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Collisions of atoms and molecules on the microscale (nm)
control quantum phenomena on the macroscale (>>um)
and destructive interactions that set the system lifetime
(<msto>>1s)

Can we understand and control complex atoms
or molecules having collision complexes with dense
sets of resonances?

Outline

Review experimental findings—new Dy data, Pfau group

Introduce basic theory of overlapping resonances:
Cs example
CC and MQDT models

Some thoughts about what is going on in Er or Dy



PERIODIC TABLE

Atomic Properties of the Elements

NIST

National Institute of Standards and Technology

Technology Administration, U.S. Department of Commerce

Frequently used fundamental physical constants Physics Standard Reference
For the most accurate values of these and other constants, visit physics.nist.gov/constants Lab_ora_tory Data_ Group
Hydrogen 1 second = 9 192 631 770 periods of radiation corresponding to the transition physics.nist.gov www.nist.gov/srd
100794 between the two hyperfine levels of the ground state of 3*Cs ] 13 14 15 16 17
1s speed of light in vacuum c 299792458 ms™* (exact) [] solids
Planck constant h 6.6261° 10*Js (h = hi2m) O Liquids 1A IVA VA VIA VIIA
elementary charge e 1.6022 lO'ziC Gases 5 ,|6 P, [T s, (8 p,[9 %P, [ TOwi®]
electron mass mg 9.1094 © 10" kg I:l C 0 Ne
. g
MeC 0.5110 MeV Artificially
Lithium Beryllium proton mass m, 1.6726 ° 10"%" kg Prepared Boron Carbon Nitrogen Oxygen Fluorine Neon
6'%41 U fine-structure constant a 1/137.036 11%82121 1122'20%27 1142'202273 11‘?'29?244 1?'%282420%2 122'212275
1s"2s -1 $725°2p s72s°2p $725°2p $25°2p $725°2p $725°2p
RydLeglccisiant gw ;Ozg;:;éz, TolsH 8.2080 112603 | 145341 | 136181 | 174208 | 215645
xC . Z 250 3 4co0 3 250 1,
Rohc 136057 eV 13 *pf, 14S_F>O 15 ‘s;, |16 °p, [17 °P3, 18A Sh
Boltzmann constant k 1.3807° 102JK™* | r
Aluminum Silicon Phosphorus Sulfur Chlorine Argon
22.989770 3 4 5 6 7 <] 9 10 11 12 26.981538 | 28.0855 30.973761 32.065 35.453 39.948
[Ne]3s B VB VB VIIB VIli B B Nel3s?3p | (Nelss?3p? | [Nep3s®3p® | (Nelss?3p® | [Nel3s®3p® | (Nelds?3p®
5.1391 [ | 5.9858 8.1517 10.4867 10.3600 12.9676 15.7596
19 1 °0,,|22  °F, |23 °S,,|26_ °D,|27 ‘F,, (28 °F,|29 ’s,,|30 's,|31 P}, (32 °P (33 “s3, (34 °P,|35 ‘P, |36 s,
3 S Ti | V F C Ni C Z Ga | Ge |As | S B K
o C | n e o I u n a S e r r
otassium Calcium Scandium Titanium Vanadi Chromium nganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
a 39.0983 40.078 44.955910 47.867 50.94 51.9961 1938049 | 55.845 58.933200 | 58.6934 63.546 65.409 69.723 72.64 74.92160 78.96 79.904 83.798
2 2 2,2 3 5 5,2 6,.2 7,2 8,.2 10 10, 2 10,2 10,2, 2 10, 2, 3 10, 2, 4 10,.2, 5 10,2, 6
[Arl4s [Ar]4s [Ar]3d4s [Ar]3d°4s [Ar]3d°48 [Ar]3d°4s 13d°4s [Ar]3d°4s [Ar}3d 4s [Ar]3d°4s [A3d"4s | [A13d " 4s” | [Ar13d *as4p [[An3d 4s’ap” [[Ar13d V45 ap” | [Ar13d V4s4p* | [ArI3d P45 4p® |[Arj3d “4s 4p
6.1132 6.5615 6.8281 6.7462 7.4340 7.9024 7.8810 7.6398 7.7264 5.9993 7.8994 9.7886 9.7524 11.8138 13.9996
2 1 2 3 6 6 5 4 1 2 20 3, o 2o
37_’s,, SS S, B9 Dy, 40Z F, |41 T Ssz 44R Fs[45  ‘Fy, 46P dSo 47 ’s, Cd 49 °p}, 5OS Po |81 ‘s, 52T P, |93 _*P3, 54X 'S,
Rubidium Strontium Yitrium Zirconium Niobium | Molybdenum | Technetium | Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
85.4678 87.62 88.90585 91.224 92.90638 95.94 (98) 101.07 102.90550 106.42 107.868| 112.411 14.818 118.710 121.760 127.60 126.90447 | 131.293
[Kr]5s [Kr)5s? [Kridd5s® | [Krjdd®5s? [Krl4d*ss [Krdd®ss | [Kr4d®ss? [Krj4d"5s [Krl4d®ss [Krjdd™® [Krjdd ™ [Kridd"%ss? | [KBkd""5s%5p | [Krlad *5s%p? |[Krj4d "*5s%5p° | [Krlad 5s?5p* | (Krlad 5s%5p° | [Krldd ®5s%6p°
41771 5.6949 6.2173 6.6339 6.7589 7.0924 7.28 7.3605 7.4589 8.3369 7.576: 8.9938 7864 7.3439 8.6084 9.0096 10.4513 12.1298
55 °s, IS0 72 °r, |73 ‘F,,|74 °D,|75 °s,,|76 °D,|77 °‘F,,|78 °D,|79 .80 s, P, (82  °p, |83 “_S;’,Z 84 °,|85 %r;, |86 s,
J Cs | Ba Hf | Ta | W | Re | Os | Ir | Pt | AU/ Hg |JTI | Pb | Bi | Po | At [ Rn
Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury hallium Lead Bismuth Polonium Astatine Radon
132.90545 W 137.327 178.49 180.9479 183.84 186.207 190.23 192,217 195.078 | 196.966 200.59 04.3833 207.2 208.98038 (209) (210) (222)
[Xe]6s® [XeJdf'“5d%6s” | [Xe]af"*50°%6s? | [Xelaf *5d"6s? [ [Xeldt'*5a%6s? | [Xeldf “5a°6s? | [xelaf"5d"6s? | [Xeldt'*5d%s | (xel4t 50" WA Xelat *5d 6sA M (Hglep [Hgl6p® [Hal6p® [Hg]6p* [Hgl6p° [Hg16p°
¥ 5217 6.8251 7.5496 7.8640 7.8335 8.4382 8.9670 8.9588 9.2255 10.4375 6.1082 7.4167 7.2855 8.414 10.7485
88 s, 104 °r,2|105 106 107 108 109 110 111 4
7 Francium Radium Rutherfordium| Dubnium Seaborgium Bohrium Hassium Meitnerium | Ununnilium | Unununium Unur ! ; nqua : ; ium
(223) (226) (261) (262) (266) (264) (277) (268) (281) (272) @ (289 |
[Rn]7s [Rn]7s? [Rn]5f "*6d%75%9
4.0727 5.2784 6.0 2
Atomic  Ground-state 0|57 *D,,|58 ‘G;|59 ‘,/60 °, (61 °H3,|62 F[63 °s,|64 °D; (65 70 ‘s, D,
Number Level a
o tilLa | Ce | Pr |[Nd |Pm |Sm | Eu |Gd | T Yb | }u
Symbol 58 G4 < | Lanthanum Cerium  |Praseodymium| Neodymium | Promethium | Samarium Europium Gadolinium Terbiu Dysprosium Erbium huliu Yiterbium tetium
S| 138.9055 140.116 | 140.90765 144.24 (145) 150.36 151.964 157.25 158.925! 162.500 167.259 8.9341 173.04 4.967
C e | [(Xelsdbs? | [Xel4fsdbs® | [xelf'ss® | (Xelat'ss® | [Xedr'ss? | [xelafes® | [Xeldf'6s? | [(xelar'sdes? | [Xeldf’6s [Xel4f"%6s? [Xel4f'%6s’ el4f"°6: [XeJ4f'*6s? 4"5d6s?
Name — | Cerium 5.5769 5.5387 5.473 5.5250 5.582 5.6437 5.6704 6.1498 5.8638 5.9389 6.1077 6.1843 5.4259
) | 140.116 89 D,|90 °F |91 “K.,|92 2|93 °L.,|94 R |95 °s;,|96 D |97 °H, 101 ° 03 *P3,?
Weigh' | IXeJefsass? S Ac | Th | Pa| U Pu|Am|Cm | B Lr
Weight - [Xe]4f5d6s °
5.5387 E. Actinium Thorium Protactinium Uranium Neptunium Plutonium Americium Curium Berkelium Californium | Einsteinium Fermium | Mendelevium | Nobelium | Lawrencium
il ]
T < (227) 232.0381 | 231.03588 | 238.02891 (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (262)
Ground-state lonization [Rnj6d7s” | [Rnjed?7s? | [Rnjs5%6d7s® | [Rnjsi°6d7s” | [Rnlst*6d7s® | [Rnj5°7s® | [Ralsf'7s® | [Rnjsf'6d7s? | [Rnj5°7s® | [Rujsf'®7s? | [Relst''7s? | [Rnpst'?7s® | [Rupst7s? | [Ralst'“7s? |[Rnlst"“7s%7p?
Configuration  Energy (eV) 5.17 6.3067 5.89 6.1941 6.2657 6.0260 5.9738 5.9914 6.1979 6.2817 6.42 6.50 6.58 6.65 497

"Based upon 2c. () indicates the mass number of the most stable isotope.

For a description of the data, visit physics.nist.gov/data

NIST SP 966 (September 2003)



Properties of Dysprosium

Wavelength
— L m— 417
T $ = =
.. .. : T 455
Protons 66 — — -
— —— A 500
Stable Isotopes 160py (2%), 11Dy (19%), 16Dy (26%), — -
163Dy (25%), 1Dy (28%) — ). ... ... 556
Electronic structure [Xe] 4f1° 652 > Sl _— . 625
Angular momentum L 6 e 626 ST 714
Spin S 2 (4 unpaired e’) R B 833
Magnetic moment u 0y, el e— 1000
A
Nuclear spin 0 (bosons), 5/2 (fermions) e I I P 1250
.......................... 1667
=
: 2500
- - P R~ o L e e
Similar Er 3H, S
R Y 5000
Dy,: 153 potential curves ... |

Er,: 91 potential curves

: . ' I
Anisotropic C, C, Laser cooling works!

Kotochigova and Petrov, PCCP 13, 19165 (2011)
Slide thanks to Igor Ferrier and Tilman Pfau
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PhYSlCS “Quantum Dipolar Gases in Boson or Fermion

Flavor

i @

Ferlaino group Lev group
Innsbruck Stanford
30000 atoms 6000 atoms
order 100nK 64nK T/T=0.2
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LETTER Nature online, March 12, 2014

Quantum chaos in ultracold collisions of gas-phase
erbium atoms

Albert Frisch', Michael Mark’, Kiyotaka Aikawa', Francesca Ferlaino’, John L. Bohn?, Constantinos Makrides®,
Alexander Petrov>*® & Svetlana Kotochigova®

doi:10.1038/naturel3137
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168Er in ground state 3Hg(mM=-6)
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There are 91 curves for channels |(j,J,)jm;,Im>, m;+m=-16, | up to 10

From Petrov et al, PRL 109, 103002 (2012)
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-\« Poissonian: non-chaotic — =P

Dense set of overlapping (interacting) resonances:
mixed eigenstates of “random” character

From Frisch et al (2014)



From Mayle, Ruzic, Bohn, Phys. Rev. A 85, 062712 (2012)

incoming / outgoing channel:
rovibrational ground state
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Recent unpublished Dy data deleted,
pending submission of paper

Grusi 16/03/2015




>10 THz (1000K) 10 Ghz (K) 10 kHz (uK)

Short-range Long-range Separated
~. A,B=Atom or molecule

| g Y N\
V(R) s E iy Highly controlled
Chemist| Bt R =100 nm
N Complex == | Quantum state preparation
Few-bod Bridge Low entropy
0.02-15¢ Reactiol  Sturdy, but simple Free space
well-understood 1D, 2D, 3D confined
Many-body
\ /& Gauge potentials /
A4
Hbﬂnd d

Fig. 2, PSJ Faraday Disc 142, 361 (2009)



>10 THz (1000K) 10 Ghz (K) 10 kHz (uK)

Short-range Long-range Separated
A,B=Atom or molecule

Highly controlled \

-

A few
parameters R = 100 nm
uantum state preparation
Phase (o) Low entropy
Feshbach strength (s,{ More than one way Free space
Reactivity (y) To build a bridge 1D, 2D, 3D confined

(Mies/PSJ/Hutson

Many-body
Statistical complexity] ~ ©reene/Bohn, Gao) Gauge potentials
Analytic — /
\ Numerical /
Rband d
R

Fig. 2, PSJ Faraday Disc 142, 361 (2009)



Long-range potential

p=1 Coulomb

p =2 ion-dipole

p = 3 dipole-dipole, ion-quadrupole

p =4 ion-neutral (polarization)

p =5 quadrupole-quadrupole

p = 6 neutral-neutral (van der Waals)
“Universal’potential o(r) = — 1 | ((f+1)

in E;, R, units rp 72

1

For p=6, we also use R,qw = §R6 or q—=0.478...
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okl a >0 2pa?
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“Size” of vdW potential

Jones et al, Rev. Mod. Phys. 78, 483 (2006)
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Feshbach resonances in ultracold gases y ;
Resonance “pole strength
Cheng Chin
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Cs+Cs Innsbruck Berninger et al, Phys. Rev. A87, 032517 (2013)
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Counts

1.2 -

1.0-

Cs |3,+3>+|3,+3>, 143 resonances L=0,2,4,6,8 up to 1000G

0.8 -

0.6 -

0.4 -

0.2 1

| \

Cs, nearest neighbor spacing statistics

Blue: Posson statistics
Red: Random matrix theory statistics

Calculation by John Bohn using data from
Berninger et al. Phys. Rev. A 87, 032517 (2013)
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0 T t
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From Berninger et al, Phys. Rev. A 87, 032517 (2013)
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From Berninger et al, Phys. Rev. A 87, 032517 (2013)
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Analytical model of overlapping Feshbach resonances

Krzysztof Jachymski! and Paul S. Julienne?
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N
a(B) = apg — ) Pi(B) ,\
=1 335-CX(E)/k

Pi(B) = — -

1 FI' B—BE F
background ()Short-range coupling
A;
a(B) 1 -y <
~ B~ B — B, —_,; 5-0-3B,

Interaction shift

N A
a(B) = dpg l_[ (1 o : res)
i=1 B — B,

A
B;) = apg; | 1— Z
a(near B;) aTbg, ( BB’?GS>

AY “local”
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3-Body recombination of 3 alkali-metal atoms

Computer codes and calculations by Yujun Wang
Y. Wang & PSJ, Nat. Phys. 10, 768 (2014)

Cs+Cs+Cs—>Cs,+

Three-channel Cs + Cs interaction: “Exact” 2-body Feshbach model

2-channel numerical model

2kl USiNg Syes, 0y for Cs-Cs

é(|a)|b)+|b)|a)) 6-12 Lennard-Jones potentials
0 el e + short-range coupling
=~ 2l Mies (2000), PSJ(2006)

Resonant states

Number of bound states can be
Background state Varled, N — 2 tO 4

r

Given “exact” 2-body model parameterized by known S;.qq, Ozbg, TN qif

plus 3-body interactions as a sum of 2-body ones,

numerically solve 3B equations in hyperspherical basis



s bound state

g bound state
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Cs coupled channels model from Berninger, et al, Phys. Rev. A 87, 032517 (2013)
Cs overlapping resonances (multiple s,..): Jachymski, PSJ, PRA 88, 052701(2013)



What about

Ta W
20 | | loss min~ | | |
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=
S P g-wave Feshbach ——— |
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Calculations: no adjustable parameters
Wang and PSJ, Nat. Phys. 10, 768 (2014)
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Yujun Wang
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“Toy” van der Waals system (no dipoles)







The End



