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Where do we stand?

We introduced Breit-Wigner resonances

We analyzed s-wave resonances near threshold

We noticed that negative effective ranges did not appear
We introduced a tunnel barrier

We introduced the width parameter R* to discriminate between
broad and narrow s-wave resonances

We found that for a weak tunnel coupling r,< o
We introduced atoms with spin

We found triplet and singlet potentials

We introduced the Feshbach problem
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Feshbach resonance
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Feshbach resonance

With cold alkali atoms we can tune to a Feshbach resonance
at arbitrary, fixed (low) collisional energy by varying the
magnetic field: Zeeman tuning
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Interactions between two alkali atoms

1 L? ,
Vi(r) H=— p,+— +V(r) +7.B S,

2

J

Ho ) = |Ry IS, Ms)|l, my)

Solve radial wave equation for given |, S and Ms:

2
S0t ;Rfs,z +le = Usy(r)] Rs; =0

[(l+1 211
Usi(r) = Us(r) + ( 5 ) + Tg Y. B Mg

r}f'c_'

Vo(r)

Solutions for given |, S and Ms:

‘

5 2
Continuum states€ > 0: g = k* + f—/:;’)/eB Mg
)

‘

f 2
Bound states € < 0 : Eq‘il = —lﬂifj,g +1(l+1) Rf,l + T—ZL%B Mg
)

f f

(R, z|7{0|R 1) R:I = (R ?11‘7_)|Rm>
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Interactions between two alkali atoms

Hamiltonian including spin Zeeman term:
V(r)=Vp(r)+ J(r)s; - sa

H — P+ — ||+ V() +9.BS, — (71021 +V9i2) B

Add nuclear Zeeman terms (unlike atoms):

HZ — —’Ylil - B —’)/Qig -B
AEy = = (yym1 +yyme) B

Good basis states: |¢0) = |RP)|1, mi)|S, Ms)|iv, mq)|ia, mo)

Effective potential (including rotational and magnetic shifts):

[(1+1) 2
| 5 ) + h—’f VeB Mg — (yymy + yoma) B

US,Z(T) — US(T‘) —+
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Interactions between two alkali atoms

Hamiltonian including spin Zeeman term:
‘ V(r)=Vp(r)+ J(r)s; - sa
1/, L? / ,
H = p.+— | +V(r) +v.BS. —~,B1.

Add nuclear Zeeman terms (identical atoms):

I=12 + v Mp=mqy -+ mo
Hy;y=—-v,i1- B—7,io-B =—,1-B
Good basis states: |1)) = |Rf’1)|l,m;)|5, Mg)|I, M)
Effective potential (including rotational and magnetic shifts):

[(1+1) 2
Usy(r) = Ug(r) + (Tz )+h—g‘
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Interactions between two alkali atoms

Add hyperfine interactions (unlike atoms):

ay, az ., .
Hut = —5i1 - 81 + —5iz - 89 f=s+1
h h

Is Mp = Mg+ M; a good quantum number?

M;=mqy + mo
Mg =mg, + meg,
Answer: yes!
i-s=1.5, + %(zﬁrs_ +1_5y)
Is S still a good quantum number?

Hue = Hyp + My

+ ap . as
th — ﬁll . (Sl + SQ) + th 19 - (Sl + SQ)
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Interactions between two alkali atoms

Is S still a good quantum number?
Hue = Hyp + My

+ ap . as
th — ﬁll . (81 + SQ) + th 19 - (81 + SQ)
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Interactions between two alkali atoms

Is S still a good quantum number?

Hye = Hiw + Hy
al‘ a2.
HT = — i, -(s; +8,) + —i,-(s; +s
hf thl(l 2) 2h22(1 2)

H+—a’ S —24,-8

= 1p -

identical at

iCentical atoms Hf = %I S| H;; can change Mg but not S and M
!

1-S=1,5 43,5 +1.5,)

With Hfff in hamiltonian S remains a good quantum number!

Analysis shows that Hﬂf converts singlet in triplet and vice versa

10-10-2019 Les Houches 2019 10



Interactions between two alkali atoms

Hamiltonian including spin Zeeman term:

V(r) =Vp(r) + J(r)s; - sz

1 5 L2 !/ . : +
H — 2” e 7«_‘2 + V(fr‘) -+ ’yeB S, — (’Yllzl - 727’22) b —l_th

(—v,B1.) J

all terms conserve M. only term
not singlet/triplet conserving

Good basis states: [¢) = |RY)|1, my)|S, Ms)|i1, mq )iz, ma)

|/l,b> — |Rf’I>|lamZ>|Sa MS>|17 MI>

Effective potential:

1+1) 2
US,l(r):US(rH( ) 2

5 + = Ve B Ms - (i1 + yom2) B]

) | -
(= BM;p)
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g} —
magnetic energy

n

Example: two °Li atoms

J SZO
Vi(r)  s-1 ~Vo(r)
[ =10
/ SX y l)(
\; 1,0 1
- 61}:—1 — & Ei‘:ﬁ—l - 60
v >0
_ 1 _ . 13
s=5 =1 [ =33

Find all s-wave molecules with M=0

|
S=0 {I XlLJr )

f=3/2—
(gr=+213)

I=1 [=1,3,5,-
1 =02 I=1,3,5,---
3 + s Yy
i 71 {I@ (I Z E’Ll:”'

— free atom pair with Mc=0

-3/2

-172

+1/2

0 1 2 3
magnetic field
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2]

Example: two °Li atoms

‘/1(71) S=1 ;%(T) S=0
[ =0 [ =0
o —
1,0 1 0,0 0
- €r ) y _
v=—1 v—=—1 — E
L87:0 IX:[E—'— 1’4:...
=0 I=1 9 1=1,35,--- >
SMglIM;
: 1 =02 Iv+ [ =135, £
S = a’y’ P 0
m~o MF: 0
I l ' I +3a’;
1=1 9,>0 +1/2 —
1 S=1
? f=3/2—
5 @-i23), S — O
%ﬂ Jl':u-’z_
(gr = =2/3)
32
“12
: ! . , +1/2
U 1 magnetic field 2 3 magnetic field
13
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2]

Example: two °Li atoms

551:_'_

)

‘ 3%

1,0 o
— Ep=—1 = ¢

1

I l .
5—0 e 102
{f=1 A -1,
: =072 Iyt =13,
S =1 a”d ’
LDy e
i=1 7, >0
2 k-
?f::a;‘z—
5 @-i23),
E f=1p-
(gr=-2/3)
0 i 2 3
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magnetic field

~Vo(r)

=4
D,

=4
D,

4,

mg

+3/2

+1/2 S 1

4 -12

S=0

-3/2

-1/2

+1/2
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=0
[ =0
, Ix
g 0,0 0
E’U,:—l =&
SMgIM;)

E (a.u.)

111-1)

-10

_'15_

0o 5 10 15

B (a.u.)
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Diagonalization of Hamiltonian
‘ V(r) =Vp(r)+ J(r)s; - s2
1 /., L2 4 , 4+ _
H=-\pr+ —5 ) T V() + 7B —mBL +Hy + Hy
- ' o)

@) =[RS )1, my)| S, Ms; I, M)

(BIH|e) = (5! + v BMs — v, BM[) 6ap + (BIHil; + Hpple)

/1 s+ — S' 1 pS.l
— [E’gal =+ EO'(B)](SOHO" + <O- |th|0->6’U;fo + <U’|th‘g><Rv’ R’U. >
v v’ B 0 | S 0 ) | |
1 Mo } / }
. | 5= b for S #£ S for S =5’
Hlj'l—f J\q —_ (]
- A Franck-Condon factor
ht B (only part that depends
g _ =1 M on radial wavefunction)
v’ . Hil [ s=0 o
A S 3 fit parameters: €, €', (R, IR
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Franck-Condon factor

1/ 2uCs\ V?
T2\ 2

10-10-2019

a. Halo states (universal regime)

e—ﬁllT 0 0 e—ﬁlo?“
RY(r) ~ R (r
~1(r) . Zy(r) ~ »
VEOR
overlap: <RO’§)|R1_’(1)> _ 9 VIO
Ko + K1

b. Asymptotic bound states (7¢; > Tz )

can be calculated numerically
starting from Van der Waals tail
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singlet/triplet overlap

50000
— i
N [
O, |
= -50000f
=
=4 100000 |
@ -100000}
0 [4h1)
-150000
a <w0|w1> ~ ]
-200000.

So we only need 2 fit parameters: 80, el

So we can fit the resonances without knowing the radial wavefunctions!

10-10-2019 Les Houches 2019 17



5Li-49K pairs

10

=3/2
-1/2
+1/2 10

1 magnetic field

81 Gauss
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Energy/h [GHZ]

10-10-2019

Li-49K loss features with M. =-3
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Li-49K loss features with M. =-3

0,0

Energy/h [GHZ]

-1,5

-2,0
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-0,5

-1,0

Magnetic field [G]
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Include | = 1 molecular levels

Energy/h [GHZ]

1l |

Conclusion: | =0 and | = 1 levels can be related through C coefficient
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6Li-4%K loss features with M. =-3

0,0

-0,5
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Energy/h [GHZ]

-1,5

-2,0
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Magnetic field [G]
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Relation to scattering length

120

=2
=]

a(units of ag)

6Li/4°K f

(=

140 150
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o /meR)
res Meﬁ"(B — BO)
_ _ (hz/er*)
a(B) = apg (B —Bo)

S

) 1 52 ]

A =R/ (mpapgpieg R*)

Review paper

C. Chin et al., R.M.P., 82 1225 (2010)
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Relation to scattering length

__ (R*/m,R")
strength parameter: res = = (B — By)
_ 7o _ a/ﬂﬂeﬂ:A (hz/mr]?*)
5= R* ro EO G,(B) — Yy T L ﬁ(B — Bo)
\ (6]
\ 2
o= = o [ ey R
mrg Ubg ttefi (B — By)
T T
a(B)] - ‘
( ) - = A= hg/(m‘rabglv‘effR*) (B) {1 A ]
: | a = a —
//_ =— 8 " B — By
/ - A = 1/ (myangpn B
} B—
By
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Relation to scattering length

strength parameter: L
1000 .
A Aphg [leff Li(737G) Li(834G)
e — — A .
R~ ro Fo 100} .
K (402G)
) ~ °
& 10 Oy (202G) Rb(155G)
©
o B |
= 1 **Na(907G)
i ® 133
0.1 o 7y ® Cs(48G)
Li(543G) (1007G)
**Na(853G)
0.01F e .
'%Cs(20G)
0.001F
l l ] l l

| |
0.001 0.01 0.1 1 10 100 1000
Resonance strength s
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Fano lineshape

R — | =—ay,
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width from: elastic cross section

30
a/ab 20 .
g L Zero crossing
10} ] X
10
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width from: elastic cross section

30
20
a/abg i zero crossing
10 |- :
:
Apg - !
0L e 2 1 0 1 2
1000- et ’ (B_HU)/AB
O/C. 1ok -7
bg 100 ; -
10 -
0.1 [
0.01 i
A7t

on resonance ( a — ©9Q): unitarity limited scattering ( 0 =

2
for apg 7é 0 asymmetric line shape: Fano profile
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Narrow versus broad resonances

Importantly:
The meaning of broad and narrow depends on the context

 Broad as measured in magnetic field
« Broad as compared to the collisional band of energies
 Broad due to strong Feshbach coupling (large R*)

10-10-2019 Les Houches 2019
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experimental

adiabatic expansion of Gaussian trap induces evaporation:

6Li 4K -
U, °Li | 0K
U = 24pK Uy= 54 pK
4000 —/ 20000 Uy — 0.150, '{+
—ig _ T =9 uK
r r
Measure evaporation of °Li due to collisions with 4°K
1 - f 2
a(B)| 1 o(B) o =dma” |
' — A=/ pegang
e R B — :
T e N
} B— i B—
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characterization of a Feshbach resonance

5 0

1.0s

Lithium atom number (10%)

position: By =114.47(5) G

width:  AB=155)G

O P M WO B MM X PR D G &

W { 7.55
- : . . . . . T.G. Tiecke, et al.

10-10-2019

114 116 118 120 PRL 104, 053202 (2010)
magnetic field (G)
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End of Les Houches Lectures

Thank you

Les Houches 2019
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