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Abstract Techniques t o  s lowand  t rap  neut ra l  atoms a t  h igh  dens i t i es  
w i t h  r a d i a t i v e  forces a re  discussed i n  t h i s  review a r t i c l e .  I t isshown 
tha t  the  r a d i a t i v e  f o r c e  on an atomic system has two components, one 
coming from the rnomentum t ransfer red from the photon t o  the a tom and 
the  o the r  resu l  t i n g  f rom the  i n t e r a c t i o n  o f  the  t r a n s i  t i on  d i po 1 e mo- 
ment w i t h  the r a d i a t i o n  f i e l d  gradient .  Among several methods o f  l ase r  
cool ing,  we emphasize Zeeman tuning o f  t he  e l e c t r o n i c  l e v e l s  and f r e -  
quency-sweeping techniques. Trapping o f  neut ra l  atoms i s  ano t h e r  i n-  
t e r e s t i n g  sub jec t  discussed i n  t h i s  review. We present recent r e s u l  t s  
obtained i n  l i g h t  and magnetic t raps.  F i n a l l y ,  techniques t o  f u r t h e r  
c001 atoms ins ide  t raps are  presented and the f u t u r e  of  laser  c o o l  i ng 
o f  neut ra l  atoms by means o f  r a d i a t i o n  pressure i s  discussed. 

1. INTRODUCTION 

The development o f  techniques t o , t r a p  and c001 ions has re- 
1- 4  

vo lu t i on i zed  atomic physics dur ing the l a s t  decade . The a b i l i t y  t o  

i s o l a t e  a s i n g l e  ion  and recuce i t s  thermal motion t o  o n l y a f e w  m i l l i -  

Ke l v in  o f  temperature a1 lows the suppression o f  the f i r s t  and second 

order Doppler s h i f t s ,  y i e l d i n g  spectroscopic measurements and t imestan-  

dards of  unprecedented accuracy. 

The advent o f  several successful exper iments demons t r a  t i ng  

coo l i ng  o f  trapped ions suggested the  p o s s i b i l i t y  o f  doing the same f o r  

neut ra l  atoms. The neu t ra l  character o f  trapped species opens a new 

door i n  the study o f  e f f e c t s  where h igh  dens i t ies ,  no t  achievable w i t h  

ions, a re  useful o r  necessary, such as i n  u l t r a c o l d  atomic c o l l i s i o n s  

and c o l l e c t i v e  quantum e f fec ts .  Moreover, coo l i ng  and t rapp ing o f  neu- 

t r a l  atoms w i l l  make spectroscopic measurements easier. Substant ia l  im-  

provements i n  the accuracy o f  atomic c locks  and measurements o f  funda- 

mental constants a re  u l  t ima te l y  feas ib le .  The poss ib i  1 i t y  of studying 

c o l l i s i o n s  w i t h  slow atoms w i l l  p rov ide the i nves t i ga to r  w i t h  a b e t t e r  

understanding o f  atomic forces and chemical bonds between atoms. A t  
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high densi t i es ,  wave packets representing the atoms s t a r t  to  over lap 

i n  such a way that  quantum e f f ec t s  should manifest thernselves. For a 

system o f  bosons, the phase t r ans i t i on  knwn  as Bose-Einstein conden- 

sat ion should be observed, demnstrat ing a very impor tantpred ic t ionof  

Quantum S ta t i s t i c s .  

I n  the 1as t . f i ve  years a number o f  experiments on the cool ing 

o f  atomic beams have been performed u i t h  d i f f e r e n t  approaches. Pulsed 

stomic beam decelerat ion due to  laser  rad ia t ion  was f i r s t  reported i n  

1980 i n  an experiment where the laser frequency was scanned t o  compen- 

sate f o r  the reduct ion o f  the atomic ve loc i ty5.  Further improvement of 

t h i s  method has ailowed be t te r  decelerat ion o f  atomic beams6". 

The development o f  a scherne t o  produce a continuous f low of 

cold atoms occured i n  1982, when a group frm the National Bureau of 

~ tandards  (NBS) i n  Gai thersburg was able to  change t h e  a tomi  C reson- 

ance f requency i n  synchronism wi t h  the reduction o f  the ve loc i  ty
8
. I n  

t h i s  technique, the atomic f requency  i s  changed by means o f  an 

inhomogeneous magnetic f i e l d  and the laser  frequency i s  kept constant. 

One o f  the most in te res t ing  appl icat ions f o i  s l ow  atoms i s  

trapping. The f i r s t  observation o f  trapped atoms occurred i n  1985 when 

a pulse o f  co ld  atoms was used to  load a magnetic trap9. I n  that  ex- 

periment, about l o 3  atoms were trapped i n  a volume o f  30 cm3 f o r  about 

0.8 s, but  the temperature o f  the atoms was not measured. Recently, a 

group f rom MIT was ab le t o  increase the trapping time t o  6 minutes, ac- 

cumulating up t o  10' atoms ins ide a t rap  whose volume was about 60 cm3 

and the temperature o f  the trapped atoms was estimated t o  be 10 mK ' O .  

I n  experiments using op t i ca l  t raps 11, densi t ies  as h igh as 10 " atoms 

per cubic centimeter and temperatures as l ow  as 240 l.iK have been 

achieved. 

This paper aims to  c r i t i c a l l y  revfew the current e f fo r t s  t o  

achieve very co ld  atoms a t  h igh densi t tes. We s t a r t  bypresent ingbasic 

equations describing the in te rac t ion  between atom and rad ia t ion.  This 

i s  done i n  sect ion 2. Section 3 repor ts  on the techniques used up t o  

now t o  slow neutra1 atoms and the experimental problems re la ted to  the 

cool ing process. Magnetic and l i g h t  traps f o r  these co ld  atoms are d is-  

cussed i n  sect ion 4 .  Techniques t o  fu r the r  c001 the atoms ins ide traps 



Revista Brasileira de Física, Vol. 18, no 3, 1988 

and the  f u t u r e  o f  l ase r  coo l i ng  a re  discussed respec t i ve l y  i n  sec t ions  

5 and 6. 

2. RADIATIVE FORCES 

The forces  exerted on an atomic system due t o  i n t e r a c t i o n  w i th  

r a d i a t i o n  can be c l a s s i f i e d  i n t o  two groups: spontaneous and induced 

forces.  The spontaneous fo rces  o r i g i n a t e  from the  mmentum t rans fe r red  

dur ing  the  photon absorpt ion.  Each photon absorbed o r  emi t t e d  dur ing  a  

t r a n ç i t i o n  t rans fe rs  a  momentum d t o  the atom i n  a  t ime t h a t  depends 

on the l ase r  i n t e n s i t y ,  l ase r  detuning and exc i t ed  s t a t e  l i f e t i m e .  The 

rnaximum spontaneous f o r c e  occurs when the atom i s  pumped above satu- 

r a t i o n  and i t  i s  p ropo r t i ona l  t o  fix/2.r, where .r i s  the exc i t ed  s t a t e  

l i f e t i m e .  The induced fo rce  comes from the i n t e r a c t i o n  o f  the induced 

e l e c t r i c  d i p o l e  dur ing  the e l e c t r o n i c  t r a n s i t i o n  w i t h  grad ients  i n  the 

r a d i a t i o n  i n t e n s i t y .  The usual approach used t o  c a l c u l a t e  r a d i a t i v e  

forces cons i s t s  i n  t r e a t i n g  the atom as a  two-leve1 quantum system and 

the r a d i a t i o n  as a  c l a s s i c a l  e lectromagnet ic f i e l d .  L e t  us assume t h a t  
+ 

an electromagnet ic f i e l d  o f  p o l a r i z a t i o n  e and ampl i tude 

i n t e r a c t s  w i t h  a  two-leve1 atom located a t  

2. Usi ng the  Heisenberg representa t ion  and 

can show t h a t  the fo rce  on the atom due t o  

a t i o n  i s  g iven by 

+ 
p o s i t i o n  R and w i t h  v e l o c i t y  

Ehrenf esta s theorem one 

the  i n t e r a c t i o n  wi t h  rad i -  

3 = <c.& V E ( ~ ,  t) (2) 

-+ 
where Fi i s  the e l e c t r i c  d i p o l e  opera tor .  A f t e r  some ma themat  i c a l  ma- 

n ipu la t i on13 -15  we ge t  

where 
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i s  the Rabi frequency, 

A = y  w 
o 

i s  the  detuning between the l ase r  f requency and t he  a tom i c resonance 

f requency 

w, = ( E , - E ~  , 

A i s  E i n s t e i n ' s  A coe f f  i c i e n t  ( f o r  a two-leve1 atom i t  a l so  represents 

the 1 inewidth) and O i s  the  phase o f  the  wave de f  ined i n  eq. (1). We 

can s i n g l e  o u t  two con t r i bu t i ons  from the above expression: the  grad i -  

ent  o f  the phase stands f o r  the  spontaneous fo rce  and the grad ient  o f  

the i n tens i  t y  (3' a I n tens i  t y )  represents the induced force.  

Eq. (3) holds f o r  any e x c i t a t i o n  f i e l d .  For the sake o f  sim- 

p l i c i t y ,  we w i l l  consider o n l y  the case o f  a plane wave. With t h i s  as- 

sumption we may w r i t e  
-+ -+ -i 3 -+ 
E(R,t) = E,e cos (k.R - wLt) , 

the Rabi frequency 

n = pEo/h 

i s  a constant and the phase i s  
3 o = -h? 

Under these condi t i ons  eq. (3 )  becomes 

which has a s a t u r a t i o n  value a t  Akk /2 .  This sa tu ra t i on  i n  the spon- 

taneous f o r c e  was expected s ince the atom cannot cyc le  f a s t e r  than A / &  

which corresponds to  having i t h a l f  o f  the t ime i n  the exc i ted s t a t e  

and h a l f  o f  the t ime i n  the ground s ta te .  The knowledge of  the satu- 

r a t i o n  valu'e i s  very important  s ince i t determines the  minirnurn distance 

f o r  an e f f e c t i v e  dece lera t ion  t o  take place. 

The f i r s t  term i n  the denominator i s  v e l o c i  t y  dependent and, 

as the atom slows down, i t represents a changing Doppler s h i f t which 
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sets the atom out  o f  resonance. I n  order t o  keep the atom resonant w i th  

the laser beam, the Doppler s h i f t  has to  be compensa t e d  e i t h e r  by 

changing the laser o r  the atom frequency. The way o f  doing t h i s  i s  de- 

scribed i n  the next section. 

3. METHODS OF SLOWING ATOMS 

The use o f  rad ia t ion  pressure to  modify the ve l oc i t y  o f  atoms 

has a long h is tory16.  The f i r s t  authors t o  propose the useof  rad ia t ion  

pressure f o r  the c001 ing o f  a gaseous sample were Hansch and ~chawlow". 

The absorption o f  a photon from a quasi-resonant laser beam produces a 
-+ 

ve loc i  t y  change, i n  an atom wi t h  mass M, given by AV = h h '  (= 3 cm / s 

f o r  the D, 1 ine o f  sodium) which has the same d i rec t ion  as the incident 

beam. The spontaneously re- radiated photon w i l l  change the ve loc i  t y  of 

the atoms by the same amount, bu t  i n  a random di rect ion.  I fweconsider  

severa1 cycles o f  absorption and emission, there i s  none tcon t r ibu t ion  

t o  the ve loc i t y  coming from spontaneous emission,but there i s  one from 

absorption. The process i s  represented i n  f ig .1 .  

F i g . 1  - A b s o r p t  i on- em iss  i o n  
cycles i n  momentum space f o r  a 

v\\ resonant atom i n  a laser beam. 
LASER '\ The f u l l  l i n e  represents themo- 
4&%- 

I f - 7  

' 5 7 1  mentum change a f t e r  the absorp- 
t i o n  wh i  l e  t h e  dashed 1 i n e  

8 A P stands f o r  t h e  change a f t e r  
spontaneous emission. AP i s  the 
net  momentum t ransfer red t o  the 
atom. 

Absorption fol lowed by stimulated emission has no e f f e c t  on 

the atomic ve l oc i t y  since absorption and emission i n  t h i s  case occur 

i n  the same d i rect ion.  However, the existence o f  a gradient i n  the am- 

p l  i tude o f  the wave generates a force during the stimulated p r o c e s s  

(cal l ed  induced, d ipo le  o r  gradient force). 

The spontaneous force associated t o  the momentum change rep- 

resented i n  f i g .  1 can be used to  decelerate atoms. Shining a laser 

against the propagation o f  an atomic beam one i s  able to  reduce the 
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ve loc i t y  o f  the atoms during the absorption, despite the net heat ing 

due t o  the s t a t i s t i c a l  nature o f  the emission.Letusconsider a typ ica l  

thermal (T - 1000K) sodium beam. The maximum o f  the ve loc i  t y  d i  s t r  i - 
but ion i s  a t  about 100 m/s. Since each photon w i l l  reduce the ve l oc i t y  

by AV = 3 c d s ,  the number o f  required scat ter ing events t o  b r ing  an 

atom t o  res t  i s  VJAV 33,000. At t h i s  po in t  we f ind the f i r s t  exper- 

imental problem. Since the laser frequency i s  f ixed, there w i l l  be a 

changing Doppler s h i f  t as the atom s ta r t s  to slow dom and i t  w i l l  

scat ter  on ly  a few photons before going out  o f  resonance. The Doppler 

s h i f t  i n  the case where the atomic ve loc i t y  and the photonmmentumare 

an t i pa ra l l e l  i s  given by 

where WL i s the laser f requency, w;/ the laser  f requency i n  the 

res t  frame and c the speed o f  1 i gh t .  Therefore, the atom sees the 

l i g h t  blue sh i f ted.  To a f i r s t  approximation, t h i s  s h i f t  i s  given 

W 
&,=& 

C 

a tom 

1 aser 

1 by 

We expect successive absorptions t o  occur (a t  a f a s t  rate) un t i  1 

change i n  frequency due to  the Doppler s h i f  t ir o f  the order of  

the 

the 

natural  l inewidth. For sodium, the natural 1 inewidth i s  A = 6.8 x 10' 

rad/s, meaning a va r i a t i on  of ve loc i  t y  o f  589 cm/s before the atom goes 

ou t  o f  resonance. This impl ies that  a f t e r  the absorption o f  about 200 

photons, the changing Doppler s h i f t  has swept through the natural  l i ne -  

width and the atom f a l l s  out  o f  resonance. I f  we would wai t  f o r  a long 

time the atom could absorb more photons,but t h i s  creates an experimental 

problem because i t  involves too long an in te rac t ion  region. I n  con- 

clusion, the number o f  photons scattered w i l l  be a small f rac t ion  o f  

the t o t a l  number needed f o r  an appreciable decel erat ion. 

I n  order to  keep the atom i n  resonance w i t h  the radiat iondur- 

ing the whole process, i t  i s  required that  the laser frequency i n  the 

r es t  frame of the atom be always close t o  w,. To keep the condi t ion 

w o  ' LILdl;(l + v/c) 
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v a l i d  as v changes, i t  i s  necessary to  change e i the r  w ,  o r  the laser 

frequency wL. The choice between these two p o s s i b i l i t i e s  o r i g i n a t e s  

the two avai lab le  methods o f  slowing an atomic beam whicharedescribed 

bel  ow. 

a) Spat ial  Zeeman tuned technique8 

This technique uses a s p a t i a l l y  varying magnetic f i e l d  t o  

change the resonance frequency w o  i n  such a way that  the Zeeman s h i f t  

compensates any change i n  the ve loc i t y .  I n  the presence o f  a magnetic 

f i e l d  B, the resonance frequency o f  the atom i s  given by 

where Y i s  a constant and the l i n e a r i t y  o f  the Zeeman s h i f t  can be ar-  

ranged by se lect ing a speci f  i c  atomic leve l .  For Na we have to  cycle 

the atom between the leve ls  3s ( F =  2, MF=2) and 3P3/2 (F= 3, MF= 31, 
1 /2  

using c i r c u l a r l y  polar ized 1 ight .  Comparing w ( z )  w i  t h  t h e  Doppler 

shi  f ted laser f requency, we have the matchi ng condi t ion between vel-  

o c i t y  and B- f ie ld  a t  each po in t  z 

The atomic ve loc i t y  as a funct ion o f  z i s  given by 

where v0 i s  the i n i t i a l  veloc 

Substi t u t i ng  eq. (8) i nto eq.(9), 

Doppler s h i f t  a t  any po in t  i s  

i t y  and a i s  the  decelerat ion o f  the atom. 

the magnetic f i e ld  which compensates the 

where 
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The dece lera t ion  a cannot take any value; i t  has a maximum 

allowed va lue which corresponds t o  the maximum t r a n s i t i o n  ra te ,  i .e., 

amax 
= (1/2)hk A/M. I f  a system i s  designed t o  operate w i t h  a > a max' 

the atom w i l l  no t  be ab le  t o  f o l l o w  the magnetic f i e l d  p r o f i l e ,  s ince 

i t  cannot cyc le  between the ground and the  exc i ted  s ta tes  f a s t e r  than 

A/2. B ,  corresponds t o  the f i e l d  which produces a Zeeman s h i f  t equal 

t o  the Doppler s h i f t  f o r  atoms trave1 1 ing a t  v o .  The d is tance necessary 

t o  s top an atom w i t h  V, i s  l /B .  Atoms moving f a s t e r  than uo a r e n o t  a f -  

fected a t  a l l ,  w h i l e  slower atoms s t a r t  t o  be a f fec ted  when the f i e l d  

has the co r rec t  s t reng th  t o  compensate t h e i r  Doppler s h i f t .  I n  c o n -  

c lus ion,  a11 atoms w i l l  have the  same v e l o c i t y  a t  each p o i n t  along the  

t r a j e c t o r y  a f  t e r  they reaçh the resonance condi t ion. Due to  t h i  s feature,  

a1 1 atoms are  brought t o  r e s t  a t  the same place. The f i r s t  group t o  re- 

p o r t  successful use o f  t he  Spa t ia l  Zeeman tuned technique was thegroup 

f rom NBS-Gai thersburg . Thei r experimental set-up i s  s h w n  i n  f ig.2. 

SOLENOID 

Fig.2 - Schematic view o f  t he  l ase r  
coo l i ng  experiment o f  P h i l i p s  e t  

B- FIELD I aZ8. 

I n  th i ç '  technique, the  magnetic f i e l d  i s  provided by aso leno id  

wound w i t h  more turns  i n  the region c l o s e t o  the atomicsource, y i e l d i n g  

a magnetic f i e l d  w i t h  the p r o f i l e  g iven by eq. ( 1 0 ) .  A t y p i c a l  resu l t18  

o f  the  Zeeman coo l ing  scheme i s  depicted i n  f i g .  3. The dashed curve 

shows the o r i g ina1  v e l o c i t y  d i s t r i b u t i o n  when the laser  i s  o f f .  A f t e r  

t u rn ing  the l ase r  on, f a s t e r  atoms a re  decelerated i n t o  a narrow ve l-  

ocity group as seen i n  the f u l l  l i n e  curve. 

The ne t  atomic v e l o c i t y  change i s  es tab l ished by the rnagnetic 

f i e l d  p r o f i l e .  F o r a g i v e n  f i e l d  d i s t r i b u t i o n  the  i n i t i a l  a n d f i n a l  ve l -  

o c i  t i e s  can be chosen by vary ing the c001 ing laoer  detuning. Fig.  4 
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shows a number o f  cornpressed ve loc i t y  d i s t r i bu t i ons  obtained w i t h  sev- 

era1 detuningsl'. 

Fig.3 - Veloci t y  bunchi ng observed Fig.4 - Laser- coo 1 ed ve loc i  t y  
i n  the o r i g i na l  v e l o c i  t y  d i s t r i -  d i s t r i bu t i ons  f o r  d i f f e r e n t  
but ion w i  t h  t h e  s p a t i a l  Zeeman laser tunnings. Thehighest ve l -  
technique. o c i t y  resonant w i t h  the laser  

i n each case i s  indicated by the 
arrows. Trace (g) i s  the un- 
cooled ve loc i t y  d i s t r i bu t i on .  

b) Frequency-sweepi ng technique 

The f i r s t  proposal forscanning the laser frequency i n  order to  

compensate the changing Doppler sh i f  t when the atomic beam slows down 

was made by Letokhov and ~i nogi n2'. Because the laser must sweep qu i c k l  y 

and over a large range (- 2 GHz f o r  Na), t h i s  technique i s  known as 

frequency chirping6.  

The ve loc i t y  of a slowing atom, expressed as a funct ion o f i t s  

chang i ng trans i t ion f requency , can be ob ta i ned f rom eq. (5) 
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where the resonance frequency w o  i s  now kept  constant, and both  ve l -  

o c i  t y  and laser  frequency are  t ime dependent. The change i n  v e l o c i  t y  

i s  g iven by the d e r i v a t i v e  o f  eq. (1 1) w i t h  respect t o  time. On the  

o ther  hand, the change i n  v e l o c i t y  o f  a two-leve1 system due t o  the 

momentum t rans fe r red  dur ing the  absorpt ion i s  g iven by 

provided t h a t  t he  laser  i n tens i  t y  i s  h igh  enough t o  sa tu ra te  the t ran- 

s i  t i on .  I n  order  t o  determine the t ime dependence a t  w L ( t )  and ~ ( t ) ,  
we so lve the r e s u l t i n g  d i f f e r e n t i a l  equation 

The s o l u t i o n  o f  eq.(13) i s  

where ws denotes an i n i t i a l l y  g iven s t a r t i n g  frequency. I f  we consider 

Na, w i t h  3SIl2 + 3P 
3 / 2  

being the  c001 ing t rans i  t ion ,  we get  a= 3x10-7s. 

The stopping t ime i s  1 ms f o r  atoms wi  t h  an i n i t i a l  v e l o c i t y  o f  1000nJs 

Comparing t h i s  t ime wi t h  a , we see t h a t  the exponential behaviour o f  

the  frequency can be almost e n t i  r e l y  replaced by a 1 i nea r a p p r o x i  - 
mation. So, the l ase r  frequency var ies  as 

Due t o  the frequency scan and the correspond i ng decel era t ion, 

a1 1 v e l o c i t i e s  less than the s t a r t i n g  v e l o c i t y  (vs = c ( l  - us/u,,)) w i l l  

u l  t imate l  y come i n to  resonance and wi  1 1  j o i n  the group of already slowed 

atoms. The bas ic  idea i s  represented i n  f i g .  5, 
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LASER 
-vvb 

Fig.5 - Diagramof the l ase r  
cool-ing t e c h n i q u e  u s i  ng 
frequency-sweeping. 

time 

Severa1 groups have a1 ready used the frequency chirping tech- 

n i q u e ~ s u c c e s s f u l l y .  Work w i t h  sodium has been performed by  two i n d e -  

pendent groups a t  ~ B s - B o u l d e r ~  and a t  USSR-~oscow~ ' .  Experimental re-  

su l  t s  achieved by the former group a re  presented i n  f ig.6. This tech- 

nique has a l so  been used by Watts and Wieman w i t h  a d iode laser  and a 

beam o f  cesium a t ~ m s ~ ~ .  Recentl y ,  the  decel e r a t i o n  o f  a Rb beam wi t h  

t h i s  technique has been reported2 
3 .  

The d isadvantage o f  the frequency chirping techn ique 1 i es  i n  

i t s  pulsed nature  which r e s u l t s  i n  a small number o f  slow atoms pro- 

duced per u n i t  time. 

c )  Other techniques 

Although the  dece lera t ion  o f  an atomic beam using frequency 

c h i r p i n g  o r  Zeeman tun ing have both been used successfu l ly  t o  overcorne 

the changing Doppler s h i f t ,  o the r  methods a r e  a l s o  possib le.  One can 

use a white l i g h t  source ra the r  than a s i n g l e  frequency l ase r .  The op- 

t i c a l  spectrum o f  such a source must cover the e n t i r e  Dopp le rw id th  o f  

the atomic beam. I n  t h i s  way, regardless o f  the atom v e l o c i t y ,  there  

i s  always some l i g h t  resonant w i t h  i t  t o  produce dece lera t ion .  Such a 

source can be a mul ti-mode l ase rZ4 .  The requ i red  power has t o  be higher 
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A,. Fig.6 - Experimental resul  t s  o f  the 
frequency chirping techníque app l ied  
t o  sodium. Trace (a] represents the 
atomic beam v e l o c i t y  d i s t r i b u t i o n  
when the coo l ing  laser  i f  of f .Traces 
(b) and (c)  show slow atoms produced 
f o r  two d i f f e r e n t  frequency sweeping 

than f o r  the o the r  techniques, s ince the laser  must prov ide sa tu ra t i on  

i n tens i  t y  i n  each o f  the modes separated by about one natura l  1 inewidth 

and extending over the Doppler width.  For Na atoms t h i s  i s  about 200 

modes. The tlhite l i g h t  technique provides no s p a t i a l  compression o f t h e  

atoms; a11 v e l o c i t y  groups decelerate a t  the  same r a t e  f o r  a l l  po in t s  

i n  space. 

Another poss ib i  1 i t y  f o r  overcoming the chang i ng Doppl e r  s h i f  t 

i s  a v a r i a t i o n  on the Zeeman tuning technique. The magnetic f i e l d  can 

be uni form i n  space bu t  modulated i n  t ime '9 '25.  This requires a rap id  

change i n  magnetic f i e l d ,  which i s  an experimental problem, bu t  i t  has 

the advantage o f  being ab le  to  decelerate d i f f e r e n t  k inds o f  atoms by 

modulating a t  d i f f e r e n t  ra tes .  

d) The o p t i c a l  pumping problem 

During the coo l ing  process, the changing Doppler s h i f t  i s  not  

the o n l y  d i f f i c u l t y  t ha t  we face. Since the atom i s  n o t a  r e a l  two- 

leve1 system, o p t i c a l  pumping i s  another important problem t o  be con- 

sidered. I n  order to  analyse t h i s  s i t u a t i o n ,  l e t  us consider a Na atom, 

whose re levant  energy l eve l s  a re  shown i n  f i g .7 .  
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Fig.7 - Hyperf i ne  s t ructure o f  the relevant 
e lect ron ic  leve ls  o f  Na. 

I f  we choose the c001 i n g  p r o c e s s  t o  t a k e  p l a c e  s h i f t  i s  

SI/ , (~=2)  + P,, , ( ~ = 2 )  t rans i  t ion,  a f t e r  the f i r s t  exci t a t i on  the sys- 

tem can a lso decay to  the S &=I) s t a t e  and the laser  cannot reexci te 
1 / 2  

the atom because i t  i s  too f a r  out  o f  resonance (about 170 l inewidths). 

This makes i t  impossible f o r  the atoms to  scat ter  the necessary number 

of photons to  decel erate  s igni f  icantl y .  

If the i n i t i a l  exc i ta t ion  I s  3 S l I 2 ( ~ = 2 )  -+ 3 P 3 / 2  (F= 31, the 

e l e c t r i c  d ipo le  se lect ion r u l e  f o r  F (  F = t1,O) w i l l  d r i ve  t h e  atom 

back to  F=2 and the system can be eas i l y  reexcited. The 3 P 3 / 2  ( ~ = 2 )  

s ta te  i s  on ly  60 MHz away from the F=3 state, which can lead to o f f -  

r e s o n a n t  exc i t a t i on  ou t  o f  the 3s (F=2) leve l .  For e v e r y  few 
1 / 2  

hundred exci ta t ions t o  the F = 3  level  , one exci t a t i on  to  F=2 i s  expected 

and a f  t e r  that, the atom may decay to  the 3 S 1 / ,  (F=l) state,  end ing the 

absorption process. I n  t h i s  way, op t i ca l  pumping 1 imi ts  t h e  c001 i ng 

process as much as the changing Doppler s h i f t  does. 

The f i r s t  obvious so lu t ion t o  t h i s  problem i s  the use of an 

auxi 1 i a r y  laser tuned t o  the 3s ( ~ = 1 )  -+ 3 P , / ,  ( F = 2 )  t rans i  t ion as 
1 / 2  

a recover5ng heam, as has been done f o r  laser c001 ing o f  i o n ~ ~ ~ .  

A second a1 te rna t i ve  to  solve the problem i s  to use the tran- 

s i  t i o n  se lect ion r u l e  f o r  the magnetic quantum number mF
9 ' 1 ° .  Assuming 

the quant izat ion ax is  to  be along the propagation o f  the laser beam and 
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using r i g h t  (or l e f t )  c i r c u l a r l y  polar ized 1 ight,  conservation o f  an- 

gularmoment requires t h a t h =  +i (or -1). Atorns o r i g i n a l l y  i n  the 

3SIl2 ,(F=2, mF=2) s t a t e  w i l l  be exci ted on ly  t o  3 P  (F=3, mF = 3) and 
3/ 

can only  decay back to  the o r i g i na l  state.  The behaviour i s  l i k e  tha t  

o f  a two-leve1 system. If the atom s t a r t s  i n  any o f  the mF states o f  

the 3SIl2 (F=2) manifold, the cycl  i c  i n te rac t ion  w i l l  t ransf er thesys- 

tem to  the mF=2 state2'. The use o f  t h i s  so lu t ion  requires the presence 

o f  a magnetic f i e l d  to  set the quant izat ion d i r ec t i on  and mF as a good 

quantum number. Therefore, i t  i s  very su i tab le  f o r  the Zeeman tuning 

technique, since the magnetic f i e l d  i s  a1 ready there. 

Bad aligment between the  laser beam and the magne t i c  f i e l d  

wi 11 produce wrong t rans i t i ons  and the two-leve1 p i c t u re  f a i l s .  The 

presence o f  a bias f i e l d  helps to separate the d i f f e r e n t  mF 1 e v e l  s, 

decreasing the probabil i t y  o f  exc i ta t ions to  wrong leve ls  by t a  k i n g  

them f ur ther  o f f  resonance. 

For the case o f  the frequency sweeping technique, the op t i ca l  

pumping problem must be solved using an a u x i l i a r y  laser to  r e c o v e r  

atoms that  su f fe r  wrong t rans i  t ions. The presence o f  s ide band i n  the 

slowing laser can also be used f o r  t h i s  purpose. There a re  other ap- 

proaches t o  the problem, 1 i k e  using RF to  recover the S (F=l) atoms, 
1 / 2  

but we w i l l  not describe them here. One should keep i n  mind thatagood 

decelerat ion scheme has to  take i n t o  account both op t i ca l  pumping and 

the cbng ing  Doppler s h i f  t, 

4. TRAPPING NEUTRAL ATOMS 

At the present t ime there a re  two d i f f e r e n t  ways f o r  trapping 

neutra1 atoms. One o f  them uses the magnetic fo rce  act ing i n  the sys- 

tem when i t  i s  i n  a region o f  inhomogeneous f i e l d9 ' 10 *28 ' 29 .  The second 

a1 te rna t i ve  uses the in te rac t ion  o f  rad ia t ion  w i th  the atom t o  conf ine 
i t 3 0 > 3 1  . Both ways have a1 ready been successful l y  used and w i l l  be de- 

scribed b r i e f  1 y here. 

a) Magnetic traps 

Magne t i c  t r a p r  a r e  based on t h e  f a c t  t h a t  the elec- 

t r on i c  ground states o f  ce r t a i n  atoms w i t h  unpaired e lect ron sp in  have 
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Fig.10 - Arrangement o f  the lovg i tud ina l  mag- 
ne t íc  f ields, laser beams and f 1 uo rescence  
d e t e c t o r s  used i n  the e x p e r i m e n t  f o r  con- 
t i n u o u ~  stopping and trapping o f  neutra1 atoms. 

Flg. 11 - Fluorescence of trapped 
atoms produced by unblocking the 
stopping l a s e r  a f  t e r  various 
trapping times. 
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~ s h k i n ~ '  and cons i s t s  o f  two counter-propagating laser beams wi t h  the i  r 

focuses as shown i n  f ig.12. I n  t h i s  conf igurat ion there i s  an ax ia l  re- 

s tor ing force (spontaneous force) and a transverse restor ing force due 

to  the rad ia l  f i e l d  gradient.  

Fig.12 - L igh t  
~ s h k i n ~ ' .  

t r a p  p roposed  

A second p o s s i b i l i t y  f o r  op t i ca l  t rap  consists i n  using only 

the induced d ipo le  force as the restor ing force. Consider a  s ing le  fo-  

cused gaussian laser beam detuned severa1 hundred 1 inewidths below res- 

onance. An atom close to  the focus w i l l  f ee l  a  restor ing f o r c e  towards 

if since the in tens i t y  decreases from the focus i n  a11 d i rect ions.  The 

f i r s t  observation o f  o p t i c a l l y  trapped atoms was made by S.Chu e t  aZ 3 5  

wi t h  the hel p  o f  the opticaZ mZasses which i s  a  three dimensional v i s -  

cous conf inement o f  atoms by resonant rad ia t ion  pressure. 

A pure spontaneous l i g h t  fo rce  op t i ca l  t rap  has been recent ly  

demonstrated by E.Raab e t  UZ" .  I n  t h i s  trap, s i x  laser beams coming 

from the b, + y  and +z d i rec t ions  are superposed t o  a  weak magnetic 

f i e l d  produced by a spheroidaz quadrmpote, i n  such a way that  atoms in- 

te rac t  more strongl y  wi t h  the beam opposing their ve loc i  t i es ,  producing a 

restor ing force towards the center o f  the trap. 

The conf igu ra t ion  discussed above was o r i g i na l  l y  introduced by 

P r i  tchard e t  aZ3' as a way o f  overcoming the so cal  l ed  optz'caZ E h m s h m  

theorem formulated by Ashkin and ~ o r d o n ~ ~ .  The idea behing t h i s  theorem 

i s  as f o l  lows: i n  the absence o f  rad ia t ion  sources the divergence o f  

the Poynting vector o f  a  s ta t ionary laser beam must be zero. Therefore, 

i f  the force i s  proport ional t o  the laser  intensi ty,  i t must a1 so be d i -  

vergencel ess, thus r u l  ing out  the poss ib i l  i t y  o f  having an inward fo rce  

everywhere on a closed surface. Ashkin and Gordon proved t h i s  theorem 

for  the scat ter ing force on pa r t i c l es  w i t h  a  s c a Z a ~  pZa~-izabiZity *se 

dipoles depend 1 inear ly  on the f ie ld .  This condi t ion assumes the scat- 
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an energy that  grows wi t h  magnetic f ie ld ,  producing a fo rce  on theatom 

touard the minimum o f  the f i e l d .  I n  f i g . 8  we show the ground s t a t e  hy- 

per f  ine leve ls  o f  atomic hydrogen. As we can see, the leve ls  SI,, (F=l, 

mF=l) and S (F=l, mF=O) have a posi t i v e  slope w i t h  increasing mag- 
1 / 2  

ne t i c  f ie ld ,  and the atoms i n  theçe states arepushed towards the min i -  

mum i n  the f i e l d .  For t h i s  reason they a re  ca l led  weuk fieZd seekers. 

I n  the same way, atoms w i th  negative slope a r e  f o r c e d  towards higher 

magnetic f ields, and therefore they are cal  led strong f i e t d  seekers. We 

could t rap  pa r t i c l es  i n  any o f  these states, needing on ly  to  produce a 

minimum o r  maximum of magnetic f i e l d .  Unfortunately, t h i s  i s  not pos- 

s i b l e  because, i n  f r ee  space, the t o t a l  magnetic f i e l d  can on ly  have a 

minimum and therefore on ly  weak f i e l d  seekers can be trapped i n  a s t a t i c  

f ie ld .  Dynamic traps have been proposed t o  t rap  both ~ ~ e c i e s ~ ~ .  The 

a b i l  i t y  to  t rap  on l y  pa r t i c l es  which are drawn to  weak f i e l d  i s  not 

necessari l y  a serious 1 i m i  t a t i on  since the spontaneous decay r a t e  f o r  
- 1 0  

the spin up-spin down t r ans i t i on  i s  about 10 /S. However, v a r i o u s  

spin changing c011 is ions may 1 i m i  t the maximum a t ta inab le  densi ty .  

m = I  
F 

m =O 
F 

Firg.8 - Energ ies o f  hydrogen hyper- 
f i ne  s ta tes as a funct ion o f  the 
rnagnetic f ie ld .  

I I 

0.2 B(Tes1a) 

The f i r s t  s t a t i c  magnetic f i e l d  t rap  f o r  neutra1 atomswas re- 

cent l  y demonstrated- a t  NBS and i t consists o f  a pai  r o f  Helmhol t z  coils 

connected backwards so that  a zero f i e l d  is produced a t  the center.This 

trap, shown i n  f ig.9, has the disadvantage o f  having a B=a po in t  a t  the 

minimum. As the atom t rave ls  through t h i s  point ,  a non-adiabatic tran- 

s i t i o n  can take place, leaving the atoms i n  a untrapped s t a t e  and 
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therefore act ing as a leak mechanism f o r  the trap. A t  the B=0 point, 

the hyperf i ne  sublevels (represented as the Fal manifold i n  f ig.8) w i l l  

col lapse to  the same energy. Therefore, an atom i n  a mF=l state,  which 

i s  a trapped s ta te  since the energy increases w i t h  the magnetic f i e l d ,  

rnay leave the region i s  an untrapped m --1 state.  This problem can be F- 
solved using a magnetic bott le  conf igu ra t ion  u i  t h  no po i n t  o f  zero 
field10,29,33 . Severa1 d i f f e r e n t  magnetic t rap  conf igurat ions fo r  neu- 

t rà l  atoms have a1 ready been próposed34. 

F i j . 9  - Magnetic t rap  used by Migdal l  e t  
a2 . 

The arrangement o f  the longi tud ina l  magnetic f i e l d s ,  laser 

beams and f luorescence detectors used i n  t h e  exper  imen t o f  r e f  . 10 

i s  shown i n  fig.10. As a f i r s t  step, the atoms are slowed from 1000 to  

200 m/s i n  the slowing f ie ld .  These slow atoms go ins ide the t rap re- 

gion where they are stopped by means o f  a second laser. When the cor- 

r ec t  laser frequency i s  used, the t rap s t a r t s  f i 1  1 ing up and the f l u -  

orescence measured by detectors 1, 2 and 3 increases dramatical ly.  I n  

order to  f ind out  f o r  how long atoms can be trapped, the f o l  lowing se- 

quence o f  measurements i s  made: .a) lasers on to f i 1 1  the trap, b) 1 asers 

o f f  f o r  a va r iab le  period o f  time and c) stopping laser backon to probe 

the remaining trapped atoms. Fig.  11 shows the fluorescence observed 

f o r  severa1 trapping times. 

b)  L igh t  traps 

The method o f  op t i ca l  l y  trapping atoms i s  based on rad ia t ion  

pressure forces, namely the spontaneous and induced forces discussed i n  

sect. 2 o f  t h i s  review. The f i r s t  op t i ca l  t rap  geometry was proposed by 
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te r ing  force to  be proport ional t o  the Poynting vector. 

For atoms, however, the interna1 degrees o f  freedom can change 

t h i s  proport ional i t y  between force and Poynting vector i n  a posi t ion-  

dependent way and thus a1 low s t a t i c  spontaneous force traps. Such a 

change can occur, f o r  example, due t o  externa1 f ie lds which s h i f  t the 

resonant f requency . 
Severa1 other possi b i  1 i t i e s  f o r  spontaneous 1 i gh t  traps have 

been proposed i n  a recent paper by D. P r i  tchard e t  a ~ " .  L igh t  traps are 

very useful to  study photon assisted c011 is ions o r  to  achieve very h igh 

densi t ies since they are very sharp and deep. However, f o r  prec is ion 

spectroscopy and f o r  the study o f  co l l e c t i ve  quantum ef fects ,  they are 

not good because the strong e1 ectromagneti c f i e ld  perturbs the atomi c 

system. 

5. COOLING NEUTRAL ATOMS 

The c001 ing process i s  very important i n  the trapping o f  a-. 

As we pointed out before, i n  the decelerat ion process there i s  a heating 

mechanism due to  random emission 

appl icat ions, i t  i s  necessary to  

sample. There are many proposals 

them have a1 ready been successfy 1 

To make trapping worthwhile f o r  most 

have a three dimens ional c001 ing o f  the 

f o r  cool ing atoms and ions,and some o f  

1 y used. 

a) Doppl er c001 ing 

Doppl er c001 ing was independentl y suggested f o r  a gas o f  neu- 

t r a l  atoms" and f o r  ions bound i n  an electromagnetic trapl. Let us 

consider an unbound gas o f  atoms as being a set o f  two- 1 e v e l  s ys  tems 

w i th  resonance frequency w, and rad ia t i ve  l inewidth A. Let usa lso  con- 

s ider  these atoms submitted t o  a monochromatic low i n t ens i t y  rad ia t ion  

d i rected along a given d i rect ion,  but  detuned s l i g h t l y  below the reson- 

ance frequency. Atoms o f  a pa r t i cu l a r  ve l oc i t y  c lass moving against the 

rad ia t ion  are Doppler sh i f t ed  to  the blue so they w i l l  resonate with the 

laser  beam. On the other hand, atoms moving along the laser d i r ec t i on  

w i l l  be Doppler sh i f t ed  fa r the r  out  o f  resonance. The resu l t  i s  that  

the counter-propagating atoms scat ter  photons a t  a f a s t e r  r a t e ,  and 
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there fore  the  net  momentum t rans fe r red  i n  t h e  absorpt ion process retards 

the mot ion o f  the atoms (the reemited photons c a u s e  no n e t  momentum 

t rans fe r )  . The momentum t rans fe r  per sca t te r i ng  event w i  1 1  be A$ = &/M 
+ + 

and t h i s  leads t o  a ne t  c001 ing, provided. t h a t  ( v  + AV[ < $ 1 .  Due t o  

the  randomness o f  t he  reemit ted photons, we expect t ha t  t he  minimum 

poss ib le  energy to  be reached i n  the coo l ing  process r e s u l t s  from a 

balance between the r e c o i l  heat ing of  each absorpt ion o r  emission and 

the Doppl e r  c001 ing. Detai  led  ca l cu la t i ons  f o r  t h i s  process were car-  

r i e d  o u t  by ~ a ~ n a t o ~ '  and the minimum k i n e t i c  energy found i s  

where 

i s  the  sa tu ra t i on  parameter. This expression can s t i l l  be minimized 

w i t h  respect t o  A ,  g i v i n g  the  optimum values A = A / 2  f o r  small s and 

f o r  la rge S .  For smal 1 sa tu ra t i on  parameter we have 

As a numerical example, we have ( K ) ~ ~ ~  = 2 x IO-'K f o r  S=l and 

A = 60 MHz, which represents Na under sa tu ra t i on  l i g h t .  

b) Other c001 ing techniques 

Severa1 o the r  proposed c001 ing schemes i n  the 1 i t e r a t u r e  w i l l  

be described b r i e f l y  here. 

JycZic c o o ~ i n ~ ~ ~  i s  based on the  f a c t  t ha t  the po ten t i a l  en- 

ergy o f  neutra1 p a r t i c l e s  i n  the t r a p  changes when the atom changes 

interna1 quantum s ta tes  as oihown i n  f ig.13.  Each s t a t e  has a d i s t i n c t  

dependence on the externa1 f i e l d .  Le t  us imagine a trapped atom i n  the 

g r o u n d  s t a t e  ( 2 )  w i t h  energy E. Th is  atom o s c i l  l a t e s  be tween  two 
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Fig.13 - Cycl i c  c001 ing scheme. 

MAGNETIC FIEL0 

points 1 i m i  ted by t h i s  energy. If RF t rans i  t i ons  are induced preferen- 

t i a l l y  when the o s c i l l a t i n g  atoms are near t he i r  maxima i n  p o t e n t i a l  

energy (minimum i n  k i n e t i c  energy), the atom i s  taken to interna1 s ta te  

(I), t h e  RF p h o t o n  takes E-E' o f  k i n e t i c  energy and the atom can be 

restored t o  s t a t e  ( 2 )  using laser op t i ca l  pumping. When theatom goes 

back to  s ta te  (21,  the energy i s  E" < E and therefore t h e r e  i s a 

c001 ing e f f e c t  a f t e r  t h i s  cycle. A large f r ac t i on  o f  the trapped par- 
t i c l e  thermal energy w i l l  be l o s t  f o r  each cycle. 

The stimuZated Raman coo2ing3' method uses a 2- pho t o n  stimu- 

la ted process to  t ransfer  more than d o f  mmentum t o  the atom. Imagine 

the 3- level  system shown i n  f ig. 14, where (3) can bea rea l  o r  a v i r t u a l  

leve1 . The coherent t rans i  t i o n  (2) -+ (1) i s  a two-photon process which 

t ransfer  a momentum AP = h(x,-z,) t o  the atom. For a given atomic ve l -  

oc i  t y  V ,  we can choose the propagatlon vectors f l  and z2 o f  two laser 

beams i n  such a way that  AP i s  contrary to  the m o t i o n  o f  t h e  atom. 

Taking the Doppler e f f ec t  i n t o  account, the lasers w i l  l be resonant 

wi t h  the atomic t rans i t i ons  wi t h  frequencies v, and V ,  when the laser 
L -+ L - .v'. By chang- f r e q u e n c i e s a r e g i v e n b y v l = v l  - ? . v  a n d v 2 = v 2  

ing the laser frequencies we are ab le  t o  select the ve l oc i t i e s  o f  the 

atoms to  be woled.  I n  the case o f  very small ve loc i t ies , the resonance 

condi t ion i s  ailways a ~ h i e v e d ~ s i n c e  the lasers and e l e c t r o n i c  tran- 
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Fig.14 - Stimulated Raman cool ing schema 
LASER I hk; - Fi.Air 

s i t i ons  have f i n i t e  l inewidths. One advantage o f  t h i s  process i s  that, 

s ince i t  i s  stimulated, there i s  no heating comming from spontaneous 

emission. 

Evaporative cooling has recent l  y been demonstrated f o r  mag- 

n e t i c a l l y  trapped spin-polarized hydrogen29'39. It c o n s i s t s  i n  iso- 

l a t i n g  the trapped gas and al lowing the ho t te r  atoms to  escape, taking 

w i t h  them energy that  they acquired from co l l i s i ons  w i t h  others. As 

t h i s  evaporation process proceeds, the gas temperature f a l l s .  I n  order 

t o  have successful c001 ing, there must be many c01 l i s  ions among the less 

energet i c  atoms f o r  every h i gh t  energy evaporat ing atom tha t l eaves the' 

trap, i n  such a way tha t  the population o f  e n e r g e t  i c  atoms i n t h e  

üoltzmann t a i l  i s  recovered. 

S t i  1 l another process, S t k l a t e d  emis s ion  c o o t i n g  (blue 

molasses) , has been recent l  y demonstrated". This new c001 ing scheme i s 

mainly based on a stimulated r ed i s t r i bu t i on  o f  photons between two 

counterpropag'ating waves by a moving atom. I n  constrast w i t h  usual radi- 

a t  ion pressure c001 ing, t h i s  s t  imulated process works f o r  bl ue detuning 

and does not saturate a t  h igh in tens i t i es .  
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6. THE FUTURE OF LASER COOLING 

A l a r g e  p a r t  o f  today's fundamental research i n  atomic physics 

cons i s t s  i n  performing p rec i se  and w e l  1 c o n t r o l  1 ed  s p e c t r o s c o p i c  

measurements on atoms. I n  these experiments, the presence o f  a thermal 

m t i o n  i n  the  sample under study i s  unde rs i rab le  because every r e s u l t  

comes from the convo lu t ion  o f  the  i n t r i n s i c  atomic e f f e c t  w i t h  t h e v e l -  

o c i t y  d i s t r i b u t i o n .  

The pe r f~ rmance  o f  atomic c locks,  which a r e  the most p rec i se  

t ime keepers as wel 1 as accurate f requency standards, i s  fundamental 1 y 

l i m i  ted by mot ional  e f f e c t s .  The product ion  o f  very  c o l d  sampl es o f  

atoms ( i n  beams o r  i n  t raps)  w i l l  a l l o w  unprecedented accuracy i na tan i c  

c locks.  Th is  h igh  p rec i s i on  w i l l  he lp  the  accomphishment o f  r e f i n e d  ex- 

periments on general r e l a t i v i t y .  The g r a v i t a t i o n a l  red s h i f t  could be 

measured more accura te ly  by comparing c l o c k  ra tes  i n  d i f f e r e n t  g rav i -  

t a t i o n a l  p t e n t i a l s .  Atomic c locks  a l so  have p r a c t i c a l  app l i ca t i ons  i n  

nav igat ion  on ea r th  and i n  space. 

Experiments on c01 1 i s i o n  o f  atoms aiming a t  understanding 

atomic i n t e r a c t i o n  and chemical processes a r e  o f t e n  d is turbed by poor 

con t ro l  o f  the ve loc . i t ies  o f  the c o l l i d i n g  atoms, r e s u l t i n g  i n  d i f f i -  

c u l t i e s  t o  t e s t  co l l ' i s i on  theory w i t h  h igh  p rec i s i on .  The p roduc t i ono f  

c o l d  atornic beams may so lve  t h i s  problem s ince good con t ro l  o f  the beam 

i s  poss ib le  once we have a very s tab le  laser  frequency. I n  co ld t rapped 

atoms, the  col'l i s i o n  e f f e c t s  a r e  very convenient ly  observed, as has 

recen t l  y been done by Raab e t  aZ1'. 

The slow mot ion o f  atoms increases considerabl y the r e s o l u t i o n  

o f  atomic beam spectroscopy due t o  the  almost complete a b s e n c e  o f  

t r a n s i  t t ime broadening and o f  the  second order  Doppler e f f e c t  ( t h e  

f i r s t  o rder  e f f e c t  can be avoided by us ing  perpendicular  beams i s  Dop- 

p l e r  f ree  spectroscopy) . 
Another c lass  o f  experiments centers on the physics o f  t rap-  

p ing process. Atoms trapped a t  very low temperature and h i g h .  dens i t y  

may mani fes t  important c o l  l e c t i v e  e f f e c t s  l i k e  Bose-Einstein conden-  

sa t i on .  I n  t h i s  phase t r a n s i t i o n ,  a macroscopic f r a c t i o n  o f  the  sample 

should coherent ly  occupy the  ground s t a t e  o f  the t r a p  p t e n t i a l .  

433 
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Resumo 

Técnicas óticas para reduzir a velocidade de átomos neutros e 
armazená-los de forma a se obter densidades e1 evadas são discutidas nes- 
te artigo, de revisão. Mostra-se que a força de radiação existente quan- 
do um feixe de laser incide sobre um sistema atgmico possui_uma compo- 
nente oriunda da transferência do momentum do foton para o atom e ou- 
tra advinda da interação do dipolo induzido durante a transição-com o 
gradiente do campo de radiação. Dentre os métodos de se resfriar atóinos, 
damos ênfase às tgcnicas d e  sintonização Zeeman dos níveis eietrÔ; 
nicos e varredura da frequência do laser. O aprisionamento de atornos e 
outro assunto de interesse que discutimas no artigo. São apresentados 
os resultados mais recentes obtidos em armadilhas de luz e do tipo mag- 
nético. Finalmente, técnicas para produzir um resfriamento adiciotal dos 
átomos aprisionados são abordadas e o futuro de resfriamento de atomos 
neutros por meio da pressão de radiação é discutido. 


