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B os e- Ei nst ei n c o n d e ns ati o n, o r B E C, h as a l o n g a n d ri c h hist o r y d ati n g f r o m

t h e e a rl y 1 9 2 0s. I n t his a rti cl e w e will t r a c e b ri e fl y o v e r t his hist o r y a n d s o m e

of t h e d e v el o p m e nts i n p h ysi cs t h at m a d e p ossi bl e o u r s u c c essf ul p u rs uit of

B E C i n a g as. W e will t h e n dis c uss w h at w as i n v ol v e d i n t his q u est. I n t his dis-

c ussi o n w e will g o b e y o n d t h e us u al t e c h ni c al d es c ri pti o n t o t r y a n d a d d r ess

c e rt ai n q u esti o ns t h at w e n o w h e a r f r e q u e ntl y, b ut a r e n ot c o v e r e d i n o u r p ast

r es e a r c h p a p e rs. T h es e a r e q u esti o ns al o n g t h e li n es of “ H o w di d y o u g et t h e

i d e a a n d d e ci d e t o p u rs u e it ? Di d y o u k n o w it w as g oi n g t o w o r k ? H o w l o n g

di d it t a k e y o u a n d w h y ? ” W e will r e vi e w s o m e o u r f a v o rit es f r o m a m o n g t h e

e x p e ri m e nts w e h a v e c a r ri e d o ut wit h B E C. T h e r e will t h e n b e a b ri ef e n c o r e

o n w h y w e a r e o pti misti c t h at B E C c a n b e c r e at e d wit h n e a rl y a n y s p e ci es of

m a g n eti c all y t r a p p a bl e at o m. T h r o u g h o ut t his a rti cl e w e will t r y t o e x pl ai n

w h at m a k es B E C i n a dil ut e g as s o i nt e r esti n g, u ni q u e, a n d e x p e ri m e nt all y

c h all e n gi n g. 1

T h e n oti o n of B os e st atisti cs d at es b a c k t o a 1 9 2 4 p a p e r i n w hi c h S at y e n-

d r a n at h  B os e  us e d  a  st atisti c al  a r g u m e nt  t o  d e ri v e  t h e  bl a c k- b o d y  p h ot o n

s p e ct r u m [ 1 ]. U n a bl e t o p u blis h his w o r k, h e s e nt it t o Al b e rt Ei nst ei n w h o

t r a nsl at e d it i nt o G e r m a n a n d g ot it p u blis h e d. Ei nst ei n t h e n e xt e n d e d t h e

i d e a of B os e’s c o u nti n g st atisti cs t o t h e c as e of n o ni nt e r a cti n g at o ms [ 2, 3 ].

T h e r es ult w as B os e- Ei nst ei n st atisti cs. Ei nst ei n i m m e di at el y n oti c e d a p e c u-

li a r f e at u r e of t h e dist ri b uti o n of t h e at o ms o v e r t h e q u a nti z e d e n e r g y l e v els

p r e di ct e d b y t h es e st atisti cs. At v e r y l o w b ut fi nit e t e m p e r at u r e a l a r g e f r a cti o n
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1 T his a rti cl e is o u r “ N o b el L e ct u r e" a n d as s u c h t a k es a r el ati v el y p e rs o n al a p p r o a c h t o t h e st o r y
of t h e d e v el o p m e nt of e x p e ri m e nt al B os e- Ei nst ei n c o n d e ns ati o n. F o r a s o m e w h at m o r e s c h ol a r-
l y t r e at m e nt of t h e hist o r y, t h e i nt e r est e d r e a d e r is r ef e r r e d t o E. A. C o r n ell, J. R. E ns h e r a n d C.
E. Wi e m a n, “ E x p e ri m e nts i n dil ut e at o mi c B os e- Ei nst ei n c o n d e ns ati o n ” i n “ B os e- Ei nst ei n C o n-
d e ns ati o n i n At o mi c G as es, P r o c e e di n gs of t h e I nt e r n ati o n al S c h o ol of P h ysi cs " E n ri c o F e r mi"
C o u rs e C X L ” ( M. I n g us ci o, S. St ri n g a ri a n d C. E. Wi e m a n, E ds., It ali a n P h ysi c al S o ci et y, 1 9 9 9 ),
p p. 1 5- 6 6, w hi c h is als o a v ail a bl e as c o n d- m at / 9 9 0 3 1 0 9. F o r a r e as o n a bl y c o m pl et e t e c h ni c al r e-
vi e w of t h e t h r e e y e a rs of e x pl osi v e p r o g r ess t h at i m m e di at el y f oll o w e d t h e fi rst o bs e r v ati o n of
B E C, w e r e c o m m e n d r e a di n g t h e a b o v e a rti cl e i n c o m bi n ati o n wit h t h e c o r r es p o n di n g r e vi e w
f r o m K ett e rl e, c o n d- m at / 9 9 0 4 0 3 4.



of t h e at o ms w o ul d g o i nt o t h e l o w est e n e r g y q u a nt u m st at e. I n his w o r ds, “ A

s e p a r ati o n is eff e ct e d; o n e p a rt c o n d e ns es, t h e r est r e m ai ns a ‘s at u r at e d i d e al

g as’ ” [ 3, 4 ]. T his p h e n o m e n o n w e n o w k n o w as B os e- Ei nst ei n c o n d e ns ati o n.

T h e c o n diti o n f o r t his t o h a p p e n is t h at t h e p h as e s p a c e d e nsit y m ust b e g r e a-

t e r t h a n a p p r o xi m at el y u nit y, i n n at u r al u nits. A n ot h e r w a y t o e x p r ess t his is

t h at t h e d e B r o gli e w a v el e n gt h, λ d B , of e a c h at o ms m ust b e l a r g e e n o u g h t o

o v e rl a p wit h its n ei g h b o r, o r m o r e p r e cis el y, n λ d B
3 > 2. 6 1.

T his p r e di cti o n w as n ot t a k e n t e r ri bl y s e ri o usl y, e v e n b y Ei nst ei n hi ms elf,

u ntil F rit z L o n d o n a n d L as zl o Tis z a [ 5, 6 ] r es u r r e ct e d t h e i d e a i n t h e mi d-

1 9 3 0s as a p ossi bl e m e c h a nis m u n d e rl yi n g s u p e r fl ui dit y i n li q ui d h eli u m 4.

T h ei r w o r k w as t h e fi rst t o b ri n g o ut t h e i d e a of B E C dis pl a yi n g q u a nt u m b e-

h a vi o r o n a m a c r os c o pi c si z e s c al e, t h e p ri m a r y r e as o n f o r m u c h of its c u r r e nt

att r a cti o n. Alt h o u g h it w as a s o u r c e of d e b at e f o r d e c a d es, it is n o w r e c o g-

ni z e d t h at t h e r e m a r k a bl e p r o p e rti es of s u p e r c o n d u cti vit y a n d s u p e r fl ui dit y

i n b ot h h eli u m 3 a n d h eli u m 4 a r e r el at e d t o B E C, e v e n t h o u g h t h es e s yst e ms

a r e v e r y diff e r e nt f r o m t h e i d e al g as c o nsi d e r e d b y Ei nst ei n.

T h e a p p e al of t h e e x oti c b e h a vi o r of s u p e r c o n d u cti vit y a n d of s u p e r fl ui dit y,

al o n g wit h t h at of l as e r li g ht, t h e t hi r d c o m m o n s yst e m i n w hi c h m a c r os c o pi c

q u a nt u m b e h a vi o r is e vi d e nt, p r o vi d e d m u c h of o u r m oti v ati o n i n 1 9 9 0 w h e n

w e d e ci d e d t o p u rs u e B E C i n a g as. T h es e t h r e e t o pi cs all h a v e f as ci n ati n g

c o u nt e r-i nt uiti v e  b e h a vi o r  a risi n g  f r o m  m a c r os c o pi c  o c c u p ati o n  of  a  si n gl e  

q u a nt u m  st at e.  A n y  p h ysi cist  w o ul d  c o nsi d e r  t h es e  p h e n o m e n a  a m o n g  t h e

m ost r e m ar k a bl e t o pi cs i n p h ysi cs. I n 1 9 9 0 w e w er e c o n fi d e nt t h at t h e a d diti o n

of a n e w m e m b e r t o t h e f a mil y w o ul d c o nstit ut e a m aj o r c o nt ri b uti o n t o p h y-

si cs. ( O nl y aft e r w e s u c c e e d e d di d w e r e ali z e t h at t h e dis c o v e r y of e a c h of t h e

o ri gi n al “ M a c r os c o pi c T h r e e ” h a d b e e n r e c o g ni z e d wit h a N o b el P ri z e, a n d w e

a r e g r at ef ul t h at t his t r e n d h as c o nti n u e d! ) Alt h o u g h B E C s h a r es t h e s a m e u n-

d e rl yi n g m e c h a nis m wit h t h es e ot h e r s yst e ms, it s e e m e d t o us t h at t h e p r o p e r-

ti es of B E C i n a g as w o ul d b e q uit e disti n ct. It is f a r m o r e dil ut e a n d w e a kl y i n-

t e r a cti n g t h a n li q ui d- h eli u m s u p e r fl ui ds f o r e x a m pl e, b ut f a r m o r e st r o n gl y

i nt e r a cti n g t h a n t h e n o ni nt e r a cti n g li g ht i n a l as e r b e a m. P e r h a ps B E C’s m ost

disti n cti v e f e at u r e ( a n d t his w as n ot s o m et hi n g w e s uf fi ci e ntl y a p p r e ci at e d, i n

1 9 9 0 ) is t h e e as e wit h w hi c h its q u a nt u m w a v e f u n cti o n m a y b e di r e ctl y o bs e r-

v e d a n d m a ni p ul at e d. W hil e n eit h e r of us w as t o r e a d C. E. H e c ht’s p r es ci e nt

1 9 5 9 p a p e r [ 7 ] u ntil w ell aft e r w e h a d o bs e r v e d B E C, w e s u r el y w o ul d h a v e 

t a k e n his c o n cl u di n g p a r a g r a p h as o u r m a r c hi n g o r d e rs:

T h e s u p p ositi o ns of t his n ot e r est o n t h e p ossi bilit y of s e c u ri n g, s a y b y

at o mi c b e a m t e c h ni q u es, s u bst a nti al q u a ntiti es of el e ct r o n s pi n o ri e nt-

e d H, T a n d D at o ms. Alt h o u g h t h e e x p e ri m e nt al dif fi c ulti es w o ul d b e

g r e at a n d t h e r el a x ati o n b e h a vi o r of s u c h s pi n o ri e nt e d at o ms ess e n-

ti all y u n k n o w n, t he p ossi bility of o pe ni n g a ric h ne w fiel d f or t he st u dy of s u-

per fl ui d pr o perties i n b ot h li q ui d a n d g ase o us st ates w o ul d see m t o de m a n d t he

e x pe n dit ure of m a xi m u m e x peri me nt al eff ort.3
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2 E n glis h t r a nsl ati o n of Ei nst ei n’s q u ot es a n d t h e hist o ri c al i nt e r p r et ati o n a r e f r o m R ef. [ 4 ]. 
3 It ali cs o u rs.



I n a n y c as e, b y 1 9 9 0 w e w e r e a w as h i n m oti v ati o n. B ut t his m oti v ati o n w o ul d

n ot h a v e c a r ri e d us f a r, h a d w e n ot b e e n a bl e t o t a k e a d v a nt a g e of s o m e k e y

r e c e nt a d v a n c es i n s ci e n c e a n d t e c h n ol o g y, i n p a rti c ul a r t h e p r o g r ess i n l as e r

c o oli n g a n d t r a p pi n g a n d t h e e xt e nsi v e a c hi e v e m e nts of t h e s pi n- p ol a ri z e d

h y d r o g e n c o m m u nit y.

H o w e v e r, b ef o r e l a u n c hi n g i nt o t h at st o r y, it is p e r h a ps w o rt h w hil e t o r e-

fl e ct o n j ust h o w e x oti c a s yst e m of i n disti n g uis h a bl e p a rti cl es t r ul y is, a n d w h y

B E C i n a g as is s u c h a d a u nti n g e x p e ri m e nt al c h all e n g e. It is e as y at fi rst t o a c-

c e pt t h at t w o at o ms c a n b e s o si mil a r o n e t o t h e ot h e r as t o all o w n o p ossi bi-

lit y of t elli n g t h e m a p a rt. H o w e v e r, c o nf r o nti n g t h e p h ysi c al i m pli c ati o ns of

t h e c o n c e pt of i n disti n g uis h a bl e b os o ns c a n b e tr o u bli n g. F or e x a m pl e, if t h er e

a r e t e n b os o ni c p a rti cl es t o b e a r r a n g e d i n t w o mi c r ost at es of a s yst e m, t h e st a-

tisti c al w ei g ht of t h e c o n fi g u r ati o n “t e n p a rti cl es i n o n e st at e a n d z e r o i n t h e

ot h e r ” is e x a ctl y t h e s a m e as t h e w ei g ht of t h e c o n fi g u r ati o n “ fi v e p a rti cl es i n

o n e st at e, fi v e i n t h e ot h e r. ” T his 1: 1 r ati o of st atisti c al w ei g hts is v e r y c o u nt e r-

i nt uiti v e a n d r at h e r dis q ui eti n g. T h e c o r r es p o n di n g r ati o f o r disti n g uis h a bl e

o bj e cts, s u c h as t h e s o c ks i n d r a w e rs, t h at w e o bs e r v e e v e r y d a y is 1: 2 5 2, p r o-

f o u n dl y diff e r e nt f r o m 1: 1. I n t h e s e c o n d [ 3 ] of Ei nst ei n’s t w o p a p e rs [ 2 – 4 ]

o n B os e- Ei nst ei n st atisti cs, Ei nst ei n c o m m e nts t h at “ T h e … m ol e c ul es a r e n ot

t r e at e d  as  st atisti c all y  i n d e p e n d e nt …, ”  a n d  t h e  diff e r e n c es  b et w e e n  disti n-

g uis h a bl e a n d i n disti n g uis h a bl e st at e c o u nti n g “ … e x p r ess i n di r e ctl y a c e rt ai n

h y p ot h esis o n a m ut u al i n fl u e n c e of t h e m ol e c ul es w hi c h f o r t h e ti m e b ei n g

is of a q uit e m yst e ri o us n at u r e. ” T his m ut u al i n fl u e n c e is n o l ess m yst e ri o us

t o d a y, e v e n t h o u g h w e c a n r e a dil y o bs e r v e t h e v a ri et y of e x oti c b e h a vi o r it

c a us es s u c h as t h e w ell- k n o w n e n h a n c e d p r o b a bilit y f o r s c att e ri n g i nt o o c c u-

pi e d st at es a n d, of c o u rs e, B os e- Ei nst ei n c o n d e ns ati o n.

N ot o nl y d o es t h e B os e- Ei nst ei n p h as e t r a nsiti o n off e n d o u r s e nsi biliti es as

t o h o w p a rti cl es o u g ht b est t o dist ri b ut e t h e ms el v es, it als o r u ns c o u nt e r t o a n

u ns p o k e n ass u m pti o n t h at a p h as e t r a nsiti o n s o m e h o w i n v ol v es t h e r m o d y n a-

mi c st a bilit y. I n f a ct, t h e r e gi o ns i m m e di at el y a b o v e a n d i m m e di at el y b el o w

t h e t r a nsiti o n i n dil ut e- g as e x p e ri m e nts a r e b ot h d e e p i n t h e t h e r m o d y n a mi-

c all y f o r bi d d e n r e gi m e. T his p oi nt is b est m a d e b y c o nsi d e ri n g t h e q u alit ati v e

p h as e- di a g r a m ( Fi g. 1 ), w hi c h s h o ws t h e g e n e r al f e at u r es c o m m o n t o a n y at o-

mi c s yst e m. At l o w d e nsit y a n d hi g h t e m p e r at u r e, t h e r e is a v a p o r p h as e. At

hi g h d e nsit y t h e r e a r e v a ri o us c o n d e ns e d p h as es. B ut t h e i nt e r m e di at e d e nsi-

ti es a r e t h e r m o d y n a mi c all y f o r bi d d e n, e x c e pt at v e r y hi g h t e m p e r at u r es. T h e

B os e- c o n d e ns e d r e gi o n of t h e n- T pl a n e is utt e rl y f o r bi d d e n, e x c e pt at s u c h

hi g h d e nsiti es t h at ( wit h o n e e x c e pti o n ) all k n o w n at o ms o r m ol e c ul es w o ul d

f o r m a c r yst alli n e l atti c e, w hi c h w o ul d r ul e o ut B os e c o n d e ns ati o n. T h e si n gl e

e x c e pti o n,  h eli u m,  r e m ai ns  a  li q ui d  b el o w  t h e  B E C  t r a nsiti o n.  H o w e v e r,  

r e a c hi n g B E C u n d e r dil ut e c o n diti o ns (s a y, at d e nsiti es 1 0 o r 1 0 0 ti m es l o w e r

t h a n c o n v e nti o n al li q ui d h eli u m ) is as t h e r m o d y n a mi c all y f o r bi d d e n t o h e-

li u m as it is t o a n y ot h e r at o m. 

Of c o u rs e, “f o r bi d d e n ” is n ot t h e s a m e as “i m p ossi bl e ”; i n d e e d, t o p a r a-

p h r as e a n ol d J os e p h H ell e r j o k e, if it w e r e r e all y i m p ossi bl e, t h e y w o ul d n’t

h a v e b ot h e r e d t o f o r bi d it. It c o m es d o w n i n t h e e n d t o diff e ri n g ti m e s c al es
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f o r diff e r e nt s o rts of e q uili b ri u m. A g as of at o ms c a n c o m e i nt o ki n eti c e q ui-

li b ri u m vi a t w o- b o d y c ollisi o ns, w h e r e as it r e q ui r es t h r e e- b o d y c ollisi o ns t o

a c hi e v e c h e mi c al e q uili b ri u m ( i.e., t o f o r m m ol e c ul es a n d t h e n c e s oli ds. ) At

s uf fi ci e ntl y l o w d e nsiti es, t h e t w o- b o d y r at e will d o mi n at e t h e t h r e e- b o d y r at e,

a n d a g as will r e a c h ki n eti c e q uili b ri u m, p e r h a ps i n a m et ast a bl e B os e- Ei n-

st ei n c o n d e ns at e, l o n g b ef o r e t h e g as fi n ds its w a y t o t h e ulti m at el y st a bl e 

s oli d-st at e  c o n diti o n.  T h e  n e e d  t o  m ai nt ai n  m et ast a bilit y  us u all y  di ct at es  a  

m o r e st ri n g e nt u p p e r li mit o n d e nsit y t h a n d o es t h e d esi r e t o c r e at e a dil ut e

s yst e m. D e nsiti es a r o u n d 1 0 2 0 c m - 3, f o r i nst a n c e, w o ul d b e a h u n d r e d ti m es

m o r e dil ut e t h a n a c o n d e ns e d- m att e r h eli u m s u p e r fl ui d. B ut c r e ati n g s u c h a

g as is q uit e i m p r a cti c al – e v e n at a n a d diti o n al f a ct o r of a t h o us a n d l o w e r d e n-

sit y, s a y 1 01 7 c m - 3, m et ast a bilit y ti m es w o ul d b e o n t h e o r d e r of a f e w mi c r os e-

c o n ds; m o r e r e alisti c a r e d e nsiti es o n t h e o r d e r of 1 0 1 4 c m - 3. T h e l o w d e nsiti es

m a n d at e d b y t h e n e e d t o m ai nt ai n l o n g-li v e d m et ast a bilit y i n t u r n m a k e n e-

c ess a r y t h e a c hi e v e m e nt of still l o w e r t e m p e r at u r es if o n e is t o r e a c h B E C.

T h us, t h e g r e at e x p e ri m e nt al h u r dl e t h at m ust b e o v e r c o m e t o c r e at e B E C

i n a dil ut e g as is t o f o r m a n d k e e p a s a m pl e t h at is s o d e e pl y f o r bi d d e n. Si n c e

o u r s u bs e q u e nt dis c ussi o n will f o c us o nl y o n B E C i n dil ut e g as es, w e will r ef e r

t o t his si m pl y as “ B E C ” i n t h e s e cti o ns b el o w a n d a v oi d e n dl essl y r e p e ati n g “i n

a dil ut e g as. ” 

Eff o rts t o m a k e a dil ut e B E C i n a n at o mi c g as w e r e s p a r k e d b y a 1 9 7 6 p a p e r

b y St w all e y a n d N os a n o w [ 8 ]. T h e y a r g u e d t h at s pi n- p ol a ri z e d h y d r o g e n h a d

n o b o u n d st at es a n d h e n c e w o ul d r e m ai n a g as d o w n t o z e r o t e m p e r at u r e,

a n d s o it w o ul d b e a g o o d c a n di d at e f o r B E C. T his sti m ul at e d a n u m b e r of e x-

p e ri m e nt al g r o u ps [ 9 – 1 2 ] i n t h e l at e 7 0s a n d e a rl y 8 0s t o b e gi n p u rs ui n g t his
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i d e a  usi n g  t r a diti o n al  c r y o g e ni cs  t o  c o ol  a  s a m pl e  of  p ol a ri z e d  h y d r o g e n.

S pi n- p ol a ri z e d h y d r o g e n w as fi rst st a bili z e d b y Sil v e r a a n d W al r a v e n i n 1 9 8 0

[ 9 ], a n d b y t h e mi d- 8 0s s pi n- p ol a ri z e d h y d r o g e n h a d b e e n b r o u g ht wit hi n a

f a ct o r of 5 0 of c o n d e nsi n g [ 1 1 ]. T h es e e x p e ri m e nts w e r e p e rf o r m e d i n a di-

l uti o n r ef ri g e r at o r, i n a c ell i n w hi c h t h e w alls w e r e c o at e d wit h s u p e r fl ui d li-

q ui d h eli u m as a “ n o nsti c k ” c o ati n g f o r t h e h y d r o g e n. T h e h y d r o g e n g as w as

c o m p r ess e d usi n g a pist o n-i n- c yli n d e r a r r a n g e m e nt [ 1 3 ] o r i nsi d e a h eli u m

b u b bl e [ 1 4 ]. T h es e att e m pts f ail e d h o w e v e r, b e c a us e w h e n t h e c ell w as m a d e

v e r y c ol d t h e h y d r o g e n st u c k t o t h e h eli u m s u rf a c e a n d r e c o m bi n e d. W h e n

o n e t ri e d t o a v oi d t h at p r o bl e m b y w a r mi n g t h e c ell s uf fi ci e ntl y t o p r e v e nt

sti c ki n g, t h e d e nsit y r e q ui r e d t o r e a c h B E C w as c o r r es p o n di n gl y i n c r e as e d

w hi c h l e d t o a n ot h e r p r o bl e m. T h e r e q uisit e d e nsiti es c o ul d n ot b e r e a c h e d

b e c a us e t h e r at e of t h r e e- b o d y r e c o m bi n ati o n of at o ms i nt o h y d r o g e n m o-

l e c ul es g o es u p r a pi dl y wit h d e nsit y a n d t h e r es ulti n g l oss of at o ms li mit e d t h e

d e nsit y [ 1 5 ].

St y mi e d b y t h es e p r o bl e ms, H a r ol d H ess f r o m t h e MI T h y d r o g e n g r o u p 

r e ali z e d t h at m a g n eti c t r a p pi n g of at o ms [ 1 5 ] w o ul d b e a n i m p r o v e m e nt o v e r

a c ell [ 1 6, 1 7 ]. At o ms i n a m a g n eti c t r a p h a v e n o c o nt a ct wit h a p h ysi c al s u r-

f a c e  a n d  t h us  t h e  s u rf a c e- r e c o m bi n ati o n  p r o bl e m  c o ul d  b e  ci r c u m v e nt e d.

M o r e o v e r, t h e r m all y is ol at e d at o ms i n a m a g n eti c t r a p w o ul d all o w c o oli n g b y

e v a p o r ati o n t o f a r l o w e r t e m p e r at u r es t h a n p r e vi o usl y o bt ai n e d. I n a r e m a r k-

a bl e 1 9 8 6 p a p e r, H ess l ai d o ut m ost of t h e i m p o rt a nt c o n c e pts of e v a p o r ati v e

c o oli n g of t r a p p e d at o ms [ 1 5 ] f o r t h e att ai n m e nt of B E C. L et t h e hi g h est

e n e r g y at o ms es c a p e f r o m t h e t r a p, a n d t h e m e a n e n e r g y, a n d t h us t h e t e m-

p e r at u r e,  of  t h e  r e m ai ni n g  at o ms  will  d e c r e as e.  F o r  a  dil ut e  g as  i n  a n  i n-

h o m o g e n e o us p ot e nti al, d e c r e asi n g t h e t e m p e r at u r e will d e c r e as e t h e o c c u-

pi e d  v ol u m e.  O n e  c a n  t h us  a ct u all y  i n c r e as e  t h e  d e nsit y  of  t h e  r e m ai ni n g

at o ms  b y  r e m o vi n g  at o ms  f r o m  t h e  s a m pl e.  T h e  all  i m p o rt a nt  (f o r  B E C )  

p h as e s p a c e d e nsit y is d r a m ati c all y i n c r e as e d as t his h a p p e ns b e c a us e d e nsit y

is risi n g w hil e t e m p e r at u r e is d e c r e asi n g. T h e C o r n ell U ni v e rsit y h y d r o g e n

g r o u p als o c o nsi d e r e d e v a p o r ati v e c o oli n g [ 1 8 ]. B y 1 9 8 8 t h e MI T g r o u p h a d

d e m o n-st r at e d t h es e vi rt u es of e v a p o r ati v e c o oli n g of m a g n eti c all y t r a p p e d

s pi n p ol a ri z e d h y d r o g e n. B y 1 9 9 1 t h e y o bt ai n e d, at a t e m p e r at u r e of 1 0 0 µ K,

a d e nsit y t h at w as o nl y a f a ct o r of 5 b el o w B E C [ 1 9 ]. F u rt h e r p r o g r ess w as 

li mit e d b y di p ol a r r el a x ati o n, b ut p e r h a ps m o r e f u n d a m e nt all y b y l oss of si g-

n al-t o- n ois e, a n d t h e dif fi c ult y of m e as u ri n g t h e c h a r a ct e risti cs of t h e c ol d est

a n d  s m all est  cl o u ds  [ 2 0 ].  E v a p o r ati v e  w o r k  w as  als o  p e rf o r m e d  b y  t h e

A mst e r d a m g r o u p [ 2 1 ].

At r o u g hl y t h e s a m e ti m e, b ut i n d e p e n d e nt f r o m t h e h y d r o g e n w o r k, a n

e nti r el y  diff e r e nt  t y p e  of  c ol d- at o m  p h ysi cs  a n d  t e c h n ol o g y  w as  b ei n g  d e-

v el o p e d. L as e r c o oli n g a n d t r a p pi n g h as b e e n r e vi e w e d els e w h e r e [ 2 2- 2 5 ],

b ut h e r e w e m e nti o n s o m e of t h e hi g hli g hts m ost r el e v a nt t o o u r w o r k. T h e

i d e a t h at l as e r li g ht c o ul d b e us e d t o c o ol at o ms w as s u g g est e d i n e a rl y p a p e rs

f r o m  Wi n el a n d  a n d  D e h m elt  [ 2 6 ],  f r o m  H ä ns c h  a n d  S c h a wl o w  [ 2 7 ],  a n d

f r o m L et o k h o v’s g r o u p [ 2 8 ]. E a rl y o pti c al f o r c e e x p e ri m e nts w e r e p e rf o r m e d

b y  As h ki n  [ 2 9 ].  T r a p p e d  i o ns  w e r e  l as e r- c o ol e d  at  H ei d el b e r g  
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U ni v e rsit y  [ 3 0 ]  a n d  at  t h e  N ati o n al  B u r e a u  of  St a n d a r ds  ( n o w  NI S T )  i n

B o ul d e r [ 3 1 ]. At o mi c b e a ms w e r e d e fl e ct e d a n d sl o w e d i n t h e e a rl y 8 0s [ 3 2-

3 4 ]. O pti c al m ol ass es, w h e r e t h e at o ms a r e c o ol e d t o v e r y l o w t e m p e r at u r es

b y si x p e r p e n di c ul a r i nt e rs e cti n g l as e r b e a ms, w as fi rst st u di e d at B ell L a bs

[ 3 5 ].  M e as u r e d  t e m p e r at u r es  i n  t h e  e a rl y  m ol ass es  e x p e ri m e nts  w e r e  c o n-

sist e nt  wit h  t h e  s o- c all e d  D o p pl e r  li mit,  w hi c h  a m o u nts  t o  a  f e w  h u n d r e d

mi c r o k el vi n i n m ost al k alis. Li g ht w as fi rst us e d t o h ol d ( “t r a p ” ) at o ms usi n g

t h e di p ol e f o r c e e x e rt e d b y a st r o n gl y f o c us e d l as e r b e a m [ 3 6 ]. I n 1 9 8 7 a n d

1 9 8 8 t h e r e w e r e t w o m aj o r a d v a n c es t h at b e c a m e c e nt r al f e at u r es of t h e m e-

t h o d of c r e ati n g B E C. Fi rst, a p r a cti c al s p o nt a n e o us-f o r c e t r a p, t h e M a g n et o-

O pti c al Tr a p ( M O T ) w as d e m o nst r at e d [ 3 7 ]; a n d s e c o n d, it w as o bs e r v e d t h at

u n d e r  c e rt ai n  c o n diti o ns,  t h e  t e m p e r at u r es  i n  o pti c al  m ol ass es  a r e  i n  f a ct

m u c h c ol d e r t h a n t h e D o p pl e r li mit [ 3 8- 4 0 ]. T h e M O T h a d t h e ess e nti al el e-

m e nts n e e d e d f o r a wi d el y us ef ul o pti c al t r a p: it r e q ui r e d r el ati v el y m o d est

a m o u nts of l as e r p o w e r, it w as m u c h d e e p e r t h a n di p ol e t r a ps, a n d it c o ul d

c a pt u r e a n d h ol d r el ati v el y l a r g e n u m b e rs of at o ms. T h es e w e r e h e a d y ti m es

i n t h e l as e r- c o oli n g b usi n ess. Wit h e x p e ri m e nt yi el di n g t e m p e r at u r es m yst e-

ri o usl y f a r b el o w w h at t h e o r y w o ul d p r e di ct, it w as cl e a r t h at w e all li v e d u n-

d e r t h e a ut h o rit y of a m u ni fi c e nt G o d. 

D u ri n g t h e mi d 8 0s o n e of us ( C a rl ) b e g a n i n v esti g ati n g h o w us ef ul t h e

t e c h n ol o g y of l as e r t r a p pi n g a n d c o oli n g c o ul d b e c o m e f o r g e n e r al us e i n

at o mi c p h ysi cs. O ri gi n all y t his t o o k t h e f o r m of j ust m a ki n g it c h e a p e r a n d

si m pl e r b y r e pl a ci n g t h e e x p e nsi v e d y e l as e rs wit h v astl y c h e a p e r s e mi c o n-

d u ct o r l as e rs, a n d t h e n s e a r c hi n g f o r w a ys t o all o w at o m t r a p pi n g wit h t h es e

l o w c ost b ut als o l o w p o w e r l as e rs [ 4 1, 4 2 ]. Wit h t h e d e m o nst r ati o n of t h e

M O T  a n d  s u b- D o p pl e r  m ol ass es  C a rl’s  g r o u p  b e g a n  e a g e rl y  st u d yi n g  w h at

p h ysi cs w as li miti n g t h e c ol d n ess a n d d e ns e n ess of t h es e t r a p p e d at o ms, wit h

t h e h o p e of e xt e n di n g t h e li mits f u rt h e r. T h e y dis c o v e r e d t h at s e v e r al at o mi c

p r o c ess es  w e r e  r es p o nsi bl e  f o r  t h es e  li mits.  Li g ht  assist e d  c ollisi o ns  w e r e

f o u n d t o b e t h e m aj o r l oss p r o c ess f r o m t h e M O T as t h e d e nsit y i n c r e as e d

[ 4 3 ]. H o w e v e r, e v e n b ef o r e t h at b e c a m e a s e ri o us p r o bl e m, t h e li g ht p r ess u r e

f r o m r e r a di at e d p h ot o ns li mit e d t h e d e nsit y [ 4 4, 4 5 ]. At a b o ut t h e s a m e ti m e,

t h e  s u b- D o p pl e r  t e m p e r at u r es  of  m ol ass es  f o u n d  b y  P hilli ps,  C h u,  a n d  

C o h e n- Ta n n o u dji w e r e s h o w n t o b e d u e t o a c o m bi n ati o n of li g ht-s hifts a n d

o pti c al p u m pi n g t h at b e c a m e k n o w n as Sis y p h us c o oli n g [ 4 6 ]. R a n d o m m o-

m e nt u m  fl u ct u ati o ns  f r o m  t h e  s c att e r e d  p h ot o ns  li mit  t h e  ulti m at e  t e m-

p e r at u r e t o a b o ut a f a ct o r of 1 0 a b o v e t h e r e c oil li mit. I n l a r g e r s a m pl es, t h e

mi ni m u m t e m p e r at u r e w as hi g h e r y et, b e c a us e of t h e m ulti pl e s c att e ri n g of

t h e p h ot o ns. W hil e c a r r yi n g o ut st u di es o n t h e d e nsit y li mits of M O Ts C a rl’s

g r o u p als o c o nti n u e d t h e eff o rt i n t e c h n ol o g y d e v el o p m e nt. T his r es ult e d i n

t h e c r e ati o n of a us ef ul M O T i n a si m pl e gl ass v a p o r c ell [ 4 7 ], t h e r e b y eli mi-

n ati n g t h e s u bst a nti al v a c u u m c h a m b e r r e q ui r e d f o r t h e sl o w e d at o mi c b e a m

l o a di n g t h at h a d p r e vi o usl y b e e n us e d. 

S e e ki n g t o t a k e a d v a nt a g e of t h e l a r g e g ai ns i n p h as e s p a c e d e nsit y p r o-

vi d e d b y t h e M O T w hil e a v oi di n g t h e li mit ati o ns i m p os e d b y t h e u n d esi r a bl e

eff e cts of p h ot o ns, C a rl a n d his st u d e nt C h ris M o n r o e ( Fi g. 2 ) d e ci d e d t o t r y
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l o a di n g t h e c ol d M O T at o ms i nt o a m a g n eti c t r a p [ 4 7 ]. T his w o r k e d r e m a r k-

a bl y w ell. B e c a us e f u rt h e r c o oli n g c o ul d b e c a r ri e d o ut as t h e at o ms w e r e

t r a nsf e r r e d b et w e e n o pti c al a n d m a g n eti c t r a p it w as p ossi bl e t o g et v e r y c ol d

s a m pl es, t h e c ol d est t h at h a d b e e n p r o d u c e d at t h at ti m e. M o r e i m p o rt a ntl y,

t h es e w e r e n ot o pti c al m ol ass es s a m pl es t h at w e r e q ui c kl y dis a p p e a ri n g b ut

r at h e r m a g n eti c all y t r a p p e d s a m pl es t h at c o ul d b e h el d a n d st u di e d f o r e x-

t e n d e d p e ri o ds. T h es e s a m pl es w e r e a b o ut a h u n d r e d ti m es c ol d e r t h a n a n y

p r e vi o us t r a p p e d at o m s a m pl es, wit h a c o r r es p o n di n gl y i n c r e as e d p h as e s p a c e

d e nsit y. T his w as a s atisf yi n g a c hi e v e m e nt, b ut as m u c h as t h e r es ult its elf, it w as

t h e r el ati v e si m pli cit y of t h e a p p a r at us r e q ui r e d t h at i ns pi r e d us (i n cl u di n g

n o w E ri c, w h o j oi n e d t h e p r oj e ct as a p ost d o c i n 1 9 9 0 ) t o s e e j ust h o w f a r w e

c o ul d p us h t his m arri a g e of l as er c o oli n g a n d tr a p pi n g a n d m a g n eti c tr a p pi n g. 

P r e vi o us  l as e r  t r a ps  i n v ol v e d  e x p e nsi v e  m assi v e  l as e r  s yst e ms  a n d  l a r g e

v a c u u m c h a m b e rs f o r at o mi c b e a m p r e c o oli n g. P r e vi o us m a g n eti c t r a ps f o r

at o ms w e r e us u all y [ 1 7, 1 9 ] e xt r e m el y c o m pl e x a n d b ul k y ( oft e n wit h s u p e r-

c o n d u cti n g c oils ) b e c a us e of t h e n e e d t o h a v e s uf fi ci e ntl y l a r g e d e pt hs a n d

st r o n g  c o n fi n e m e nt.  L as e r  t r a ps  a n d  m a g n eti c  t r a ps  w e r e  b ot h  s o m e w h at  

h e r oi c e x p e ri m e nts i n di vi d u all y, t o b e u n d e rt a k e n o nl y b y a s el e ct h a n df ul of

w ell- e q ui p p e d  A M O  l a b o r at o ri es.  T h e  p r os p e ct  of  t r yi n g  t o  g et  b ot h  t r a ps

w o r ki n g, a n d w o r ki n g w ell, i n t h e s a m e r o o m a n d o n t h e s a m e d a y, w as d a u n-

ti n g. H o w e v e r, i n t h e fi rst JI L A m a g n eti c t r a p e x p e ri m e nt o u r l as e r s o u r c es

w e r e si m pl e di o d e l as e rs, t h e v a c u u m s yst e m w as a s m all gl ass v a p o r c ell, a n d

t h e m a g n eti c t r a p w as j ust a f e w t u r ns of wi r e w r a p p e d a r o u n d it. T his m a g-

n eti c fi el d w as a d e q u at e b e c a us e of t h e l o w t e m p e r at u r es of t h e l as e r c o ol e d

8 3

Fi g ure 2 . C h ris M o n r o e e x a mi-
n es a n e a rl y h y b ri d M O T- m a g-
n eti c t r a p a p p a r at us.



a n d t r a p p e d s a m pl es. B ei n g a bl e t o p r o d u c e s u c h c ol d a n d t r a p p e d s a m pl es

i n t his m a n n e r e n c o u r a g e d o n e t o f a nt asi z e wil dl y a b o ut p ossi bl e t hi n gs t o d o

wit h s u c h a n at o m s a m pl e. I ns pi r e d b y t h e s pi n p ol a ri z e d h y d r o g e n w o r k o u r

f a nt asi zi n g q ui c kl y t u r n e d t o t h e i d e a of e v a p o r ati v e c o oli n g f u rt h e r t o r e a c h

B E C. It w o ul d r e q ui r e us t o i n c r e as e t h e p h as e s p a c e d e nsit y b y 5 o r d e rs of

m a g nit u d e, b ut si n c e w e h a d j ust g ai n e d a b o ut 1 5 o r d e rs of m a g nit u d e al m ost

f o r f r e e wit h t h e v a p o r c ell M O T, t his di d n ot s e e m s o d a u nti n g.

T h e JI L A v a p o r- c ell M O T ( Fi g. 3 ), wit h its s u p e ri m p os e d i o n p u m p e d t r a p,

i nt r o d u c e d a n u m b e r of i d e as t h at a r e n o w i n c o m m o n us e i n t h e h y b ri d t r a p-

pi n g b usi n ess: [ 4 7, 4 8 ]: (i ) V a p o r- c ell ( r at h e r t h a n b e a m ) l o a di n g, (ii ) f us e d-

gl ass r at h e r t h a n w el d e d-st e el a r c hit e ct u r e, (iii ) e xt e nsi v e us e of di o d e l as e rs,

(i v ) m a g n eti c c oils l o c at e d o utsi d e t h e c h a m b e r, ( v ) o v e r- all c h a m b e r v ol u m e

m e as u r e d i n c u bi c c e nti m et e rs r at h e r t h a n lit e rs, ( vi ) t e m p e r at u r es m e as u r e d

b y i m a gi n g a n e x p a n d e d cl o u d, ( vii ) m a g n eti c- fi el d c u r v at u r es c ali b r at e d i n

sit u b y o bs e r vi n g t h e f r e q u e n c y of di p ol e a n d q u a d r u p ol e (sl os hi n g a n d p ul-

si n g ) cl o u d m oti o n, ( viii ) t h e b asi c a p p r o a c h of a M O T a n d a m a g n eti c t r a p

w hi c h a r e s p ati all y s u p e ri m p os e d (i n d e e d, w hi c h oft e n s h a r e s o m e m a g n eti c

c oils ) b ut t e m p o r all y s e q u e nti al, a n d (i x ) o pti o n al us e of a d diti o n al m ol ass es

a n d o pti c al p u m pi n g s e q u e n c es i ns e rt e d i n ti m e b et w e e n t h e M O T a n d m a g-

n eti c t r a p pi n g st a g es. It is i nst r u cti v e t o n ot e h o w a m o d e r n, I P- b as e d B E C 

d e vi c e ( Fi g. 4 ) r es e m bl es its a n c est o r ( Fi g. 3 ).

As w e b e g a n t o t hi n k a b o ut a p pl yi n g t h e t e c h ni q u e of e v a p o r ati v e c o oli n g
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Fi g ure  3 .  T h e  gl ass  v a p o r  c ell  a n d  m a g n eti c  c oils  us e d  i n  e a rl y  JI L A  eff o rts  t o  h y b ri di z e  l as e r  
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c u r r e nt b a rs h a v e b e e n o mitt e d f o r cl a rit y.



wit h h y d r o g e n t o o u r v e r y c ol d al k ali at o ms w e l o o k e d c a r ef ull y at t h e h y d r o-

g e n w o r k a n d its l ess o ns. W h e n vi e w e d f r o m o u r 1 9 9 0 p e rs p e cti v e t h e p r e-

vi o us d e c a d e of w o r k o n p ol a ri z e d h y d r o g e n p r o vi d e d a n u m b e r of i m p o rt a nt

i nsi g hts. It w as cl e a r t h at t h e u ni q u e a bs e n c e of a n y b o u n d st at es f o r s pi n-

p ol a ri z e d h y d r o g e n w as a ct u all y n ot a n i m p o rt a nt iss u e ( ot h e r t h a n it b ei n g

t h e c at al yst f o r st a rti n g t h e e nti r e fi el d, of c o u rs e! ). B o u n d st at es o r n ot, a 

v e r y c ol d s a m pl e of s pi n p ol a ri z e d h y d r o g e n li k e e v e r y ot h e r g as h as a l o w e r

e n e r g y st at e t o w hi c h it c a n g o, a n d its s u r vi v al d e p e n ds o n t h e p r es e r v ati o n

of m et ast a bilit y. F o r h y d r o g e n t h e l o w e r- e n e r g y st at e is a s oli d, alt h o u g h f r o m

a n e x p e ri m e nt al p oi nt of vi e w t h e r at e-li miti n g p r o c ess is t h e f o r m ati o n of 

di at o mi c  m ol e c ul es  ( wit h  a p p r o p ri at el y  r e o ri e nt e d  s pi ns ).  Gi v e n  t h at  all  

at o mi c g as es a r e o nl y m et ast a bl e at t h e B E C t r a nsiti o n p oi nt, t h e r e al e x p e ri-

m e nt al iss u e b e c o m es: H o w w ell c a n o n e p r es e r v e t h e r e q uisit e m et ast a bilit y

w hil e still c o oli n g s uf fi ci e ntl y f a r t o r e a c h B E C ?

T h e r e ali z ati o n t h at m et ast a bilit y w as t h e k e y e x p e ri m e nt al c h all e n g e o n e

s h o ul d f o c us o n w as p r o b a bl y at l e ast as i m p o rt a nt t o t h e att ai n m e nt of B E C

as a n y of t h e e x p e ri m e nt al t e c h ni q u es w e s u bs e q u e ntl y d e v el o p e d t o a ct u all y

a c hi e v e it. T h e w o r k o n h y d r o g e n p r o vi d e d a n ess e nti al g ui d e f o r e v al u ati n g

a n d t a c kli n g t his c h all e n g e. It p r o vi d e d us wit h a p ot e nti al c o oli n g t e c h ni q u e

( e v a p o r ati v e c o oli n g of m a g n eti c all y t r a p p e d at o ms ), a n d m a p p e d o ut m a n y

of t h e p r o c ess es b y w hi c h a m a g n eti c all y t r a p p e d at o m c a n b e l ost f r o m its

m et ast a bl e st at e. T h e h y d r o g e n w o r k m a d e it cl e a r t h at it w as all a n iss u e of

g o o d v e rs us b a d c ollisi o ns. T h e g o o d c ollisi o ns a r e el asti c c ollisi o ns t h at r e-
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t h e r m ali z e t h e at o ms d u ri n g e v a p o r ati o n. T h e m o r e c ollisi o ns t h e r e a r e t h e

m o r e q ui c kl y a n d ef fi ci e ntl y o n e c a n c o ol. T h e b a d c ollisi o ns a r e t h e i n el asti c

c ollisi o ns t h at q u e n c h t h e m et ast a bilit y. H y d r o g e n h a d al r e a d y s h o w n t h at 

t h r e e- b o d y r e c o m bi n ati o n c ollisi o ns a n d di p ol e s pi n fli p c ollisi o ns w e r e t h e

m aj o r i n el asti c c ul p rits. T h e f a ct t h at h y d r o g e n r es e a r c h e rs w e r e f ai rl y cl os e

t o r e a c hi n g B E C w as als o a st r o n g e n c o u r a g e m e nt – it m e a nt t h at t h e g o al w as

n ot ri di c ul o usl y dist a nt a n d t h at o n e o nl y h a d t o d o a littl e b ett e r i n t h e g o o d

t o b a d c ollisi o ns t o s u c c e e d. 

T h e m o r e w e t h o u g ht a b o ut t his, t h e m o r e w e b e g a n t o s us p e ct t h at o u r

h e a v y al k ali at o ms w o ul d li k el y h a v e m o r e f a v o r a bl e c ollisi o n p r o p e rti es t h a n

h y d r o g e n at o ms a n d t h us h a v e a g o o d c h a n c e of s u c c ess. Alt h o u g h k n o wl e d g e

of t h e r el e v a nt c ollisi o n c r oss s e cti o ns w as t ot all y n o n e xist e nt at t h at ti m e, w e

w e r e a bl e t o c o m e u p wit h a r g u m e nts f o r h o w t h e c r oss s e cti o ns mi g ht s c al e

r el ati v e t o h y d r o g e n. T h es e a r e dis c uss e d i n m o r e d et ail b el o w i n t h e s e cti o n

dis c ussi n g w h y c ollisi o n al c o n c e r ns m a k e it li k el y t h at B E C c a n b e c r e at e d i n

a  l a r g e  n u m b e r  of  diff e r e nt  s p e ci es.  H e r e  w e  will  j ust  gi v e  a  b ri ef  s u m-

m a r y c o nsist e nt wit h o u r vi e ws ci r c a 1 9 9 0. T h e di p ol e s pi n- fli p c ollisi o ns t h at

li mit e d h y d r o g e n i n v ol v e s pi n-s pi n i nt e r a cti o ns a n d t h us c o ul d b e e x p e ct e d

t o b e si mil a r f o r t h e al k alis a n d f o r h y d r o g e n b e c a us e t h e m a g n eti c m o m e nts

a r e all a b o ut t h e s a m e. T h e g o o d c ollisi o ns n e e d e d f o r e v a p o r ati v e c o oli n g,

h o w e v e r, s h o ul d b e m u c h l a r g e r f o r h e a v y al k alis wit h t h ei r f at fl uff y el e ct r o n

cl o u ds t h a n f o r h y d r o g e n. T h e ot h e r vill ai n of t h e h y d r o g e n eff o rt, t h r e e-

b o d y r e c o m bi n ati o n, w as a t ot al m yst e r y, b ut b e c a us e it g o es as d e nsit y c u b e d

w hil e  t h e  g o o d  el asti c  c ollisi o ns  g o  as  d e nsit y  s q u a r e d,  it  s e e m e d  li k e  w e

s h o ul d  al w a ys  b e  a bl e  t o  fi n d  a  s uf fi ci e ntl y  l o w  d e nsit y  a n d  t e m p e r at u r e  

r e gi m e t o a v oi d it (s e e R ef. [ 4 8 ] ).

As a mi n o r hist o ri c al n ot e, w e mi g ht p oi nt o ut t h at d u ri n g t h es e c o nsi d e r-

ati o ns w e h a p pil y i g n o r e d t h e f a ct t h at t h e t e m p e r at u r es r e q ui r e d t o a c hi e v e

B E C i n a h e a v y al k ali g as a r e f a r l o w e r t h a n t h os e n e e d e d f o r t h e s a m e d e n-

sit y of h y d r o g e n. T h e c riti c al t e m p e r at u r e f o r i d e al- g as B E C is i n v e rs el y p r o-

p o rti o n al t o t h e m ass. It w as cl e a r t h at w e w o ul d n e e d t o c o ol t o w ell u n d e r a

mi c r o k el vi n, a n d a l a r g e t h r e e- b o d y r e c o m bi n ati o n r at e w o ul d h a v e r e q ui r e d

us t o g o t o p ossi bl y f a r l o w e r t e m p e r at u r es. T o s o m e o n e c o mi n g f r o m a t r a di-

ti o n al c r y o g e ni cs b a c k g r o u n d t his w o ul d ( a n d p r o b a bl y di d ) s e e m li k e s h e e r

f oll y. T h e h y d r o g e n w o r k h a d b e e n p us hi n g h a r d f o r s o m e y e a rs at t h e st at e

of t h e a rt i n c r y o g e ni c t e c h n ol o g y, a n d h e r e w e p r o p os e d t o h a p pil y j u m p f a r

b e y o n d t h at. F o rt u n at el y w e w e r e c o mi n g t o t his f r o m a n A M O b a c k g r o u n d

i n  a  ti m e  w h e n  t e m p e r at u r es  a c hi e v e d  b y  l as e r  c o oli n g  w e r e  d r o p pi n g

t h r o u g h t h e fl o o r. O pti mis m w as i n t h e ai r. I n f a ct, w e l at e r dis c o v e r e d o pti-

mis m c a n t a k e o n e o nl y s o f a r: T h e r e w e r e a ct u all y c o nsi d e r a bl e e x p e ri m e n-

t al dif fi c ulti es, a n d f u rt h e r c o oli n g c a m e at s o m e c o nsi d e r a bl e eff o rt a n d a 

fi v e- y e a r d el a y. N e v e rt h el ess, it is r e m a r k a bl e t h at wit h e v a p o r ati v e c o oli n g a

m a g n eti c all y t r a p p e d s a m pl e of at o ms, s u r r o u n d e d o n all si d es b y a 3 0 0 K

gl ass c ell, c a n b e c o ol e d t o r e a c h t e m p e r at u r es of o nl y a f e w n a n o k el vi n, a n d

m o r e o v e r it l o o ks q uit e f e asi bl e t o r e a c h e v e n l o w e r t e m p e r at u r es. 

G e n e r al c ollisi o n al c o nsi d e r ati o ns g a v e us s o m e h o p e t h at t h e e v a p o r ati v e
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c o oli n g h y b ri d t r a p a p p r o a c h wit h al k ali at o ms w o ul d g et us t o B E C, o r, if n ot,

at  l e ast  r e v e al  s o m e  i nt e r esti n g  n e w  p h ysi cs  t h at  w o ul d  p r e v e nt  it.  N o n e-

t h el ess, t h e r e w e r e p o w e rf ul a r g u m e nts a g ai nst p u rs ui n g t his. Fi rst, o u r 1 9 9 0-

e r a a r g u m e nts i n f a v o r of it w e r e b as e d o n s o m e v e r y f u z z y i nt uiti o n; t h e r e 

w e r e n o c ollisi o n d at a o r t h e o ri es t o b a c k it u p a n d t h e r e w e r e st r o n g v oi c es

i n dis a gr e e m e nt. S e c o n d, t h e h y dr o g e n e x p eri m e nts s e e m e d t o b e o n t h e v er g e

of r e a c hi n g B E C, a n d i n f a ct w e t h o u g ht it w as li k el y t h at if B E C c o ul d b e

a c hi e v e d t h e y w o ul d s u c c e e d fi rst. H o w e v e r, o u r b eli ef i n t h e vi rt u es of o u r

t e c h n ol o g y r e all y c a r ri e d t h e d a y i n c o n vi n ci n g us t o p r o c e e d. Wit h c o n v e-

ni e nt l as e rs i n t h e n e a r-I R, a n d wit h t h e g o o d o pti c al a c c ess of a r o o m-t e m-

p e r at u r e gl ass c ell, d et e cti o n s e nsiti vit y c o ul d a p p r o a c h si n gl e- at o m c a p a bili-

t y.  W e  c o ul d  t a k e  pi ct u r es  of  o nl y  a  f e w  t h o us a n d  t r a p p e d  at o ms,  a n d

i m m e di at el y k n o w t h e e n e r g y a n d d e nsit y dist ri b uti o n. If w e w a nt e d t o m o di-

f y o u r m a g n eti c t r a p it o nl y r e q ui r e d a f e w h o u rs wi n di n g a n d i nst alli n g a n e w

c oil of wi r es. T his w as a d r a m ati c c o nt r ast wit h t h e h y d r o g e n e x p e ri m e nts

t h at, li k e all st at e of t h e a rt c r y o g e ni cs e x p e ri m e nts, r e q ui r e d a n a p p a r at us

t h at w as t h e b ett e r p a rt of t w o st o ri es, a n d t h e ti m e t o m o dif y it w as m e as u r e d

i n (l a r g e ) f r a cti o ns of a y e a r. Als o, at o mi c h y d r o g e n w as m u c h m o r e dif fi c ult

t o d et e ct a n d s o t h e di a g n osti cs w e r e f a r m o r e li mit e d. T his c o n vi n c e d us t h at

alt h o u g h h y d r o g e n w o ul d li k el y s u c c e e d fi rst, o u r h y b ri d t r a p a p p r o a c h wit h

e asil y o bs e r v e d a n d m a ni p ul at e d al k ali s a m pl es w o ul d b e a bl e t o c a r r y o ut i m-

p o rt a nt s ci e n c e a n d s o w as w ell w o rt h p u rs ui n g i n its o w n ri g ht. 

F r o m t h e v e r y b e gi n ni n g i n 1 9 9 0, o u r w o r k o n B E C w as h e a vil y i n v ol v e d

wit h c ol d at o mi c c ollisi o ns. T his w as s o m e w h at i r o ni c si n c e p r e vi o usl y b ot h of

us  h a d  a cti v el y  a v oi d e d  t h e  l a r g e  f r a cti o n  of  A M O  w o r k  o n  t h e  s u bj e ct  of  

at o mi c c ollisi o ns. At o mi c c ollisi o ns at v e r y l o w t e m p e r at u r es is n o w a m aj o r

b r a n c h of t h e dis ci pli n e of A M O p h ysi cs, b ut at t h e e n d of t h e 1 9 8 0s t h e r e

w e r e al m ost n o e x p e ri m e nt al d at a, a n d w h at t h e r e w as c a m e i n f a ct f r o m t h e

s pi n- p ol a ri z e d h y d r o g e n e x p e ri m e nts [ 4 9 ]. T h e r e w as t h e o r eti c al w o r k o n h y-

d r o g e n f r o m S hl y a p ni k o v a n d K a g a n [ 5 0, 5 1 ], a n d f r o m Sil v e r a a n d V e r h a a r

[ 5 2 ]. A n e a rl y p a p e r b y P rit c h a r d [ 5 3 ] i n cl u d es esti m at es o n l o w-t e m p e r at u r e

c ollisi o n al  p r o p e rti es  f o r  al k alis.  His  esti m at es  w e r e  e xt r a p ol ati o ns  f r o m

r o o m-t e m p e r at u r e r es ults, b ut i n r et r os p e ct, s e v e r al w e r e s u r p risi n gl y a c c u r-

at e. As w e b e g a n t o w o r k o n e v a p o r ati v e c o oli n g, m u c h of o u r eff o rt w as d e-

v ot e d t o d et e r mi ni n g t h e si z es of all t h e r el e v a nt g o o d a n d b a d c ollisi o n c r oss

s e cti o ns.  O u r  eff o rts  w e r e  h el p e d  b y  t h e  t h e o r eti c al  eff o rts  of  B o u d e wij n

V e r h a a r w h o w as a m o n g t h e fi rst t o t a k e o u r eff o rts s e ri o usl y a n d att e m pt t o

c al c ul at e t h e r at es i n q u esti o n. C h ris G r e e n e als o p r o vi d e d us wit h s o m e us e-

f ul t h e o r eti c al esti m at es. 

St a rti n g i n 1 9 9 0 w e c a r ri e d o ut a s e ri es of e x p e ri m e nts e x pl o ri n g v a ri o us

m a g n eti c t r a ps a n d m e as u ri n g t h e r el e v a nt c ollisi o n c r oss s e cti o ns. As t his

w o r k p r o c e e d e d w e d e v el o p e d a f a r b ett e r u n d e rst a n di n g of t h e c o n diti o ns

n e c ess a r y f o r e v a p o r ati v e c o oli n g a n d a m u c h cl e a r e r u n d e rst a n di n g of t h e

r el e v a nt c ollisi o n al iss u es [ 5 4, 5 5 ]. O u r e x p e ri m e nt al c o n c e r ns e v ol v e d a c-

c o r di n gl y. I n t h e e a rl y e x p e ri m e nts [ 4 7, 4 8, 5 4, 5 6 ] a n u m b e r of iss u es c a m e

u p t h at c o nti n u e t o c o nf r o nt all B E C e x p e ri m e nts: t h e i m p o rt a n c e of ali g-
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ni n g t h e c e nt e rs of t h e M O T a n d t h e m a g n eti c t r a p, t h e d e nsit y- r e d u ci n g ef-

f e cts  of  m o d e- mis m at c h,  t h e  n e e d  t o  a c c o u nt  c a r ef ull y  f o r  t h e  ( p r e vi o usl y  

i g n o r e d ) f o r c e of g r a vit y, h e ati n g ( a n d n ot m e r el y l oss ) f r o m b a c k g r o u n d g as

c ollisi o ns, t h e us ef ul n ess of b ei n g a bl e t o t u r n off t h e m a g n eti c fi el ds r a pi dl y,

t h e n e e d t o s y n c h r o ni z e m a n y c h a n g es i n l as e r st at us a n d m a g n eti c fi el ds t o-

g et h e r wit h i m a g e a c q uisiti o n, a n a p p r e ci ati o n f o r t h e m a n y iss u es t h at c a n

i nt e rf e r e wit h a c c u r at e d et e r mi n ati o ns of d e nsit y a n d t e m p e r at u r e b y o pti c al

m et h o ds, eit h e r fl u o r es c e n c e o r a bs o r pti o n i m a gi n g, a n d c a r ef ul st a bili z ati o n

of m a g n eti c fi el ds. T h e m ast e r y of t h es e iss u es i n t h es e e a rl y d a ys m a d e it p os-

si bl e f o r us t o p r o c e e d r el ati v el y q ui c kl y t o q u a ntit ati v e m e as u r e m e nts wit h

t h e B E C o n c e w e h a d it. 

I n 1 9 9 2, w e c a m e t o r e ali z e t h at di p ol a r r el a x ati o n i n al k alis s h o ul d i n p ri n-

ci pl e n ot b e a li miti n g f a ct o r. As e x pl ai n e d i n t h e fi n al s e cti o n of t his a rti cl e,

c ollisi o n al s c ali n g wit h t e m p e r at u r e a n d m a g n eti c fi el d is s u c h t h at, e x c e pt i n

p at h ol o gi c al sit u ati o ns, t h e p r o bl e m of g o o d a n d b a d c ollisi o ns i n t h e e v a p o-

r ati v e c o oli n g of al k alis is r e d u c e d t o t h e r ati o of t h e el asti c c ollisi o n r at e t o

t h e r at e of l oss d u e t o i m p e rf e ct v a c u u m; di p ol a r r el a x ati o n a n d t h r e e- b o d y

r e c o m bi n ati o n c a n b e fi n ess e d, p a rti c ul a rl y si n c e o u r p r eli mi n a r y d at a s h o w e d

t h e y w e r e n ot e n o r m o us. It w as r e ass u ri n g t o m o v e a h e a d o n eff o rts t o e v a-

p o r at e wit h t h e k n o wl e d g e t h at, w hil e w e w e r e ess e nti all y p r o c e e di n g i n t h e

d a r k, t h e r e w e r e n ot as m a n y m o nst e rs i n t h e d a r k as w e h a d o ri gi n all y i m a-

gi n e d.

It r a pi dl y b e c a m e cl e a r t h at t h e p ri m a r y c o n c e r ns w o ul d b e h a vi n g s uf fi-

ci e nt  el asti c  c ollisi o n  r at e  i n  t h e  m a g n eti c  t r a p  a n d  s uf fi ci e ntl y  l o w  b a c k-

g r o u n d p r ess u r e t o h a v e f e w b a c k g r o u n d c ollisi o ns t h at r e m o v e d at o ms f r o m

t h e t r a p. T o a c c o m plis h t his it w as cl e a r t h at w e n e e d e d hi g h e r d e nsiti es i n

t h e m a g n eti c t r a p t h e n w e w e r e g etti n g f r o m t h e M O T. O u r fi rst eff o rt t o i n-

c r e as e t h e d e nsit y t w o y e a rs e a rli e r w as b as e d o n a m ulti pl e-l o a di n g s c h e m e

[ 5 6 ]. M ulti pl e M O T-l o a ds of at o ms w e r e l a u n c h e d i n m o vi n g m ol ass es, o pti-

c all y p u m p e d i nt o a n u nt r a p p e d Z e e m a n l e v el, f o c us e d i nt o a m a g n eti c t r a p,

t h e n o pti c all y r e p u m p e d i nt o a t r a p p e d l e v el. T h e r e p u m pi n g r e p r es e nt e d

t h e n e c ess a r y dissi p ati o n, s o t h at m ulti pl e l o a ds of at o ms c o ul d b e i ns e rt e d i n

a c o nti n u o usl y o p e r ati n g m a g n eti c t r a p. I n p r a cti c e, e a c h st e p of t h e p r o c ess

i n v ol v e d s o m e l oss es, a n d t h e fi n al r es ult w as dis a p p oi nti n g. L at e r h o w e v e r, as

dis c uss e d b el o w, w e r es u r r e ct e d t h e i d e a of m ulti pl e l o a di n g f r o m o n e M O T

t o a n ot h e r t o g o o d a d v a nt a g e [ 5 7, 5 8 ]. T his is n o w a t e c h ni q u e c u r r e ntl y i n

wi d es p r e a d p r a cti c e.

I n a d diti o n t o b uil di n g u p t h e i niti al d e nsit y w e r e ali z e d t h at t h e c ollisi o n

r at e c o ul d b e d r a m ati c all y i n c r e as e d b y, aft e r l o a di n g i nt o a m a g n eti c t r a p,

c o m p r essi n g t h e at o ms b y f u rt h e r i n c r e asi n g t h e c u r v at u r e of t h e c o n fi ni n g

m a g n eti c fi el ds. I n a h a r m o ni c t r a p, t h e c ollisi o n r at e aft e r a di a b ati c c o m-

p r essi o n s c al es as t h e fi n al c o n fi ni n g f r e q u e n c y s q u a r e d [ 4 8 ]. T his m et h o d is

dis c uss e d i n R ef. [ 4 8 ] a n d w as i m pl e m e nt e d fi rst i n e a rl y g r o u n d-st at e c olli-

si o n al w o r k [ 5 4 ].

I n f all of 1 9 9 2, E ri c’s p ost d o ct o r al a p p oi nt m e nt c o n cl u d e d, a n d, aft e r a

t o u r t h r o u g h t h e j o b m a r k et, h e d e ci d e d t o t a k e t h e e q ui v al e nt of a n assist a nt
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p r of ess o r  p ositi o n  at  JI L A / NI S T.  H e  d e ci d e d  t o  us e  his  st a rt u p  m o n e y  t o

b uil d  a  n e w  e x p e ri m e nt al  a p p a r at us  t h at  w o ul d  b e  d esi g n e d  t o  p ut  t h es e

i d e as t o g et h e r t o m a k e s u r e e v a p o r ati o n w o r k e d as w e e x p e ct e d. M e a n w hil e,

w e c o nti n u e d t o p u rs u e t h e p ossi bilit y of e n h a n c e d c ollisi o n c r oss s e cti o ns i n

c esi u m usi n g a F es h b a c h r es o n a n c e. At t h at p oi nt o u r M o nt e C a rl o si m ul a-

ti o ns s ai d t h at a r ati o of a b o ut 1 5 0 el asti c c ollisi o ns p e r t r a p lif eti m e w as r e-

q ui r e d t o a c hi e v e “ r u n a w a y ” e v a p o r ati o n. T his is t h e c o n diti o n w h e r e t h e

el asti c c ollisi o n r at e w o ul d c o nti n u e t o i n c r e as e as t h e t e m p e r at u r e d e c r e as e d,

a n d h e n c e e v a p o r ati o n w o ul d c o nti n u e t o i m p r o v e as t h e t e m p e r at u r e w as 

r e d u c e d. W e als o h a d r e as o n a bl e d et e r mi n ati o ns of t h e el asti c c ollisi o n c r oss

s e cti o ns. 

S o t h e pl a n w as t o b uil d a si m pl e q u a d r u p ol e t r a p t h at w o ul d all o w v e r y

st r o n g s q u e e zi n g t o g r e atl y e n h a n c e t h e c ollisi o n r at e, c o m bi n e d wit h a g o o d

v a c u u m s yst e m i n o r d e r t o m a k e s u r e e v a p o r ati v e c o oli n g w o r k e d as e x p e ct-

e d. Cl e a rl y, t h e r e w as m u c h t o b e g ai n e d b y b uil di n g a m o r e ti g htl y c o n fi ni n g

m a g n eti c t r a p, b ut t h e r e q ui r e m e nt of a d e q u at e o pti c al a c c ess f o r t h e M O T,

al o n g wit h e n gi n e e ri n g c o nst r ai nts o n p o w e r dissi p ati o n, m a d e t h e d esi g n

p r o bl e m c o m pli c at e d. 

W h e n c o nst r u cti n g a t r a p f o r w e a k- fi el d s e e ki n g at o ms, wit h t h e ai m of c o n-

fi ni n g t h e at o ms t o a s p ati al si z e m u c h s m all e r t h a n t h e si z e of t h e m a g n ets,

o n e w o ul d li k e t o us e li n e a r g r a di e nts. I n t h at c as e, h o w e v e r, o n e is c o nf r o nt e d

wit h  t h e  p r o bl e m  of  t h e  mi ni m u m  i n  t h e  m a g nit u d e  of  t h e  m a g n eti c  

fi el ds ( a n d t h us of t h e c o n fi ni n g p ot e nti al ) o c c u r ri n g at a l o c al z e r o i n t h e

m a g n eti c fi el d. T his z e r o r e p r es e nts a “ h ol e ” i n t h e t r a p, a sit e at w hi c h at o ms

c a n u n d e r g o M aj o r a n a t r a nsiti o ns [ 5 9 ] a n d t h us es c a p e f r o m t h e t r a p. If o n e

us es t h e s e c o n d- o r d e r g r a di e nts f r o m t h e m a g n ets t o p r o vi d e t h e c o n fi n e-

m e nt, t h e r e is a m a r k e d l oss of c o n fi n e m e nt st r e n gt h. T his s c ali n g is dis c uss e d

i n R ef. [ 6 0 ]. W e k n e w t h at o n c e t h e at o ms b e c a m e c ol d e n o u g h t h e y w o ul d

l e a k o ut t h e “ h ol e ” i n t h e b ott o m of t h e t r a p, b ut t h e pl a n w as t o g o a h e a d

a n d g et e v a p o r ati o n a n d w o r r y a b o ut t h e h ol e l at e r. W e als o r e c o g ni z e d t h at

e v e n wit h s u c c essf ul e v a p o r ati v e c o oli n g, a n d p r es u mi n g w e c o ul d s ol v e t h e

h ol e i n t h e q u a d r u p ol e t r a p iss u e, t h e r e w as still t h e q u esti o n of t h e si g n of

s c att e ri n g l e n gt h, w hi c h m ust b e p ositi v e t o e ns u r e t h e st a bilit y of a l a r g e c o n-

d e ns at e. 

I n s etti n g u p t h e n e w a p p a r at us E ri c c h os e t o us e r u bi di u m. Gi v e n t h e “ m o-

d ul o ” a rit h m eti c t h at g o es i nt o d et e r mi ni n g a s c att e ri n g l e n gt h, it s e e m e d f ai r

t o t r e at t h e s c att e ri n g l e n gt hs of diff e r e nt is ot o p es as st atisti c all y i n d e p e n d e nt

e v e nts, a n d r u bi di u m wit h its t w o st a bl e is ot o p es off e r e d t w o r olls of t h e di c e

f o r t h e s a m e l as e r s yst e m. E ri c t h e n p u r c h as e d a s et of di o d e l as e rs f o r t h e 

r u bi di u m w a v el e n gt h, b ut of c o u rs e w e k e pt t h e o ri gi n al c esi u m-t u n e d di o d e

l as e rs. T h e w a v el e n gt hs of c esi u m a n d of t h e t w o r u bi di u m is ot o p es a r e s uf fi-

ci e ntl y si mil a r t h at i n m ost c as es o n e c a n us e t h e s a m e o pti cs. T h us w e p r e-

s e r v e d t h e o pti o n of c o n v e rti n g f r o m o n e s p e ci es t o a n ot h e r i n a m att e r of

w e e ks. T h e c h a n c es t h e n of N at u r e c o ns pi ri n g t o m a k e t h e s c att e ri n g l e n gt h

n e g ati v e, f o r b ot h h y p e r fi n e l e v els, f o r all t h r e e at o ms, s e e m e d v e r y s m all. 

Pr o gr ess i n c ol d c ollisi o ns, p arti c ul arl y t h e e x p eri m e nt a n d t h e or y of p h ot o-
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ass o ci ati v e c ollisi o ns, h a d m o v e d f o r w a r d s o r a pi dl y t h at b y t h e ti m e w e h a d

e v a p o r ati v el y c o ol e d r u bi di u m t o cl os e t o B E C t e m p e r at u r es a c o u pl e of y e a rs

l at e r t h e r e e xist e d, at t h e 2 0 % l e v el, v al u es f o r s e v e r al of t h e el asti c s c att e ri n g

l e n gt hs. I n p a rti c ul a r, w e k n e w t h at it w as p ositi v e f o r t h e 2, 2 st at e of R b- 8 7

[ 6 1 – 6 6 ].

O u r o ri gi n al i d e a f o r t h e q u a d r u p ol e t r a p e x p e ri m e nt w as t o p uls e a b u rst

of r u bi di u m i nt o o u r c ell, w h e r e w e w o ul d c at c h a l a r g e s a m pl e i n t h e M O T

a n d t h e n h ol d it as t h e r esi d u al r u bi di u m w as q ui c kl y p u m p e d a w a y l e a vi n g a

l o n g  t r a p  lif eti m e.  W e,  p a rti c ul a rl y  E ri c’s  p ost d o c,  Mi k e  A n d e rs o n,  s p e nt  

m a n y f r ust r ati n g m o nt hs dis c o v e ri n g h o w dif fi c ult t his s e e mi n gl y si m pl e i d e a

w as t o a ct u all y i m pl e m e nt i n p r a cti c e. T h e m a n n e r i n w hi c h r u bi di u m i nt e r-

a ct e d wit h gl ass a n d st ai nl ess st e el s u rf a c es c o ns pi r e d t o m a k e t his s o dif fi c ult

w e fi n all y g a v e u p. W e e n d e d u p g oi n g wit h a f a r-f r o m- o pti m u m sit u ati o n of

w o r ki n g wit h e xt r e m el y l o w r u bi di u m p r ess u r e a n d d oi n g o u r b est at m a xi-

mi zi n g t h e n u m b e r of at o ms c a pt u r e d i n t h e M O T f r o m t his f e e bl e v a p o r a n d

e n h a n ci n g t h e c ollisi o n r at e f o r t h os e r el ati v el y f e w at o ms as m u c h as p ossi-

bl e. W e r e c o g ni z e d t h at t his w as a m aj o r c o m p r o mis e, b ut w e h a d b e e n t r yi n g

t o e v a p o r at e f o r s o m e ti m e, a n d w e w e r e g etti n g i m p ati e nt! W e h a d n o st o-

m a c h f o r b uil di n g a n ot h e r a p p a r at us j ust t o s e e e v a p o r ati o n. F o rt u n at el y w e

w e r e a bl e t o fi n d t w o k e y el e m e nts t o e n h a n c e t h e M O T l o a di n g a n d d e nsit y.

Fi rst w as t h e us e of a d a r k-s p ot

M O T i n w hi c h t h e r e is a h ol e i n

t h e  c e nt e r  of  t h e  M O T  b e a ms

s o  t h e  at o ms  a r e  n ot  e x cit e d.

T his  t e c h ni q u e  h a d  b e e n  d e-

m o nst r at e d b y K ett e rl e [ 6 7 ] as a

w a y t o g r e atl y e n h a n c e t h e d e n-

sit y  of  at o ms  i n  a  M O T  u n d e r

c o n diti o ns  of  a  v e r y  hi g h  

l o a di n g  r at e.  T h e  n u m b e r  of

at o ms  w e  c o ul d  l o a d  i n  o u r  

v a p o r  c ell  M O T  wit h  v e r y  l o w

r u bi di u m v a p o r w as d et e r mi n e d

b y t h e l o a di n g r at e o v e r t h e l oss

r at e.  I n  t his  c as e  t h e  l oss  r at e

w as  t h e  p h ot o ass o ci ati v e  c olli-

si o ns w e h a d l o n g b ef o r e f o u n d

t o b e i m p o rt a nt f o r l oss es f r o m

M O Ts. T h e d a r k-s p ot g e o m et r y

r e d u c e d t his t w o- b o d y p h ot o as-

s o ci ati v e l oss i n p a rt b e c a us e i n

o ur c o n diti o ns it re d uce d t h e d e n-

sit y of at o ms i n t h e M O T [ 6 8 ].

Usi n g t his a p p r o a c h w e w e r e

a bl e t o o bt ai n 1 0 8 at o ms i n t h e

M O T c oll e ct e d o ut of a v e r y l o w
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v a p o r b a c k g r o u n d (s o t h at m a g n eti c t r a p lif eti m e w as g r e at e r t h a n 1 0 0 s ).

T h e s e c o n d k e y el e m e nt w as t h e i n v e nti o n of t h e c o m p r ess e d M O T ( C M O T ),

a t e c h ni q u e f o r s u bst a nti all y e n h a n ci n g t h e d e nsit y of at o ms i n t h e M O T o n

a t r a nsi e nt b asis. F o r t h e C M O T, t h e M O T w as fill e d a n d t h e n t h e fi el d g r a di-

e nt a n d l as e r d et u ni n g w e r e s u d d e nl y c h a n g e d t o g r e atl y s u p p r ess t h e m ul-

ti pl e  p h ot o n  s c att e ri n g.  T his  p r o d u c e d  m u c h  hi g h e r  d e nsiti es  a n d  cl o u ds

w h os e s h a p e w as a m u c h b ett e r m at c h t o t h e d esi r e d s h a p e of t h e cl o u d i n

t h e m a g n eti c t r a p. T his w as a v e r y t r a nsi e nt eff e ct b e c a us e t h e l oss es f r o m t h e

M O T w e r e m u c h l a r g e r u n d e r t h es e c o n diti o ns, b ut t h at w as n ot i m p o rt a nt;

t h e at o ms n e e d e d o nl y t o b e h el d f o r t h e millis e c o n ds r e q ui r e d b ef o r e t h e y

w e r e t r a nsf e r r e d t o t h e m a g n eti c t r a p [ 6 9 ]. Wit h t h es e i m p r o v e m e nts a n d a

q u a d r u p ol e t r a p t h at p r o vi d e d s u bst a nti al s q u e e zi n g, w e w e r e a bl e t o fi n all y

d e m o nst r at e e v a p o r ati v e c o oli n g i n r u bi di u m. 

C o oli n g b y e v a p o r ati o n is a p r o c ess f o u n d t h r o u g h o ut n at u r e. W h et h e r t h e

m at e ri al b ei n g c o ol e d is a n at o mi c n u cl e us o r t h e Atl a nti c o c e a n, t h e r at e of

n at u r al e v a p o r ati o n a n d t h e mi ni m u m t e m p e r at u r e a c hi e v a bl e a r e li mit e d b y

t h e p a rti c ul a r fi x e d v al u e of t h e w o r k f u n cti o n of t h e e v a p o r ati n g s u bst a n c e.

I n m a g n eti c all y c o n fi n e d at o ms, n o s u c h li mit e xists, b e c a us e t h e “ w o r k f u n c-

ti o n ” is si m pl y t h e h ei g ht of t h e l o w est p oi nt i n t h e ri m of t h e c o n fi ni n g p o-

t e nti al.  H ess  p oi nt e d  o ut  [ 1 5 ]  t h at  b y  p e rt u r bi n g  t h e  c o n fi ni n g  m a g n eti c  

fi el ds,  t h e  w o r k  f u n cti o n  of  a  t r a p  c a n  b e  m a d e  a r bit r a ril y  l o w;  as  l o n g  as  

f a v o r a bl e c ollisi o n al c o n diti o ns p e rsist, t h e r e is n o l o w e r li mit t o t h e t e m p e r-

at u r es att ai n a bl e i n t his f o r c e d e v a p o r ati o n.

P rit c h a r d  [ 7 0 ]  p oi nt e d  o ut  t h at  e v a p o r ati o n  c o ul d  b e  p e rf o r m e d  m o r e

c o n v e ni e ntl y if t h e ri m of t h e t r a p w e r e d e fi n e d b y a n rf- r es o n a n c e c o n diti o n,

r at h e r t h a n si m pl y b y t h e t o p o g r a p h y of t h e m a g n eti c fi el d; e x p e ri m e nt all y,

his g r o u p m a d e fi rst us e of p ositi o n- d e p e n d e nt rf t r a nsiti o ns t o s el e cti v el y

t r a nsf e r m a g n eti c all y t r a p p e d s o di u m at o ms b et w e e n Z e e m a n l e v els a n d t h us

c h a r a ct e ri z e d t h ei r t e m p e r at u r e [ 7 1 ]. I n o u r e x p e ri m e nt w e us e d P rit c h a r d’s

t e c h ni q u e of a n rf fi el d t o s el e cti v el y e v a p o r at e.

It w as a g r e at r eli ef t o s e e e v a p o r ati v e c o oli n g of l as e r p r e c o ol e d, m a g n eti-

c all y t r a p p e d at o ms fi n all y w o r k, as w e h a d b e e n a nti ci p ati n g it w o ul d f o r s o

m a n y y e a rs. U nf o rt u n at el y, it w o r k e d e x a ctl y as w ell, b ut n o b ett e r, t h a n w e

h a d a nti ci p at e d. T h e at o ms w e r e c o ol e d t o a b o ut 4 0 mi k r o K a n d t h e n dis a p-

p e a r e d, at j ust t h e t e m p e r at u r e w e h a d esti m at e d t h e y w o ul d b e l ost, t h r o u g h

t h e h ol e i n t h e b ott o m of t h e q u a d r u p ol e t r a p. E ri c c a m e u p wit h a n i d e a t h at

s ol v e d t his p r o bl e m. It w as a d esi g n f o r a n e w t y p e of t r a p t h at r e q ui r e d r el a-

ti v el y littl e m o di fi c ati o n t o t h e a p p a r at us a n d s o w as q ui c kl y i m pl e m e nt e d.

T his w as t h e Ti m e O r biti n g P ot e nti al ( T O P ) t r a p i n w hi c h a s m all r ot ati n g

m a g n eti c fi el d w as a d d e d t o t h e q u a d r u p ol e fi el d [ 6 0 ]. T his m o v e d t h e fi el d

z e r o i n a n o r bit f ast e r t h a n t h e at o ms c o ul d f oll o w. It w as t h e p e rf e ct s ol uti o n

t o o u r p r o bl e m.

Mi k e A n d e rs o n, a n ot h e r p ost d o c, W olf g a n g P et ri c h ( Fi g. 5 ), a n d g r a d u at e

st u d e nt  J as o n  E ns h e r  q ui c kl y  i m pl e m e nt e d  t his  d esi g n.  T h ei r  eff o rts  w e r e

s p u r r e d o n b y t h e r e ali z ati o n t h at t h e r e w e r e s e v e r al ot h e r g r o u ps w h o h a d

n o w d e m o nst r at e d o r w e r e k n o w n t o b e o n t h e v e r g e of d e m o nst r ati n g e v a-
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p o r ati v e c o oli n g i n al k alis i n t h e p u rs uit of B E C. T h e T O P d esi g n w o r k e d

w ell, a n d t h e s a m pl es w e r e c o ol e d f a r c ol d e r, i n f a ct t o o c ol d f o r us t o r eli a bl y

m e as u r e. W e h a d b e e n m e as u ri n g t e m p e r at u r e si m pl y b y l o o ki n g at t h e s p a-

ti al si z e of t h e cl o u d i n t h e m a g n eti c t r a p. As t h e t e m p e r at u r e w as r e d u c e d

t h e si z e d e c r e as e d, b ut w e w e r e n o w r e a c hi n g t e m p e r at u r es s o l o w t h at t h e 

si z e h a d r e a c h e d t h e r es ol uti o n li mit of t h e o pti c al s yst e m. W e s a w d r a m ati c

c h a n g es i n t h e s h a p es of t h e i m a g es as t h e cl o u ds b e c a m e v e r y s m all, b ut w e

k n e w t h at a v a ri et y of diff r a cti o n a n d a b e r r ati o n eff e cts c o ul d g r e atl y dist o rt

i m a g es w h e n t h e s a m pl e si z e b e c a m e o nl y a f e w w a v el e n gt hs i n si z e, s o o u r

r e a cti o n  t o  t h es e  s h a p es  w as  m ut e d,  a n d  w e  k n e w  w e  h a d  t o  h a v e  b ett e r  

di a g n osti cs b ef o r e w e c o ul d h a v e m e a ni n gf ul r es ults. H e r e w e w e r e h el p e d b y

o u r l o n g e x p e ri e n c e i n st u d yi n g v a ri o us t r a p p e d cl o u ds o v e r t h e y e a rs. W e al-

r e a d y k n e w t h e v al u e of t u r ni n g t h e m a g n eti c t r a p off t o l et t h e cl o u d e x p a n d

a n d t h e n i m a gi n g t h e e x p a n d e d cl o u d t o g et a m e as u r e of t h e m o m e nt u m

dist ri b uti o n i n t h e t r a p. Si n c e t h e t r a p w as h a r m o ni c, t h e m o m e nt u m dist ri-

b uti o n  a n d  t h e  o ri gi n al  d e nsit y  dist ri b uti o n  w e r e  n e a rl y  i nt e r c h a n g e a bl e.

U nf o rt u n at el y, o n c e t h e m a g n eti c fi el d is off, t h e at o ms n ot o nl y e x p a n d b ut

als o  si m pl y  f all  u n d e r  t h e  i n fl u e n c e  of  g r a vit y.  W e  f o u n d  t h at  t h e  at o ms  

t e n d e d t o f all o ut of t h e fi el d of vi e w of o u r mi c r os c o p e b ef o r e t h e y h a d s uf-

fi ci e ntl y e x p a n d e d. T h e fi n al a d diti o n t o t h e a p p a r at us w as a s u p pl e m e nt a r y

m a g n eti c c oil, w hi c h p r o vi d e d s uf fi ci e nt fi el d g r a di e nt t o c a n c el t h e eff e cts of

g r a vit y w hil e mi ni mi zi n g a n y p e rt u r b ati o n t o t h e r el ati v e b allisti c t r aj e ct o ri es

of t h e e x p a n di n g at o ms.

A n d e rs o n, E ns h e r, a n d a n e w g r a d u at e st u d e nt, Mi k e M att h e ws ( Fi g. 6 ),

w o r k e d t h r o u g h a w e e k e n d t o i nst all t h e “ a nti- g r a vit y c oil ” a n d, aft e r a n a d di-
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Fi g ure 6 . F r o m l eft, Mi k e A n d e rs o n, D e b bi e Ji n, Mi k e M att h e ws a n d J as o n E ns h e r s a v o r r es ults of
e a rl y B E C e x p e ri m e nt.



ti o n al d a y o r t w o of t ri al a n d e r r o r, g ot t h e n e w fi el d c o n fi g u r ati o n “s hi m m e d

u p. ” B y J u n e 5, 1 9 9 5 t h e n e w t e c h n ol o g y w as w o r ki n g w ell a n d w e b e g a n t o

l o o k at t h e n o w g r e atl y e x p a n d e d cl o u ds. T o o u r d eli g ht, t h e l o n g- a w ait e d

t w o- c o m p o n e nt dist ri b uti o n w as al m ost i m m e di at el y a p p a r e nt ( Fi g. 7 ) w h e n

t h e s a m pl es w e r e c o ol e d t o t h e r e gi m e w h e r e B E C w as e x p e ct e d. T h e e x cit e-

m e nt w as t e m p e r e d b y t h e c o n c e r n t h at aft e r s o m a n y y e a rs of a nti ci p ati n g

t w o c o m p o n e nt cl o u ds as a si g n at u r e of B E C, w e mi g ht b e f o oli n g o u rs el v es.

Al m ost f r o m t h e b e gi n ni n g of t h e s e a r c h f o r B E C, it w as r e c o g ni z e d [ 7 2 ]

t h at as t h e s a m pl e st a rts t o c o n d e ns e, t h e r e w o ul d b e a s pi k e i n t h e d e nsit y

a n d m o m e nt u m dist ri b uti o ns c o r r es p o n di n g t o t h e m a c r os c o pi c p o p ul ati o n

of t h e g r o u n d st at e. T his w o ul d s h o w u p as a s e c o n d c o m p o n e nt o n t o p of t h e

m u c h b r o a d e r n o r m al t h e r m al dist ri b uti o n of u n c o n d e ns e d at o ms. T his w as

t h e si g n at u r e w e h a d b e e n h o pi n g t o s e e f r o m o u r fi rst d a ys of c o nt e m pl ati n g

B E C. T h e si z e of t h e B E C c o m p o n e nt i n t h es e fi rst o bs e r v ati o ns als o s e e m e d

al m ost  t o o  g o o d  t o  b e  t r u e.  I n  t h os e  d a ys  it  w as  k n o w n  t h at  i n  t h e  m u c h  

hi g h e r  d e nsit y  of  t h e  c o n d e ns at e,  t h r e e- b o d y  r e c o m bi n ati o n  w o ul d  b e  a  

m o r e d o mi n a nt eff e ct t h a n i n t h e l o w e r- d e nsit y u n c o n d e ns e d g as. F o r h y d r o-

g e n it w as c al c ul at e d t h at t h e c o n d e ns e d c o m p o n e nt c o ul d n e v e r b e m o r e

t h a n a f e w p e r c e nt of t h e s a m pl e. T h e t h r e e- b o d y r at e c o nst a nts w e r e t ot all y

u n k n o w n f o r al k ali at o ms at t h at ti m e, b ut b e c a us e of t h e H r es ults it still 

s e e m e d r e as o n a bl e t o e x p e ct t h e c o n d e ns at e c o m p o n e nt mi g ht o nl y b e a m o-
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Fi g ure 7 . T h r e e d e nsit y dist ri b uti o ns of t h e e x p a n d e d cl o u ds of r u bi di u m at o ms at t h r e e diff e r e nt
t e m p e r at u r es.. T h e a p p e a r a n c e of t h e c o n d e ns at e is a p p a r e nt as t h e n a r r o w f e at u r e i n t h e mi d dl e
i m a g e.. O n t h e f a r ri g ht, n e a rl y all t h e at o ms i n t h e s a m pl e a r e i n t h e c o n d e ns at e. T h e o ri gi n al e x-
p e ri m e nt al d at a is a t w o- di m e nsi o n al bl a c k a n d w hit e s h a d o w i m a g e, b ut t h es e i m a g es h a v e b e e n
c o n v e rt e d t o t h r e e di m e nsi o ns a n d gi v e n f als e c ol o r d e nsit y c o nt o u rs.



d est f r a cti o n of t h e t ot al s a m pl e. B ut i n o u r fi rst s a m pl es w e s a w it c o ul d b e

n e a rl y 1 0 0 %! I n t h e li g ht of t h e p r e v aili n g m yt h of u n att ai n a bilit y t h at h a d

g r o w n u p a r o u n d B E C o v e r t h e y e a rs, o u r o bs e r v ati o ns s e e m e d t o o g o o d t o

b e t r u e. W e w e r e e x p e ri e n c e d e n o u g h t o k n o w t h at w h e n r es ults i n e x p e ri-

m e nt al p h ysi cs s e e m t o o g o o d t o b e t r u e, t h e y al m ost al w a ys a r e! W e w o r ri e d

t h at i n o u r e nt h usi as m w e mi g ht c o nf us e t h e l o n g- d esi r e d B E C wit h s o m e

s p u ri o us a rtif a ct of o u r i m a gi n g s yst e m.

H o w e v e r,  o u r  w o r ri es  a b o ut  t h e  p ossi bilit y  of  d el u di n g  o u rs el v es  w e r e

q ui c kl y a n d al m ost e nti r el y all e vi at e d b y t h e a nis ot r o p y of t h e B E C cl o u d.

T his  w as  a  v e r y  disti n cti v e  si g n at u r e  of  B E C,  t h e  c r e di bilit y  of  w hi c h  w as  

g r e atl y e n h a n c e d t o us b y t h e f a ct t h at it fi rst r e v e al e d its elf i n t h e e x p e ri-

m e nt, a n d t h e n w e r e c o g ni z e d its si g ni fi c a n c e, r at h e r t h a n vi c e- v e rs a. It w as a

s o m e w h at  f o rt uit o us  a c ci d e nt  t h at  t h e  T O P  t r a p  p r o vi d e d  a  disti n ctl y  a ni-

s ot r o pi c t r a p pi n g p ot e nti al si n c e w e di d n ot a p p r e ci at e its b e n e fits u ntil w e

s a w t h e B E C d at a. A n o r m al t h e r m al g as (i n t h e c ollisi o n all y t hi n li mit ) r e-

l e as e d f r o m a n a nis ot r o pi c p ot e nti al will s p r e a d o ut is ot r o pi c all y. T his is r e-

q ui r e d b y t h e e q ui p a rtiti o n t h e o r e m. H o w e v e r, a B E C is a q u a nt u m w a v e a n d

s o its e x p a nsi o n is g o v e r n e d b y a w a v e e q u ati o n. T h e m o r e ti g htl y c o n fi n e d

di r e cti o n  will  e x p a n d  t h e  m ost  r a pi dl y,  a  m a nif est ati o n  of  t h e  u n c e rt ai nt y

p ri n ci pl e.  S e ei n g  t h e  B E C  c o m p o n e nt  of  o u r  t w o- c o m p o n e nt  dist ri b uti o n

dis pl a y j ust t his a nis ot r o p y, w hil e t h e b r o a d e r “ u n c o n d e ns e d ” p o rti o n of t h e

s a m pl e o bs e r v e d at t h e s a m e ti m e, wit h t h e s a m e i m a gi n g s yst e m r e m ai n e d

p e rf e ctl y is ot r o pi c ( as s h o w n i n Fi g. 8 ), p r o vi d e d t h e c r u ci al pi e c e of c o r r o b-

o r ati n g e vi d e n c e t h at t his w as t h e l o n g a w ait e d B E C. 

B y c oi n ci d e n c e w e w e r e s c h e d ul e d t o p r es e nt p r o g r ess r e p o rts o n o u r ef-

f o rts t o a c hi e v e B E C at t h r e e i nt e r n ati o n al c o nf e r e n c es i n t h e f e w w e e ks f ol-

l o wi n g t h es e o bs e r v ati o ns [ 7 4 ]. N e a rl y all t h e e x p e rts i n t h e fi el d w e r e r e p r e-

s e nt e d at o n e o r m o r e of t h es e c o nf e r e n c es, a n d t h e d at a w e r e s uf fi ci e nt t o

c o n vi n c e t h e m ost s k e pti c al of t h e m t h at w e h a d t r ul y o bs e r v e d B E C. T his c o n-

s e ns us p r o b a bl y f a cilit at e d t h e r a pi d r ef e r e ei n g a n d p u bli c ati o n of o u r r es ults. 
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Fi g ure 8 . L o o ki n g d o w n o n t h e t h r e e i m a g es of Fi g u r e 7 [ 7 3 ]. T h e c o n d e ns at e i n B a n d C is cl e a r-
l y elli pti c al i n s h a p e.



I n t h e o ri gi n al T O P-t r a p a p p a r at us w e w e r e a bl e t o o bt ai n s o- c all e d “ p u r e

c o n d e ns at es ” of a f e w t h o us a n d at o ms. B y “ p u r e c o n d e ns at es ” w e m e a nt t h at

n e a rl y all t h e at o ms w e r e i n t h e c o n d e ns e d f r a cti o n of t h e s a m pl e. S a m pl es of

t his si z e w e r e e asil y l a r g e e n o u g h t o i m a g e. O v e r t h e f e w m o nt hs i m m e di at e-

l y f oll o wi n g t h e o ri gi n al o bs e r v ati o n, w e u n d e rt o o k t h e p r o c ess of a t e c h n o-

l o gi c al s h o ri n g u p of t h e m a c hi n e, u ntil t h e m a c hi n e r e a c h e d t h e l e v el of r e-

li a bilit y  n e c ess a r y  t o  c r a n k  o ut  c o n d e ns at e  aft e r  r e p r o d u ci bl e  c o n d e ns at e.

T his s et t h e st a g e f o r t h e fi rst g e n e r ati o n of e x p e ri m e nts c h a r a ct e ri zi n g t h e

p r o p e rti es of t h e c o n d e ns at e, m ost n ot a bl y t h e c o n d e ns at e e x cit ati o n st u di es

dis c uss e d b el o w.

Alt h o u g h b y 1 9 9 5 a n d 1 9 9 6 w e w e r e a bl e t o c a r r y o ut a n u m b e r of si g ni fi-

c a nt B E C e x p e ri m e nts wit h t h e o ri gi n al T O P-t r a p m a c hi n e, e v e n b y 1 9 9 4,

w ell b ef o r e t h e o ri gi n al c o n d e ns at es w e r e o bs e r v e d, w e h a d c o m e t o r e ali z e

t h e li mit ati o ns of t h e si n gl e- c ell d esi g n. O u r eff o rts t o m o d ul at e t h e v a p o r

p r ess u r e w e r e n ot v e r y s u c c essf ul, w hi c h f o r c e d us t o o p e r at e at a st e a d y-st at e

r u bi di u m v a p o r p r ess u r e. C h o osi n g t h e v al u e of v a p o r p r ess u r e at w hi c h t o

o p e r at e r e p r es e nt e d a c o m p r o mis e b et w e e n o u r n e e d t o fill t h e v a p o r- c ell

M O T wit h as m a n y at o ms as p ossi bl e, a n d o u r n e e d t o h a v e t h e lif eti m e i n t h e

m a g n eti c t r a p as l o n g as p ossi bl e. T h e si n gl e- c ell d esi g n als o c o m p ell e d us t o

m a k e a s e c o n d c o m p r o mis e, t his ti m e o v e r t h e si z e of t h e gl ass c ell. T h e l as e r

b e a ms of t h e M O T e nt e r t h e c ell t h r o u g h t h e s m o ot h, fl at r e gi o n of t h e c ell;

t h e l a r g e r t h e gl ass c ell, t h e l a r g e r t h e M O T b e a ms, a n d t h e m o r e at o ms w e

c o ul d h e r d i nt o t h e M O T f r o m t h e r o o m-t e m p e r at u r e b a c k g r o u n d v a p o r. O n

t h e ot h e r h a n d, t h e s m all e r t h e gl ass c ell, t h e s m all e r t h e r a dii of t h e m a g n e-

ti c c oils w o u n d r o u n d t h e o utsi d e of t h e c ell, a n d t h e st r o n g e r t h e c o n fi n e-

m e nt p r o vi d e d b y t h e m a g n eti c t r a p. H a ns R o h n e r i n t h e JI L A s p e ci alit y s h o p

h a d l e a r n e d h o w [ 7 5 ] t o c r e at e gl ass c ells wit h t h e mi ni m u m p ossi bl e w ast e d

a r e a. B ut e v e n wit h t h e “ d e a d s p a c e ” b et w e e n t h e i n n e r di a m et e r of t h e m a g-

n eti c c oils a n d t h e o ut e r di a m et e r of t h e cl e a r gl ass wi n d o ws m a d e as s m all as

it c o ul d b e, w e w e r e c o nf r o nt e d wit h a n u n w el c o m e t r a d e off.

T h us,  i n  1 9 9 4,  i n  p a r all el  wit h  o u r  eff o rts  t o  p us h  as  h a r d  as  w e  c o ul d

t o w a r d B E C i n o u r o ri gi n al, si n gl e- c ell T O P t r a p, w e b e g a n w o r ki n g o n a n e w

t e c h n ol o g y t h at w o ul d a v oi d t his p ai nf ul t r a d e off. T his a p p r o a c h w as a m o di-

fi e d v e rsi o n of o u r ol d m ulti pl e l o a di n g s c h e m e i n w hi c h m a n y l o a ds f r o m a

M O T w e r e t r a nsf e r r e d t o a m a g n eti c t r a p i n a diff e r e nti all y p u m p e d v a c u u m

c h a m b e r. T h at a p p r o a c h h a d b e e n d ef e at e d b y t h e dif fi c ult y i n t r a nsf e r ri n g

at o ms f r o m M O T t o m a g n eti c t r a p wit h o ut l osi n g p h as e s p a c e d e nsit y. T h e r e

w as n o dissi p ati o n i n t h e m a g n eti c t r a p t o c o m p e ns at e f o r a sli g htl y t o o h a r d

o r t o o s oft p us h f r o m o n e t r a p t o t h e ot h e r. T his m a d e us r e c o g ni z e t h e i m-

p o rt a n c e of h a vi n g dissi p ati o n i n t h e s e c o n d t r a p, a n d s o w e w e nt t o a s yst e m

i n w hi c h at o ms w e r e c a pt u r e d i n a l a r g e- c ell M O T i n a r e gi o n of hi g h r u bi-

di u m  p r ess u r e,  a n d  t h e n  t r a nsf e r r e d  t h r o u g h  a  s m all  t u b e  i nt o  a  s e c o n d,

s m all- c ell M O T i n a l o w- p r ess u r e r e gi o n. T his eli mi n at e d t h e p r e vi o us dis a d-

v a nt a g es w hil e p r es e r vi n g t h e a d v a nt a g es of m ulti pl e l o a di n g t o g et m u c h l a r-

g e r n u m b e rs of t r a p p e d at o ms i n a l o w v a c u u m r e gi o n. T h e a p p r o a c h w o r k e d

w ell,  p a rti c ul a rl y  w h e n  w e  f o u n d  t h at  si m pl e  st ri ps  of  pl asti c  “ r ef ri g e r at o r

9 5



m a g n et ” m at e ri al a r o u n d t h e o utsi d e of t h e t r a nsf e r t u b e b et w e e n t h e t w o

t r a ps p r o vi d e d a n e x c ell e nt g ui d e t o c o n fi n e t h e at o ms as t h e y w e r e p us h e d

f r o m o n e t r a p t o t h e ot h e r [ 5 8 ]. 

Wit h t his s c h e m e w e w e r e a bl e t o still us e i n e x p e nsi v e l o w- p o w e r di o d e l a-

s e rs t o o bt ai n a b o ut o n e h u n d r e d ti m es m o r e at o ms i n t h e m a g n eti c t r a p

t h a n i n o u r si n gl e M O T-l o a d e d T O P m a g n eti c t r a p a n d wit h a f a r l o n g e r lif e-

ti m e; w e s a w t r a p lif eti m es u p t o 1 0 0 0 s e c o n ds i n t h e d o u bl e M O T m a g n eti c

tr a p. T his s yst e m st art e d w or ki n g i n 1 9 9 6 a n d it m ar k e d a pr of o u n d diff er e n c e

i n t h e e as e wit h w hi c h w e c o ul d m a k e B E C [ 7 6 ]. I n t h e o ri gi n al B E C e x p e ri-

m e nt  e v e r yt hi n g  h a d  t o  b e  v e r y  w ell  o pti mi z e d  t o  a c hi e v e  t h e  c o n diti o ns  

n e c ess a r y f o r r u n- a w a y e v a p o r ati v e c o oli n g a n d t h e r e b y B E C. I n t h e d o u bl e

M O T s yst e m t h e r e w e r e o r d e rs of m a g nit u d e t o s p a r e. N ot o nl y di d t his all o w

us t o r o uti n el y o bt ai n milli o n at o m p u r e c o n d e ns at es, b ut it als o m e a nt t h at

w e c o ul d dis p e ns e wit h t h e d a r k-s p ot o pti c al c o n fi g u r ati o n wit h its t r o u bl e-

s o m e ali g n m e nt. W e c o ul d b e m u c h l ess p r e cis e wit h m a n y ot h e r as p e cts of

t h e e x p e ri m e nt as w ell. 

T h e fi rst m a g n eti c t r a p w e us e d wit h t h e d o u bl e- M O T B E C m a c hi n e w as

n ot a T O P t r a p, b ut i nst e a d w as o u r ol d “ B as e b all ” st yl e I off e- P rit c h a r d t r a p.

T h e B as e b all c oil t r a p is r at h e r c o m pl e m e nt a r y t o t h e T O P t r a p i n t h at e a c h

h as u ni q u e c a p a biliti es. F o r e x a m pl e, t h e g e o m et r y of t h e T O P t r a p p ot e nti al

c a n b e c h a n g e d o v e r a wi d e r a n g e, alt h o u g h t h e r a n g e of D C fi el ds is q uit e li-

mit e d. I n c o nt r ast, t h e g e o m et r y of t h e B as e b all c oil t r a p p ot e nti al c a n b e v a-

ri e d o nl y b y s m all a m o u nts, b ut t h e D C bi as fi el d c a n b e e asil y v a ri e d o v e r

h u n d r e ds of g a uss. T h us i n 1 9 9 6, w h e n w e u p g r a d e d t h e o ri gi n al B E C m a c hi-

n e t o i n c o r p o r at e t h e d o u bl e- M O T t e c h n ol o g y, w e p r es e r v e d t h e T O P t r a p

c oil d esi g n. B ot h a r e w ell s uit e d t o c e rt ai n t y p es of e x p e ri m e nts, as will b e e vi-

d e nt i n t h e dis c ussi o ns b el o w. 

Wit h t h e d o u bl e- M O T s et u ps w e w e r e a bl e t o r o uti n el y m a k e milli o n- at o m

c o n d e ns at es i n a hi g hl y r eli a bl e m a n n e r i n b ot h T O P a n d B as e b all-t y p e m a g-

n eti c t r a ps. T h es e w e r e us e d t o c a r r y o ut a l a r g e n u m b e r of e x p e ri m e nts wit h

c o n d e ns at es o v e r t h e p e ri o d f r o m 1 9 9 6 t o t h e p r es e nt. S o m e of o u r f a v o rit e

e x p e ri m e nts a r e b ri e fl y dis c uss e d b el o w. 

F A V O RI T E E X P E RI M E N T S

C ollecti ve E xcit ati o ns 

I n t his s e cti o n, b y “ e x cit ati o ns ” w e m e a n “ c o h e r e nt fl u ct u ati o ns i n t h e d e nsi-

t y dist ri b uti o n. ” E x cit ati o n e x p e ri m e nts i n dil ut e- g as B E C h a v e b e e n m oti v at-

e d b y t w o m ai n c o nsi d e r ati o ns. Fi rst, B E C is e x p e ct e d t o b e a s u p e r fl ui d, a n d

a s u p e r fl ui d is d e fi n e d b y its d y n a mi c al b e h a vi o r. St u d yi n g e x cit ati o ns is a n

o b vi o us i niti al st e p t o w a r d u n d e rst a n di n g d y n a mi c al b e h a vi o r. S e c o n d, i n e x-

p e ri m e nt al  p h ysi cs  a  p r e cisi o n  m e as u r e m e nt  is  al m ost  al w a ys  a  f r e q u e n c y

m e as u r e m e nt, a n d t h e e asi est w a y t o st u d y a n eff e ct wit h p r e cisi o n is t o fi n d

a n o bs e r v a bl e f r e q u e n c y t h at is s e nsiti v e t o t h at eff e ct. I n t h e c as e of dil ut e- g as

B E C, t h e o bs e r v e d f r e q u e n c y of st a n di n g- w a v e e x cit ati o ns i n a c o n d e ns at e is

a p r e cis e t est of o u r u n d e rst a n di n g of t h e eff e ct of i nt e r a cti o ns. 
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B E C e x cit ati o ns w e r e fi rst o bs e r v e d b y J as o n E ns h e r, Mi k e M att h e ws, a n d

t h e n- p ost d o c D e b bi e Ji n, usi n g d est r u cti v e i m a gi n g of e x p a n d e d cl o u ds [ 7 7 ].

T h e  n e a rl y  z e r o  t e m p e r at u r e  cl o u ds  w e r e  c o h e r e ntl y  e x cit e d  (s e e  b el o w ),

t h e n all o w e d t o e v ol v e i n t h e t r a p f o r s o m e p a rti c ul a r d w ell ti m e, a n d t h e n r a-

pi dl y e x p a n d e d a n d i m a g e d vi a a bs o r pti o n i m a gi n g. B y r e p e ati n g t h e p r o c e-

d u r e m a n y ti m es wit h v a r yi n g d w ell ti m es, t h e ti m e- e v ol uti o n of t h e c o n d e n-

s at e d e nsit y p r o fil e c a n b e m a p p e d o ut. F r o m t h es e d at a, f r e q u e n ci es a n d

d a m pi n g r at es c a n b e e xt r a ct e d. I n a xi all y s y m m et ri c t r a ps, e x cit ati o ns c a n b e

c h a r a ct e ri z e d b y t h ei r p r oj e cti o n of a n g ul a r m o m e nt u m o n t h e a xis. T h e p e r-

t u r b ati o n o n t h e d e nsit y dist ri b uti o n c a us e d b y t h e e x cit ati o n of l o w est-l yi n g

m = 0 a n d m = 2 m o d es c a n b e c h a r a ct e ri z e d as si m pl e os cill ati o ns i n t h e c o n-

d e ns at e’s li n e a r di m e nsi o ns. Fi g. 9 s h o ws t h e wi dt hs of a n os cill ati n g c o n d e n-

s at e as a f u n cti o n of d w ell ti m e.

A f r e q u e n c y-s el e cti v e m et h o d f o r d ri vi n g t h e e x cit ati o ns is t o m o d ul at e t h e

t r a p pi n g  p ot e nti al  at  t h e  f r e q u e n c y  of  t h e  e x cit ati o n  t o  b e  e x cit e d  [ 7 7 ].

E x p e ri m e nt all y t his is a c c o m plis h e d b y s u m mi n g a s m all a c c o m p o n e nt o nt o

t h e c u r r e nt i n t h e t r a p pi n g m a g n ets. I n a T O P t r a p, it is c o n v e ni e nt e n o u g h

t o i n d e p e n d e ntl y m o d ul at e t h e t h r e e s e c o n d- o r d e r t e r ms i n t h e t r a ns v e rs e

p ot e nti al. B y c o nt r olli n g t h e r el ati v e p h as e of t h es e m o d ul ati o ns, o n e c a n i m-

p os e m = 0, m = 2, o r m = - 2 s y m m et r y o n t h e e x cit ati o n d ri v e. 

T h e r e h a v e b e e n a v e r y l a r g e n u m b e r of t h e o r y p a p e rs p u blis h e d o n e x ci-
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Fi g ure 9 . Z e r o t e m p e r at u r e e x cit ati o n d at a f r o m R ef. [ 7 8 ]. A w e a k m = 0 m o d ul ati o n of t h e m a g-
n eti c t r a p pi n g p ot e nti al is a p pli e d t o a 4 5 0 0- at o m c o n d e ns at e i n a 1 3 2 H z ( r a di al ) t r a p. Aft e r-
w a r d, t h e f r e el y e v ol vi n g r es p o ns e of t h e c o n d e ns at e s h o ws r a di al os cill ati o ns. Als o o bs e r v e d is a
s y m p at h eti c r es p o ns e of t h e a xi al wi dt h, a p p r o xi m at el y 1 8 0 o o ut of p h as e. T h e f r e q u e n c y of t h e
e x cit ati o n is d et e r mi n e d f r o m a si n e w a v e fit t o t h e f r e el y os cill ati n g cl o u d wi dt hs.



t ati o ns; m u c h of t his w o r k is r e vi e w e d i n R ef. [ 7 8 ]. All t h e z e r o-t e m p e r at u r e,

s m all a m plit u d e e x cit ati o n e x p e ri m e nts p u blis h e d t o d at e h a v e b e e n v e r y s u c-

c essf ull y  m o d el e d  t h e o r eti c all y.  Q u a ntit ati v e  a g r e e m e nt  h as  b e e n  b y  a n d  

l a r g e v e r y g o o d; s m all dis c r e p a n ci es c a n b e a c c o u nt e d f o r b y ass u mi n g r e a-

s o n a bl e  e x p e ri m e nt al  i m p e rf e cti o ns  wit h  r es p e ct  t o  t h e  T =  0  a n d  s m all-

a m plit u d e r e q ui r e m e nts of t h e o r y.

T h e e x cit ati o n m e as u r e m e nts dis c uss e d a b o v e w e r e t h e n r e visit e d at n o n-

z e r o  t e m p e r at u r e  [ 7 9 ].  T h e  f r e q u e n c y  of  t h e  c o n d e ns at e  e x cit ati o ns  w as

cl e arl y o bs er v e d t o d e p e n d o n t h e t e m p er at ur e, a n d t h e d a m pi n g r at es s h o w e d

a st r o n g t e m p e r at u r e d e p e n d e n c e. T his w o r k is i m p o rt a nt b e c a us e it b e a rs 

o n  t h e  littl e-st u di e d  fi nit e-t e m p e r at u r e  p h ysi cs  of  i nt e r a cti n g  c o n d e ns at es.

C o n n e cti o n wit h t h e o r y [ 8 0- 8 2 ] r e m ai ns s o m e w h at t e nt ati v e. T h e d a m pi n g

r at es, w hi c h a r e o bs e r v e d t o b e r o u g hl y li n e a r i n t e m p e r at u r e, h a v e b e e n e x-

pl ai n e d i n t h e c o nt e xt of L a n d a u d a m pi n g [ 8 3, 8 4 ]. T h e f r e q u e n c y s hifts a r e

dif fi c ult t o u n d e rst a n d, i n l a r g e p a rt b e c a us e t h e d at a s o f a r h a v e b e e n c ol-

l e ct e d i n a t h e o r eti c all y a w k w a r d, i nt e r m e di at e r e gi m e: t h e cl o u d of n o n c o n-

d e ns at e at o ms is n eit h e r s o t hi n as t o h a v e c o m pl et el y n e gli gi bl e eff e ct o n t h e

c o n d e ns at e, n o r s o t hi c k as t o b e d e e pl y i n t h e “ h y d r o d y n a mi c ( H D ) r e gi m e. ”

I n t his c o nt e xt, “ h y d r o d y n a mi c r e gi m e ” m e a ns t h at t h e cl assi c al m e a n f r e e

p at h i n t h e t h e r m al cl o u d is m u c h s h o rt e r t h a n a n y of its p h ysi c al di m e nsi o ns.

I n  t h e  o p p osit e  li mit,  t h e  “ c ollisi o nl ess  r e gi m e, ”  t h e r e  a r e  c o n c e pt u al  dif-

fi c ulti es  wit h  d es c ri bi n g  t h e  o bs e r v e d  d e nsit y  fl u ct u ati o ns  as  “ c oll e cti v e  

m o d es. ” R e c e nt t h e o r eti c al w o r k s u g g ests t h at g o o d a g r e e m e nt wit h e x p e ri-

m e nt m a y hi n g e o n c o r r e ctl y i n cl u di n g t h e r ol e of t h e e x cit ati o n d ri v e [ 8 5,

8 6 ].

T w o-c o m p o ne nt c o n de ns ates

As m e nti o n e d a b o v e, t h e d o u bl e- M O T s yst e m m a d e it p ossi bl e t o p r o d u c e

c o n d e ns at es e v e n if o n e w as q uit e sl o p p y wit h m a n y of t h e e x p e ri m e nt al p a-

r a m et e rs. O n e s u c h p a r a m et e r w as t h e s pi n st at e i n w hi c h t h e at o ms a r e o pti-

c all y  p u m p e d  b ef o r e  b ei n g  l o a d e d  i nt o  t h e  m a g n eti c  t r a p.  As  o u r  st u d e nt

C h ris M y att w as ti n k e ri n g a r o u n d s etti n g u p t h e e v a p o r ati o n o n e d a y, h e n o-

ti c e d, t o his s u r p ris e, t h at t h e r e s e e m e d t o b e t w o diff e r e nt cl o u ds of c o n d e n-

s at e i n t h e t r a p. T h e y w e r e r o u g hl y at t h e l o c ati o ns e x p e ct e d f o r t h e 2, 2 a n d

1,- 1  s pi n  st at es  t o  sit,  b ut  t h at  s e e m e d  i m p ossi bl e  t o  us  b e c a us e  t h es e  t w o  

st at es c o ul d u n d e r g o s pi n- e x c h a n g e c ollisi o ns t h at w o ul d c a us e t h e m t o b e

l ost  f r o m  t h e  t r a p,  a n d  t h e  s pi n  e x c h a n g e  c ollisi o n  c r oss  s e cti o ns  w e r e

t h o u g ht t o b e e n o r m o us. Aft e r e xt e nsi v e f u rt h e r st u di es t o t r y a n d i d e ntif y

w h at st r a n g e s p u ri o us eff e ct m ust b e r es p o nsi bl e f o r t h e i m a g es of t w o c o n-

d e ns at e cl o u ds w e c a m e t o r e ali z e t h at t h e y h a d t o b e t h os e t w o s pi n st at es. B y

a r e m a r k a bl e c oi n ci d e n c e, t h e t ri pl et a n d si n gl et p h as e s hifts a r e i d e nti c al

a n d s o at ult r al o w t e m p e r at u r es t h e s pi n e x c h a n g e c ollisi o ns a r e s u p p r ess e d

i n 8 7 R b b y 3 t o 4 o r d e rs of m a g nit u d e! T his s u p p r essi o n m e a nt t h at t h e diff e-

r e nt s pi n s p e ci es c o ul d c o e xist a n d t h ei r mi xt u r es c o ul d b e st u di e d. I n e a rl y

w o r k w e s h o w e d t h at o n e c o ul d c a r r y o ut s y m p at h eti c c o oli n g t o m a k e B E C

b y e v a p o r ati n g o nl y o n e s p e ci es a n d usi n g it as a c o oli n g fl ui d t o c hill t h e s e-
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c o n d s pi n st at e [ 7 6 ]. W e als o w e r e a bl e t o s e e h o w t h e t w o c o n d e ns at es i n-

t e r a ct e d a n d p us h e d e a c h ot h e r a p a rt, e x cl u di n g all b ut a s m all o v e rl a p i n 

s pit e of t h e f a ct t h at t h e y w e r e hi g hl y dil ut e g as es. 

T h es e e a rl y o bs e r v ati o ns sti m ul at e d a n e xt e nsi v e p r o g r a m of r es e a r c h o n

t w o- c o m p o n e nt c o n d e ns at es. Aft e r M y att’s o ri gi n al m e as u r e m e nts [ 7 6 ], o u r

w o r k i n t his fi el d, l e d b y p ost d o c D a vi d H all, c o n c e nt r at e d o n t h e 1,- 1 a n d 2,

+ 1 st at es (s e e Fi g. 1 0 ) b e c a us e t h e y c o ul d b e c o h e r e ntl y i nt e r c o n v e rt e d usi n g

t w o- p h ot o n  ( mi c r o w a v e  pl us  R F )  t r a nsiti o ns  a n d  t h e y  h a d  n e a rl y  i d e nti c al

m a g n eti c m o m e nts a n d s o s a w n e a rl y t h e s a m e t r a p pi n g p ot e nti als [ 8 7 ].

W h e n t h e t w o- p h ot o n r a di ati o n fi el d is t u r n e d off, t h e r at e of s p o nt a n e o us

i nt e r c o n v e rsi o n b et w e e n t h e t w o s pi n s p e ci es ess e nti all y v a nis h es, a n d m o r e-

o v e r t h e o pti c al i m a gi n g p r o c ess r e a dil y disti n g uis h es o n e s p e ci es f r o m t h e 

ot h e r, as t h ei r diff e r e n c e i n e n e r g y ( 6. 8 G H z ) is v e r y l a r g e c o m p a r e d t o t h e

e x cit e d st at e li n e wi dt h. I n t his sit u ati o n, o n e m a y m o d el t h e c o n d e ns at e d y-

n a mi cs as t h o u g h t h e r e w e r e t w o disti n ct q u a nt u m fl ui ds i n t h e t r a p. S m all

diff e r e n c es i n s c att e ri n g l e n gt h m a k e t h e t w o fl ui ds h a v e a m a r gi n al t e n d e n-

c y t o s p ati all y s e p a r at e, at l e ast i n a n i n h o m o g e n e o us p ot e nti al, b ut t h e i nt e r-

s p e ci es h e ali n g l e n gt h is l o n g s o t h at i n t h e e q uili b ri u m c o n fi g u r ati o n t h e r e is

c o nsi d e r a bl e o v e rl a p b et w e e n t h e t w o s p e ci es [ 8 8, 8 9 ]. O n t h e ot h e r h a n d,

t h e p r es e n c e of a n e a r- r es o n a nt t w o- p h ot o n c o u pli n g d ri v e eff e cti v el y b ri n gs

t h e t w o e n e r g y l e v els q uit e cl os e t o o n e a n ot h e r: o n r es o n a n c e, t h e c o r r e-

s p o n di n g d r ess e d e n e r g y l e v els a r e s e p a r at e d o nl y b y t h e eff e cti v e R a bi f r e-

q u e n c y f o r t h e t w o- p h ot o n d ri v e. I n t his li mit, o n e m a y i n a c e rt ai n s e ns e

t hi n k of t h e c o n d e ns at e as b ei n g d es c ri b e d b y a t w o-l e v el, s pi n o r fi el d [ 9 0,

9 1 ]. 

W e g ot a l ot of mil e a g e o ut of t his s yst e m, a n d c o nti n u e t o e x pl o r e its p r o-

p e rti es t o d a y. O n e of t h e m o r e d r a m ati c e x p e ri m e nts w e di d i n t h e t w o-l e v el

c o n d e ns at e w as t h e c r e ati o n, vi a a s o rt of w a v e f u n cti o n e n gi n e e ri n g, of a 

9 9

Fi g ure 1 0. E n e r g y l e v el di a g r a m f o r g r o u n d el e ct r o ni c st at e of 8 7 R b. T h e fi rst c o n d e ns at es w e r e
c r e at e d i n t h e 2, 2 st at e.  Mi xt u r es c o nt ai ni n g t h e 2, 2 a n d 1,- 1 st at e w e r e f o u n d t o c o e xist. I n l at e r
st u di es  w e  c r e at e d  c o n d e ns at es  i n  t h e  1,- 1  st at e  a n d  t h e n  e x cit e d  it  t o  t h e  2, 1  st at e  usi n g  a
mi c r o w a v e pl us rf  t w o p h ot o n t r a nsiti o n.



q u a nti z e d v o rt e x. I n t his e x p e ri m e nt w e m a d e us e of b ot h as p e cts of t h e t w o-

l e v el s yst e m – t h e “ disti n g uis h a bl e fl ui ds ” a n d t h e “s pi n o r g as. ” St a rti n g wit h a

n e a r-s p h e ri c al b all of at o ms, all i n t h e l o w e r s pi n st at e, w e a p pli e d t h e t w o-

p h ot o n d ri v e f o r a b o ut 1 0 0 ms. At t h e s a m e ti m e, w e ill u mi n at e d t h e at o ms

wit h a n off- r es o n a nt l as e r b e a m w h os e i nt e nsit y v a ri e d b ot h i n ti m e a n d i n

s p a c e. T h e l as e r b e a m w as s uf fi ci e ntl y f a r f r o m r es o n a n c e t h at b y its elf it di d

n ot c a us e t h e c o n d e ns at e t o t r a nsiti o n f r o m st at e t o st at e, b ut t h e ass o ci at e d

a c St a r k s hift w as l a r g e e n o u g h t o aff e ct t h e r es o n a nt p r o p e rti es of t h e t w o-

p h ot o n d ri v e. T h e o v e r all s c h e m e is d es c ri b e d i n R efs. [ 9 2, 9 3 ]. T h e n et ef-

f e ct w as t o l e a v e t h e at o ms n e a r t h e c e nt e r of t h e b all of at o ms ess e nti all y u n-

p e rt u r b e d, w hil e c o n v e rti n g t h e p o p ul ati o n i n a n e q u at o ri al b elt a r o u n d t h e

b all i nt o t h e u p p e r s pi n st at e. T his c o n v e rsi o n p r o c ess als o i m p os e d a wi n di n g

i n t h e q u a nt u m p h as e, f r o m 0 a r o u n d t o 2π , i n s u c h a w a y t h at b y t h e ti m e t h e

d ri v e w as t u r n e d off, t h e u p p e r-s pi n st at e at o ms w e r e i n a v o rt e x st at e, wit h 

a si n gl e q u a nt u m of ci r c ul ati o n. T h e c e nt r al at o ms w e r e n o n r ot ati n g, a n d, 

li k e t h e pi m e nt o i n a st uff e d oli v e, s e r v e d o nl y t o m a r k t h e l o c ati o n of t h e 

v o rt e x c o r e. T h e c o r e at o ms c o ul d i n t u r n b e s el e cti v el y bl ast e d a w a y, l e a vi n g

1 0 0

Fi g ure 1 1 . (f r o m R ef. [ 9 2 ] ). C o n d e ns at e i m a g es s h o wi n g t h e fi rst B E C v o rt e x a n d t h e m e as u r e-
m e nt of its p h as e as a f u n cti o n of a zi m ut h al a n gl e. ( a ) S h o ws t h e d e nsit y dist ri b uti o n of at o ms i n
t h e u p p e r h y p e r fi n e st at e aft e r at o ms h a v e b e e n p ut i n t h at st at e i n a w a y t h at f o r ms a v o rt e x. ( b )
S h o ws t h e s a m e st at e aft e r a π / 2 p uls e h as b e e n a p pli e d t h at mi x es u p p e r a n d l o w e r h y p e r fi n e
st at es t o gi v e a n i nt e rf e r o g r a m r e fl e cti n g t h e p h as e dist ri b uti o n of t h e u p p e r st at e. ( c ) R esi d u al
c o n d e ns at e i n t h e l o w e r h y p e r fi n e st at e f r o m w hi c h t h e v o rt e x w as f o r m e d t h at i nt e rf e r es wit h
( a ) t o gi v e t h e i m a g e s h o w n i n ( b ). ( d ) A c ol or m a p of t h e p h as e diff er e n c e r e fl e ct e d i n ( b ). ( e ) T h e
r a di al a v e r a g e at e a c h a n gl e a r o u n d t h e ri n g i n ( d ). T h e d at a a r e r e p e at e d aft e r t h e a zi m ut h al
a n gl e 2 π t o b ett e r s h o w t h e c o nti n uit y a r o u n d t h e ri n g. T his s h o ws t h at t h e cl o u d s h o w n i n ( a )
h as t h e 2 π p h as e wi n di n g e x p e ct e d f o r a q u a nt u m v o rt e x wit h o n e u nit of a n g ul a r m o m e nt u m.



t h e u p p e r-st at e at o ms i n a b a r e v o rt e x c o n fi g u r ati o n, w h os e d y n a mi c p r o p e r-

ti es w e r e s h o w n b y p ost d o c B ri a n A n d e rs o n a n d g r a d st u d e nt P a ul H alj a n t o

b e ess e nti all y t h e s a m e as t h os e of t h e fill e d v o rt e x [ 9 4 ].

C o here nce a n d c o n de ns ate dec ay

O n e of o u r f a v o rit e B E C e x p e ri m e nts w as t o si m pl y l o o k at h o w a c o n d e ns at e

g o es a w a y [ 9 5 ]. T h e att r a cti o n of t his e x p e ri m e nt is its i n h e r e nt si m pli cit y

c o m bi n e d wit h t h e f a r- r e a c hi n g i m pli c ati o ns of t h e r es ults. Alt h o u g h it w as

w ell est a blis h e d t h at c o n d e ns at es li v e d f o r a fi nit e p e ri o d, f r a cti o ns of a s e-

c o n d t o m a n y s e c o n ds d e p e n di n g o n c o n diti o ns, n o o n e h a d i d e nti fi e d t h e

a ct u al p r o c ess b y w hi c h at o ms w e r e b ei n g l ost f r o m t h e c o n d e ns at e. T o d o

t his o u r c o- w o r k e rs C h ris M y att, Ri c h G h rist, a n d E ri c B u rt si m pl y m a d e c o n-

d e ns at es a n d c a r ef ull y w at c h e d t h e n u m b e r of at o ms a n d s h a p e of t h e c o n-

d e ns at e as a f u n cti o n of ti m e. F r o m t h es e d at a w e d et e r mi n e d t h at t h e l oss

p r o c ess v a ri e d wit h t h e c u b e of t h e d e nsit y, a n d h e n c e m ust b e t h r e e- b o d y r e-

c o m bi n ati o n. T his w as r at h e r w h at w e h a d e x p e ct e d, b ut it w as ni c e t o h a v e it

c o n fi r m e d. I n t h e p r o c ess of t his m e as u r e m e nt w e als o d et e r mi n e d t h e t h r e e-

b o d y r at e c o nst a nt, a n d t his w as m o r e i nt e r esti n g. Alt h o u g h t h r e e- b o d y r at e

c o nst a nts still c a n n ot b e a c c u r at el y c al c ul at e d, it w as p r e di ct e d l o n g a g o [ 9 6 ]

t h at t h e y s h o ul d d e p e n d o n t h e c o h e r e n c e p r o p e rti es of t h e w a v e f u n cti o n.

I n  a  n o r m al  t h e r m al  s a m pl e  t h e r e  a r e  fl u ct u ati o ns  a n d  t h e  t h r e e- b o d y  r e-

c o m bi n ati o n p r e d o mi n a ntl y t a k es pl a c e at hi g h- d e nsit y fl u ct u ati o ns. If t h e r e

is hi g h e r o r d e r c o h e r e n c e, h o w e v e r, as o n e h as i n m a c r os c o pi c all y o c c u pi e d

q u a nt u m st at es s u c h as a si n gl e m o d e l as e r, o r w as p r e di ct e d t o e xist i n a di-

l ut e g as B E C, t h e r e s h o ul d b e n o s u c h d e nsit y fl u ct u ati o ns. O n t his b asis it

w as p r e di ct e d t h at t h e t h r e e- b o d y r at e c o nst a nt i n a B E C w o ul d b e 3 f a ct o ri al

or 6 ti m es l o w er t h a n w h at it w o ul d b e f or t h e s a m e at o ms i n a t h er m al s a m pl e.

It is a m usi n g t h at s u c h a r el ati v el y m u n d a n e c ollisi o n p r o c ess c a n b e us e d 

t o p r o b e t h e q u a nt u m c o r r el ati o ns a n d c o h e r e n c e i n t his f as hi o n. Aft e r m e a-

s u ri n g t h e t h r e e- b o d y r at e c o nst a nt i n t h e c o n d e ns at e w e t h e n r e p e at e d t h e

m e as u r e m e nt i n a v e r y c ol d b ut u n c o n d e ns e d s a m pl e. T h e p r e di ct e d f a ct o r

of 6 ( a ct u all y 7. 4 + /- 2. 6 ) w as o bs e r v e d, t h e r e b y c o n fi r mi n g t h e hi g h e r o r d e r

c o h e r e n c e of B E C [ 9 5 ]. 

Fes h b ac h res o n a nce p hysics

I n 1 9 9 2 E ri c C o r n ell a n d C h ris M o n r o e r e ali z e d t h at di p ol e c ollisi o ns at ult r a-

l o w  t e m p e r at u r es  mi g ht  h a v e  i nt e r esti n g  d e p e n d e n ci es  o n  m a g n eti c  fi el d  

as dis c uss e d i n t h e A p p e n di x. Wit h t his i n mi n d w e a p p r o a c h e d B o u d wij n

V e r h a a r  a b o ut  c al c ul ati n g  t h e  m a g n eti c  fi el d  d e p e n d e n ci es  of  c ollisi o ns

b et w e e n at o ms i n t h e l o w e r F s pi n st at es. W h e n h e di d t his c al c ul ati o n h e dis-

c o v e r e d [ 9 7 ] t h at t h e r e w e r e d r a m ati c r es o n a n c es i n all t h e c r oss s e cti o ns as

a  f u n cti o n  of  m a g n eti c  fi el d  t h at  a r e  n o w  k n o w n  as  F es h b a c h  r es o n a n c es

b e c a us e  of  t h ei r  si mil a rit y  t o  s c att e ri n g  r es o n a n c es  d es c ri b e d  b y  H e r m a n

F es h b a c h i n n u cl e a r c ollisi o ns. F r o m t h e b e gi n ni n g V e r h a a r a p p r e ci at e d t h at

t h es e r es o n a n c es w o ul d all o w o n e t o t u n e t h e s- w a v e s c att e ri n g l e n gt h of t h e

at o ms a n d t h e r e b y c h a n g e b ot h t h e el asti c c ollisi o n c r oss s e cti o ns a n d t h e
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s elf-i nt e r a cti o n i n a c o n d e ns at e, alt h o u g h t his w as s e v e r al y e a rs b ef o r e c o n-

d e ns at es h a d b e e n c r e at e d. 

I n 1 9 9 2 w e h o p e d t h at t h es e F es h b a c h r es o n a n c es w o ul d gi v e us a w a y t o

c r e at e e n o r m o us el asti c c ollisi o n c r oss s e cti o ns t h at w o ul d f a cilit at e e v a p o r a-

ti v e c o oli n g. Wit h t his i n mi n d w e att e m pt e d t o fi n d F es h b a c h r es o n a n c es i n

t h e el asti c s c att e ri n g of fi rst c esi u m a n d t h e n, wit h p ost d o c N at e N e w b u r y, r u-

bi di u m. T h es e e x p e ri m e nts di d p r o vi d e us wit h el asti c s c att e ri n g c r oss s e c-

ti o ns [ 9 8, 9 9 ], b ut w e r e u n a bl e t o l o c at e t h e f e w- g a uss- wi d e F es h b a c h r es o-

n a n c es i n t h e t h o us a n d- g a uss r a n g e s p a n n e d b y t h e n t h e o r eti c al u n c e rt ai nt y. 

B y 1 9 9 7 t h e sit u ati o n h a d d r a m ati c all y c h a n g e d, h o w e v e r. A l a r g e a m o u nt

of w o r k o n c ol d c ollisi o ns, B E C p r o p e rti es, a n d t h e o r eti c al a d v a n c es p r o vi d e d

a c c u r at e v al u es f o r t h e i nt e r a cti o n p ot e nti als, a n d s o w e w e r e f ai rl y c o n fi d e nt

t h at t h e r e w as li k el y t o b e a r e as o n a bl y wi d e F es h b a c h r es o n a n c e i n r u bi di u m

8 5 t h at w as wit hi n 2 0 o r 3 0 g a uss of 1 5 0 G. T his w as a q uit e c o n v e ni e nt bi as 

fi el d at w hi c h t o o p e r at e o u r B as e b all m a g n eti c t r a p s o w e r et u r n e d t o t h e

F es h b a c h r es o n a n c e i n t h e h o p e t h at w e c o ul d n o w us e it t o m a k e a B E C wit h

a dj ust a bl e i nt e r a cti o ns. 

T h e ti m e w as cl e a rl y ri p e f o r F es h b a c h r es o n a n c e p h ysi cs. Wit hi n a y e a r

K ett e rl e [ 1 0 0 ] s a w a r es o n a n c e i n s o di u m t h r o u g h e n h a n c e d l oss of B E C,

D a n H ei n z e n [ 1 0 1 ] d et e ct e d a F es h b a c h r es o n a n c e i n p h ot o ass o ci ati o n i n
8 5 R b, w e [ 1 0 2 ] ( n ot a bl y st u d e nts J a k e R o b e rts a n d N eil Cl a uss e n ) d et e ct e d

t h e s a m e r es o n a n c e i n t h e el asti c s c att e ri n g c r oss s e cti o n, a n d C h u [ 1 0 3 ] d e-

t e ct e d F es h b a c h r es o n a n c es i n c esi u m. O u r e x p e ct ati o ns t h at it w o ul d b e as

e as y o r e asi e r t o f o r m B E C i n 8 5 R b as it w as i n 8 7 R b a n d t h e n us e t his r es o-

n a n c e t o m a ni p ul at e t h e c o n d e ns at e w e r e s a dl y n ai v e, h o w e v e r. D u e t o e n-

h a n c e m e nt of b a d c ollisi o ns b y t h e F es h b a c h r es o n a n c e, it w as f a r m o r e dif-

fi c ult  a n d  c o ul d  o nl y  b e  a c c o m plis h e d  b y  f oll o wi n g  a  c o m pli c at e d  a n d

p r e c a ri o us e v a p o r ati o n p at h. H o w e v e r, b y fi n di n g t h e c o r r e ct p at h a n d c o ol-

i n g t o 3 n K w e w e r e a bl e t o o bt ai n p u r e 8 5 R b c o n d e ns at es of 1 6 0 0 0 at o ms

[ 1 0 4 ].

T h e s c att e ri n g l e n gt h of t h es e c o n d e ns at es c o ul d t h e n b e r e a dil y a dj ust e d

b y v a r yi n g t h e m a g n eti c fi el d o v e r a f e w g a uss i n t h e vi ci nit y of t h e F es h b a c h

r es o n a n c e [ 1 0 5 ]. T his h as o p e n e d u p a wi d e r a n g e of p ossi bl e e x p e ri m e nts

r a n gi n g f r o m st u d yi n g t h e i nst a bilit y of c o n d e ns at es w h e n t h e s elf-i nt e r a cti o n

is s uf fi ci e ntl y att r a cti v e ( n e g ati v e a ) t o e x pl o ri n g t h e d e v el o p m e nt of c o r r el a-

ti o ns i n t h e w a v e f u n cti o n as t h e i nt e r a cti o ns a r e m a d e l a r g e a n d r e p ulsi v e.

T his r e gi m e p r o vi d es o n e wit h a n e w w a y t o p r o b e s u c h dis p a r at e s u bj e cts as

m ol e c ul a r B E Cs a n d t h e q u a nt u m b e h a vi o r of li q ui ds, w h e r e t h e r e is a hi g h

d e g r e e of c o r r el ati o n. T his w o r k r e p r es e nts s o m e of t h e m ost r e c e nt B E C e x-

p e ri m e nts,  b ut  al m ost  e v e r yt hi n g  w e  h a v e  e x pl o r e d  wit h  t his  s yst e m  h as

s h o w n d r a m ati c a n d u n e x p e ct e d r es ults. T h us it is cl e a r t h at w e a r e f a r f r o m

e x h a usti n g t h e f ull r a n g e of i nt e r esti n g e x p e ri m e nts t h at a r e y et t o b e c a r ri e d

o ut wit h B E Cs. 

I n  t h e  fi rst  of  t h es e  F es h b a c h  r es o n a n c e  e x p e ri m e nts  o u r  st u d e nts  J a k e

R o b e rts, N eil Cl a uss e n, a n d p ost d o c Si m o n C o r nis h s u d d e nl y c h a n g e d t h e

m a g n eti c fi el d t o m a k e a n e g ati v e. W e o bs e r v e d t h at, as e x p e ct e d, t h e c o n-
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d e ns at e b e c a m e u nst a bl e a n d “ c oll a ps e d, ” l osi n g a l a r g e n u m b e r of at o ms

[ 1 0 4 ]. T h e d y n a mi cs of t h e c oll a ps e p r o c ess w e r e q uit e r e m a r k a bl e. T h e c o n-

d e ns at e w as o bs e r v e d t o s h ri n k sli g htl y a n d t h e n u n d e r g o a n e x pl osi o n i n

w hi c h a s u bst a nti al f r a cti o n of t h e at o ms w e r e bl o w n off [ 1 0 6 ]. A l a r g e f r a c-

ti o n of t h e at o ms als o si m pl y v a nis h e d, p r es u m a bl y t u r ni n g i nt o u n d et e ct a bl e

m ol e c ul es o r v e r y e n e r g eti c at o ms, a n d fi n all y a s m all c ol d st a bl e r e m n a nt w as

l eft b e hi n d aft e r t h e c o m pl eti o n of t h e c oll a ps e. T his p r o c ess is ill ust r at e d i n

Fi g. 1 2. B e c a us e of its r es e m bl a n c e ( o n a v astl y l o w e r e n e r g y s c al e ) t o a c o r e

c oll a ps e s u p e r n o v a, w e h a v e n a m e d t his t h e “ B os e n o v a. ” T h e r e is n o w c o nsi-

d e r a bl e t h e o r eti c al eff o rt t o m o d el t his p r o c ess a n d p r o g r ess is b ei n g m a d e.

H o w e v e r, as y et t h e r e is n o cl e a r e x pl a n ati o n of t h e e n e r g y a n d a nis ot r o p y of

t h e at o ms i n t h e e x pl osi o n, t h e f r a cti o n of v a nis h e d at o ms, a n d t h e si z e of t h e

c ol d r e m n a nt. O n e of t h e m o r e p u z zli n g as p e cts is t h at t h e c ol d r e m n a nt c a n

b e f a r l a r g e r t h a n t h e c o n d e ns at e st a bilit y c o n diti o n t h at d et e r mi n es t h e c ol-

l a ps e p oi nt w o ul d s e e m t o all o w [ 1 0 6 ]. 

A n ot h e r v e r y i nt ri g ui n g r es ult of F es h b a c h r es o n a n c e st u di es i n 8 5 R b w as

o bs e r v e d w h e n o u r st u d e nts N eil Cl a uss e n a n d S a r a h T h o m ps o n a n d p ost d o c

Eli z a b et h D o nl e y q ui c kl y j u m p e d t h e m a g n eti c fi el d cl os e t o t h e r es o n a n c e

w hil e k e e pi n g t h e s c att e ri n g l e n gt h p ositi v e. T h e y f o u n d t h at t h e y c o ul d o b-

s e r v e t h e s a m pl e os cill at e b a c k a n d f o rt h b et w e e n b ei n g a n at o mi c a n d a m o-

l e c ul a r c o n d e ns at e as a f u n cti o n of ti m e aft e r t h e s u d d e n p e rt u r b ati o n. T his

1 0 3

Fi g ure  1 2 .  B os a n o v a  e x pl osi o n
f r o m R ef. [ 1 0 4 ]. F r o m t o p t o b ot-
t o m t h es e i m a g es s h o w t h e e v ol u-
ti o n  of  t h e  cl o u d  f r o m  0. 2  t o  4. 8
ms aft e r t h e i nt e r a cti o n w as m a d e
n e g ati v e, t ri g g e ri n g a c oll a ps e. O n
t h e l eft t h e e x pl osi o n p r o d u cts a r e
visi bl e  as  a  bl u e  gl o w  e x p a n di n g
o ut  of  t h e  c e nt e r,  l e a vi n g  a  s m all
c o n d e ns at e  r e m n a nt  t h at  is  u n-
c h a n g e d at s u bs e q u e nt ti m es. O n
t h e ri g ht is t h e s a m e i m a g e a m pli-
fi e d b y a f a ct o r of 3 t o b ett e r s h o w
t h e 2 0 0 n K e x pl osi o n p r o d u cts.



c u ri o us s yst e m of a q u a nt u m s u p e r p ositi o n of t w o c h e mi c all y disti n ct s p e ci es

will n o d o u bt b e a s u bj e ct of c o nsi d e r a bl e f ut u r e st u d y. 

A n O pti mistic A p pe n di x

U ntil a n e w t e c h n ol o g y c o m es al o n g t o r e pl a c e e v a p o r ati v e c o oli n g, t h e c r u-

ci al iss u e i n c r e ati n g B E C wit h a n e w at o m is c ollisi o ns. I n p r a cti c e, t his m e a ns

t h at pl a n ni n g a B E C e x p e ri m e nt wit h a n e w at o m r e q ui r es l e a r ni n g t o c o p e

wit h i g n o r a n c e. It is e as y t o f o r g et t h at ess e nti all y n ot hi n g is k n o w n a b o ut t h e

ult r al o w-t e m p e r at u r e c ollisi o n al p r o p e rti es of a n y at o mi c o r m ol e c ul a r s p e-

ci es t h at is n ot a n at o m i n t h e fi rst r o w of t h e p e ri o di c t a bl e. O n e c a n n ot e x-

p e ct  t h e o rists  t o  r eli e v e  o n e’s  i g n o r a n c e  –  i nt e r- at o mi c  p ot e nti als  d e ri v e d

f r o m r o o m-t e m p e r at u r e s p e ct r os c o p y a r e g e n e r all y n ot a d e q u at e t o all o w t h e-

o r eti c al c al c ul ati o ns of c ol d el asti c a n d i n el asti c c ollisi o n r at es, e v e n at t h e 

o r d e r- of- m a g nit u d e l e v el. Alt h o u g h t h e c ol d c ollisi o n al p r o p e rti es of a n e w

at o m  c a n  b e  d et e r mi n e d,  t his  is  a  m aj o r  e n d e a v o r,  a n d  i n  m ost  c as es  it  is  

e asi e r t o dis c o v e r if e v a p o r ati o n will w o r k b y si m pl y t r yi n g it. 

L a u n c hi n g i nt o s u c h a m aj o r n e w p r oj e ct wit h o ut a n y ass u r a n c es of s u c c ess

is a d a u nti n g p r os p e ct, b ut w e b eli e v e t h at, if o n e w o r ks h a r d e n o u g h, t h e

p r o b a bilit y t h at a n y gi v e n s p e ci es c a n b e e v a p o r ati v el y c o ol e d t o t h e p oi nt of

B E C is a ct u all y q uit e hi g h. T h e s c ali n g a r g u m e nts p r es e nt e d b el o w i n s u p p o rt

of t his ass e rti o n a r e l a r g el y t h e s a m e as t h os e t h at o ri gi n all y e n c o u r a g e d us t o

p u rs u e B E C i n al k alis, alt h o u g h wit h a bit m o r e r e fi n e m e nt p r o vi d e d b y a g e

a n d e x p e ri e n c e. 

Alt h o u g h t h e r e is a n e xt e nsi v e lit e r at u r e n o w o n e v a p o r ati v e c o oli n g, t h e

b asi c r e q ui r e m e nt is si m pl y t h at t h e r e m ust b e o n t h e o r d e r of 1 0 0 el asti c c ol-

lisi o ns p e r at o m p e r lif eti m e of t h e at o ms i n t h e t r a p. Si n c e t h e lif eti m e of t h e

at o ms i n t h e t r a p is us u all y li mit e d b y c ollisi o ns, t h e r e q ui r e m e nt c a n b e r e-

st at e d:  t h e  r at e  of  el asti c  c ollisi o ns  m ust  b e  a b o ut  2  o r d e rs  of  m a g nit u d e  

hi g h e r t h a n t h e r at e of b a d c ollisi o ns. As m e nti o n e d a b o v e t h e r e a r e t h r e e

b a d c ollisi o n al p r o c ess es a n d t h es e e a c h h a v e diff e r e nt d e p e n d e n ci es o n at o-

mi c d e nsit y i n t h e t r a p, n : b a c k g r o u n d c ollisi o ns (i n d e p e n d e nt of n ), t w o-

b o d y  di p ol a r  r el a x ati o n  ( α n ),  a n d  t h r e e- b o d y  r e c o m bi n ati o n  ( α n 2 ).  T h e  

r at e f o r el asti c c ollisi o ns is n σ v , w h e r e n is t h e m e a n d e nsit y, σ is t h e z e r o-

e n e r g y s- w a v e c r oss s e cti o n, a n d v is t h e m e a n r el ati v e v el o cit y. T h e r e q ui r e-

m e nt of 1 0 0 el asti c-t o-i n el asti c c ollisi o ns m ust n ot o nl y b e s atis fi e d i m m e di a-

t el y aft e r t h e at o ms a r e l o a d e d i nt o t h e t r a p, b ut als o as e v a p o r ati o n p r o c e e ds

t o w a r d l a r g e r n a n d s m all e r v . Wit h r es p e ct t o e v a p o r ati n g r u bi di u m 8 7 o r t h e

l o w e r h y p e r fi n e l e v el of s o di u m 2 3, n at u r e h as b e e n ki n d. O n e n e e d “ o nl y ”

a r r a n g e f o r t h e i niti al t r a p p e d cl o u d t o h a v e s uf fi ci e ntl y l a r g e n , a n d d esi g n a

s uf fi ci e ntl y l o w- p r ess u r e v a c u u m c h a m b e r, a n d e v a p o r ati o n w o r ks. T h e m ai n

p oi nt of t his s e cti o n, h o w e v e r, is t h at e v a p o r ati o n is li k el y t o b e p ossi bl e e v e n

wit h l ess f a v o r a bl e c ollisi o n p r o p e rti es. 

C o nsi d e ri n g t h e t r a p l oss p r o c ess es i n o r d e r, fi rst e x a mi n e b a c k g r o u n d l oss.

Tr a p lif eti m es w ell i n e x c ess of w h at a r e n e e d e d f o r 8 7 R b a n d N a h a v e b e e n

a c hi e v e d wit h st a n d a r d v a c u u m t e c h n ol o g y. F o r e x a m pl e, w e n o w h a v e m a g-

n eti c t r a p lif eti m es of n e a rl y 1 0 0 0 s. ( T his w as a r e q ui r e m e nt t o a c hi e v e B E C
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i n 8 5 R b wit h its l ess f a v o r a bl e c ollisi o ns. ) If o n e is willi n g t o a c c e pt t h e a d d e d

c o m pli c ati o ns of a c r y o g e ni c v a c u u m s yst e m, ess e nti all y i n fi nit e lif eti m es a r e

p ossi bl e. If t h e b a c k g r o u n d t r a p l oss is l o w e n o u g h t o all o w e v a p o r ati v e c o ol-

i n g t o b e gi n, it will n e v e r b e a p r o bl e m at l at e r st a g es of e v a p o r ati o n b e c a us e

n v i n c r e as es. 

If di p ol a r r el a x ati o n is t o b e a p r o bl e m, it will li k el y b e l at e i n t h e e v a p o r a-

ti v e p r o c ess w h e n t h e d e nsit y is hi g h a n d v el o cit y l o w. T h e r e is n o e as y s ol u-

ti o n t o a l a r g e di p ol a r r el a x ati o n r at e i n t e r ms of c h a n gi n g t h e s p ri n g c o n-

st a nt of t h e t r a p o r t h e p r ess u r e of t h e v a c u u m c h a m b e r. F o rt u n at el y, o n e is

n ot r e q ui r e d t o a c c e pt t h e v al u e of di p ol a r c ollisi o ns t h at n at u r e p r o vi d es. I n

f a ct, all o n e r e all y h as t o d o is o p e r at e t h e t r a p wit h a v e r y l o w m a g n eti c bi as

fi el d i n a m a g n eti c t r a p, o r if o n e us es a v e r y f a r off- r es o n a n c e o pti c al t r a p

(s u c h as C O 2 l as e r ), t r a p t h e at o ms i n t h e l o w est s pi n st at e, f o r w hi c h t h e r e

a r e n o di p ol e c ollisi o ns. T h e bi as fi el d d e p e n d e n c e c o m es a b o ut b e c a us e b e-

l o w a fi el d of r o u g hl y 5 G, t h e di p ol a r r at e i n t h e l o w e r h y p e r fi n e l e v el d r o ps

r a pi dl y t o z e r o. T his b e h a vi o r is si m pl e t o u n d e rst a n d. At l o w t e m p e r at u r e,

t h e i n c o mi n g c ollisi o n al c h a n n el m ust b e p u r el y s- w a v e. Di p ol a r r el a x ati o n

c h a n g es t h e p r oj e cti o n of s pi n a n g ul a r m o m e nt u m, s o t o c o ns e r v e a n g ul a r

m o m e nt u m t h e o ut g oi n g c ollisi o n al c h a n n el m ust b e d- w a v e o r hi g h e r. T h e

n o n z e r o o ut g oi n g a n g ul a r m o m e nt u m m e a ns t h at t h e r e is a n a n g ul a r m o-

m e nt u m  b a r ri e r  i n  t h e  eff e cti v e  m ol e c ul a r  p ot e nti al,  a  b a r ri e r  of  a  f e w

h u n d r e d mi c r o k el vi n. If t h e at o ms a r e t r a p p e d i n t h e l o w e r h y p e r fi n e st at e 

( F = 1, m F =- 1, i n r u bi di u m 8 7 ) t h e o ut g oi n g e n e r g y f r o m a di p ol a r c ollisi o n

is o nl y t h e Z e e m a n e n e r g y i n t h e t r a p pi n g fi el ds a n d f o r B l ess t h a n a b o ut 5 G

t his e n e r g y is i ns uf fi ci e nt t o g et t h e at o ms b a c k o ut o v e r t h e a n g ul a r m o m e n-

t u m b a r ri e r. If r el a x ati o n is t o o c c u r, it c a n h a p p e n o nl y at i nt e r- at o mi c r a dii

l a r g e r t h a n t h e o ut e r t u r ni n g- p oi nt of t h e a n g ul a r m o m e nt u m b a r ri e r. F o r

s m all e r a n d s m all e r fi el ds, t h e b a r ri e r g ets p us h e d f u rt h e r o ut, wit h c o r r e-

s p o n di n gl y l o w e r t r a nsiti o n r at es.

It is u nli k el y t h at t h e t h r e e- b o d y r e c o m bi n ati o n r at e c o nst a nt c o ul d e v e r b e

s o l a r g e t h at t h r e e- b o d y r e c o m bi n ati o n w o ul d b e a p r o bl e m w h e n t h e at o ms

a r e fi rst l o a d e d f r o m a M O T i nt o t h e e v a p o r ati o n t r a p. As e v a p o r ati o n p r o-

c e e ds, h o w e v e r, j ust as f o r t h e di p ol a r c ollisi o ns, it b e c o m es a n i n c r e asi n gl y s e-

ri o us c o n c e r n. B e c a us e of its d e nsit y d e p e n d e n c e, h o w e v e r, it c a n al w a ys b e

a v oi d e d b y m a ni p ul ati n g t h e t r a p pi n g p ot e nti al. A di a b ati c all y r e d u ci n g t h e

t r a p c o n fi n e m e nt h as n o eff e ct o n t h e p h as e-s p a c e d e nsit y b ut it r e d u c es b ot h

t h e d e nsit y a n d t h e at o m v el o cit y. T h e r ati o of t h r e e- b o d y t o el asti c c ollisi o ns

s c al es as 1 /n v . T h e r ef o r e, as l o n g as o n e c a n c o nti n u e t o t u r n d o w n t h e c o n-

fi ni n g st r e n gt h of o n e’s t r a p, o n e c a n e ns u r e t h at t h r e e- b o d y r e c o m bi n ati o n

will n ot p r e v e nt e v a p o r ati v e c o oli n g all t h e w a y d o w n t o t h e B E C t r a nsiti o n.

T o s u m m a ri z e, gi v e n (i ) a m o d estl y fl e xi bl e m a g n eti c t r a p, (ii ) a n a r bit r a-

ril y g o o d v a c u u m, (iii ) a t r u e g r o u n d st at e wit h F ≠ 0, a n d (i v ) n o n- p at h ol o gi-

c al c ollisi o n al p r o p e rti es, al m ost a n y m a g n eti c all y t r a p p a bl e s p e ci es c a n b e

s u c c essf ull y e v a p o r at e d t o B E C. If o n e is usi n g a v e r y f a r off- r es o n a n c e o pti c al

t r a p (s u c h as a C O2 di p ol e t r a p ) o n e c a n e xt e n d t h es e a r g u m e nts t o at o ms

t h at c a n n ot b e m a g n eti c all y t r a p p e d. I n t h at c as e, h o w e v e r, c u r r e nt t e c h n o-
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l o g y m a k es it m o r e dif fi c ult t o o pti mi z e t h e e v a p o r ati o n c o n diti o ns t h a n i n

m a g n eti c t r a ps, a n d t h e r e q ui r e m e nt t o t u r n t h e t r a p d o w n s uf fi ci e ntl y t o 

a v oi d  a  l a r g e  t h r e e- b o d y  r e c o m bi n ati o n  r at e  c a n  b e  m o r e  dif fi c ult.  N e v e r-

t h el ess, o n e c a n pl a usi bl y l o o k f o r w a r d t o B E C i n a wi d e v a ri et y of at o ms a n d

m ol e c ul es i n t h e f ut u r e. 

W e a c k n o wl e d g e s u p p o rt f r o m t h e N ati o n al S ci e n c e F o u n d ati o n, t h e Of-

fi c e  of  N a v al  R es e a r c h,  a n d  t h e  N ati o n al  I nstit ut e  of  St a n d a r ds  a n d  T e c h-

n ol o g y. W e h a v e b e n e fit e d e n o r m o usl y f r o m t h e h a r d w o r k a n d i nt ell e ct u al

sti m ul ati o n of o u r m a n y st u d e nts a n d p ost d o cs. T h e y i n cl u d e Mi k e A n d e rs o n,

J as o n  E ns h e r,  Mi k e  M att h e ws,  Mi k e  R e n n,  D e b bi e  Ji n,  D a vi d  H all,  Ci n d y

R e g al,  B ri a n  A n d e rs o n,  I a n  C o d di n gt o n,  H e at h e r  L e w a n d o ws ki,  D a v e

H a r b e r,  J eff  M c G ui r k,  Yi n gj u  W a n g,  P et e r  E n g els,  P et e r  S c h wi n dt,  T ets u o

Kis hi m ot o,  C h ris  M o n r o e,  C h ris  M y att,  N at e  N e w b u r y,  E ri c  B u rt,  N eil

Cl a uss e n,  J a k e  R o b e rts,  Li z  D o nl e y,  S a r a h  T h o m ps o n,  S c ott  P a p p,  D a vi d

S es k o,  T h a d  W al k e r,  Mi c h ell e  St e p h e ns,  K rist a n  C o r wi n,  Willi a m  S w a n n,

C h ris W o o d, St e v e B e n n ett, Ri c h a r d W atts a n d J os h Zi r b el. W e als o h a v e h a d

h el p f r o m m a n y ot h e r JI L A f a c ult y, i n cl u di n g C h ris G r e e n e, J o h n B o h n, a n d

M u r r a y H oll a n d.
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