erences in popul ati on of the subl evels, the pro be beam is
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Fig. 10. A bsorption signal show ing only the central resonance of Fig. 7. T he trapping

laser is at ¡ L = ¡ 3 À 4 À 14 MH z. Intensity of each trapping beam is 14 mW/cm 2 .

Fig. 11. Scheme of the Raman transitions for the Zeeman sublevels of the F g = 3

ground level. Degeneracy of the sublevels is lif ted by the light- shif t e˜ect due to the

strong pump (trapping) Ùeld. T hick arrow s represent Â m = 0 transition s caused by the

pump Ùeld, thin arrow s represent m transitions induced by the prob e Ùeld.

am pl iÙed (f or positi ve detuni ng) or absorb ed (f or negati ve detuni ng). The positi ons
of the Ram an resonances depend on the pum p l ight intensi ty and on the rel evant
Cl ebsch{ Gordan (C{ G) coe£ cients. The resonances of Fi g. 10 have been associ-
ated wi th the tra nsiti ons between states and | reso-
nances and , respectively, and tra nsiti ons and |
resonance and i ts barely vi sibl e counterpa rt . W i th the increase in the pum p in-
tensi ty the l ight shif t increasesas for low perturba ti on, when ,
or linearl y wi th for stro ng Ùelds, when . The pl ot of frequency
of the resonance vs. the frequency of should be a stra ight l ine of slope given
by the rati o of the C{ G coe£ cients (l ow perturba ti on) or by the square of the
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coe£ cients (stro ng perturba ti on). For rubi dium atom s and the studi ed tra nsi ti on
the two l im iti ng cases of low and strong perturba ti on give 3 and 3.22, respectively.
The plot of Fi g. 12 shows our exp erimenta l points whi ch Ùt the stra ight l ine wi th
slope 3.16, correspondi ng well to the value calculated for the range of intensi ti es
used in the experim ent. Thi s pro ves tha t the observed resonances are indeed the
tra nsiti ons between l ight- shifted magneti c subl evels.

Fig. 12. Relative p ositio n of the comp onents of the central resonance: position of the c

resonance vs. the one of a and b. T he two broken lines show two limitin g cases: of w eak

Ùeld limit, w hen light shif ts scale as ¨ 2
= £, and of strong Ùeld limit, when light shif ts

b ecome prop ortional to ¨ . T he solid line is a linear Ùt to the experimental points w ith

slop e 3: 1 6 Ï 0: 08 . T he pump beam detuning is {14 MH z.

W e have recorded also the four- wa ve m ixi ng spectra around the tra p laser
frequency simul ta neousl y wi th the absorpti on (Fi g. 13). The FW M signal exhi bi ts
very narro w resonances at a di stance of a few hundred ki lohertz from the pum p
laser frequency tha t are barely vi sible in the absorpti on spectrum . One of the
possible expl anati ons of these resonances is the e˜ect of opti cal latti ces (see the
revi ew paper [19]). Six tra ppi ng beam s create a periodic spati al modulati on of
intensi ty and/ or polari zati on of the l ight Ùeld. Thus created dipole forces act on
ato m s and at low enough tem perature of the ato ms m ay lead to thei r local izati on
in the minim a of the potenti al and to the quanti zati on of ato mic moti on. Assum ing
a harm onic potenti al , the vi brati onal ato mic energy levels are equal ly spaced by a
few hundred ki lohertz. As the probabi l i ty of tunnel l ing of the local ized ato m to the
neighbori ng site is low, one can observe Ram an tra nsi ti ons between the vi bra ti onal
energy levels pro duci ng very narro w resonances.
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Fig. 13. Central resonance in absorption (top) and FWM spectra (bottom) recorded

simultaneousl y.

Ano ther e˜ect tha t m ight show up in the signals is the recoil resonance [20].
It resul ts from the mom entum tra nsfer between ato m s and photo ns of the pum p
and pro be beam s. It has a quasi-dispersive shape of the Gauss curve derivati ve.
Its wi dth app ears to be comparable to the wi dth of the above discussed Ram an
resonances due to tra nsiti ons between vi bra ti onal energy levels of ato m s local ized
in opti cal latti cesand of the sam eorder as the experim enta l ly observed resonances.
Thi s m akes the di scrim inati on of parti cul ar com ponents di£ cult.

As noted above, the well -resolved resonances vi sibl e in the four- wave m ixi ng
spectra of Fi g. 13 can only be noti ced as subtl e ki nks in the shape of absorpti on
signal . Thi s pro ves the superior sensiti vi ty of the wa ve m ixi ng as compared to
absorpti on in the studi es of opti cal latti ces. Neverthel ess, onl y the sim ul ta neous
recordi ng of absorpti on and FW M spectra gives a compl ete inform atio n on the be-
havi or of atom s in the MOT. Som e of the f eatures of the experim ental ly observed
spectra can be expl ained by the invoked theo ry , the others are sti l l unexpl ained.
In parti cul ar, i t is noti ceabl e tha t there is no ful l analogy in the positi ons of reso-
nances in absorpti on and FW M spectra : al tho ugh the two processeshave di ˜erent
characters, the resonance condi ti on should be the same in both cases. The ful l
dependence of the signal shape on the probe polari zati on deserve further studi es
as well as the ro le of the m agneti c Ùeld of the tra p.
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6 . Co n cl usion s

In thi s work we have studi ed cold ato m s in the worki ng m agneto-opti cal
tra p by the nonl inear spectroscopy m etho ds. The absorpti on and four- wa vem ixi ng
spectra have been recorded. The ori gins of the asym metry of the AC Stark e˜ect
side bands have been discussed and attri buted to the mul ti level structure and
spati al inhom ogeneity of the Ùeld in the case of absorpti on and to the inÛuence
of absorpti on in the FW M case. The physi cal e˜ects responsible for the centra l
resonance have been presented. W e have noted the di ˜erences in the sensiti vi ty of
absorpti on and four- wa ve m ixi ng.

No nl inear spectra of tra pped ato m s form a very useful di agnosti cs metho d
of the tra p condi ti ons. The FW M spectroscopy appears here m ost suita ble. It
is less a˜ected by the m ul til evel ato m ic structure and al lows a more accurate
determ inati on of the strength of the l ight Ùeld intera cti on. Mo reover, FW M spectra
reveal very subtl e e˜ects related to opti cal latti ces and atom ic recoi l.
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