
LECTURE I : 90c+'23

Useful stuff:
· meilesapks . mpy ,

de

· Office
: 2B8 &

open
door : stop by

· WEBPAGE !

www . pks .mpg ,

de/correlations-and-

transport-in-rydberg-matter/teaching
cor

, just find it thre the homepage)
I will post notes

,
ideas

,
references

,
- - -

and other important course
---

announcements there - check it Monday
AM in cose of sichness/emergency !

And of course e ....

we meet Mondays
~

from12 : 40

in MPI-PRS IDI .

-

In addition to other papers/reviews/
textbooks I will reference

, you will

benefit a lot from reading :



· Harald Friedrich : The Atomic Physics

&
H ~

myTheory

· Thomas Gallagher : MyAtans
· UgoFano+ A

.

R
.
P

.
Rac : Cus+Spectre

· A good QM book or two -

· Loken-Tannond;:
· Sakurai
· Griffiths

These books can often be obtained

with a little effort online
.

Another very good reference when we

Start QDT/scattering theory is :

M
. Aymor , C.

H
.
Greene

,
ad E . Luc-Koenig

Row
.

Mod
. Phys . 68 101S (1996)



So-what is the point of this course?

① To understand how Rydbery systems
- atums

,
molecules

, arrays-

really work
-

e .g .

-> Ryd-Ryd'pair interactions
-

re =S
=

I S

·

- ·e
- -->

E

-
-

- R E

-
.

What is VCR) ?
-> Multichannel Quantum Defect

- -
-

Theirs : I electron systems .

-
2

-> autoionizing states ,
perfurbed⑪ Rydberg levels

,

etc
.

-

- External Field Control
e-

E ⑳
↳Stack ma,

⑳O- ⑪ quantum
chaos)



... But wait ,
there's more!

② To use Rydberg systems as

examples/models to introduce

more general tople in AMO .

e
.g .

-> Multichannel scattering
theory methods for solving
nonseperable problems

↳Born . Oppenhammer Approx .

and beyond Born · Opp . physics
-

e SUSY QM

-> Pseudopotentials, altracold
attres

-> BEC physics .



We will stand the course off with a couple
of concepts to illustrate this approach ·

It

yets at some of the main reasons why I

enjoy doing Rydberg physles :

-> Describing highly excited states
is sometimes easler than you-

would shink,
and sometimes

much wider ,
but it is always

-

interesting-

-> Rydbery systems give you
a good motivation/excuse to

pick up new ideas - and often

they upend your Intuition de

to their exaggerated proporties .

Without further ado
, let's see what

a Rydbry abon actually is !!



Here well follow Gallagher closely ,

but aho

Introduction to Atomic Spectra ,

H
. E

.

White -34 !!

This textbook gives a very lucid account
of the historical development that led
to the Rydbor formula + Quantum mechanics

isselt !

18
: Angstrom : sun's spectrum

-> precision of 101106 of a mm !

#

↳ 2 : Rowland manufacturing grating

- SO feet long!

Bask question emerges : why does
each element have a characteristic

spectrum?



- And moreover : what determines the

distribution + placement of spectral lines ?

⑰ * *
e . y .: Stoneg (1871)
found that I

one 20th
,
27

,
+ 32nd

harmonies of 151274. 14
.

-> but this is random
Chance !

(1879)

Link : 5
,

ch

labels

rather
Than
character.

more dues : sid lives ist .. )
-

sharp
↑ defuse

We will realsit the appearance of s, d

lines later-with full QM !



185
: Balmer makes a "theoretical

breakthrough" 1 = 3645
.
6·ni

-

--

This formula "predicts" these lines to

A if n2= 2 and 13 = 3
,
1

....

--

188 : Pydberg makes a major breakthrough .

To do so
,
he realized that a convenient

way to visualize all of thes lines

was to plot :

-> w(x)
I i ⑧

-

-E.-> the data seen to

i on a smoothis-
⑤

curve!
e

I



To do this requlves good classification :

-

separation of all spectral lines into serves
-

5, p ,
d

,
f

,
...

It also requires goodata : Rydberg sae

that this plot gives similar curves for

many species !

Natural next Step : fit a curve to these data!

Guess #1 :

Un=wo- /
= 2

, 3
,

...

This did not work . -
Guess #2 :

try a different exponent

-> erg'sForme
ee

Don't let your familiarity with This formula
lessen its impact ! This is a beautiful

success of physks .



Why ? Two reasons :

1) The constant N(now called Ris ,

the Rydber constant) is the same
-

for all atoms
-

(a) : since this formula matches

Balmer's far pe=c, we can

collate Ris far H ...

2) The serles limits Us are the

same far all scrles in an atom
.

i
..

e. Her Nai

vi (a) = vo
-Ms)

Up (n) = Up-
(n + Mp)

Va(ul= Vi Ris
-

(n+Ma)
!

side note : it actually wasn't so easy .

Recall that Rydbry was fitting (as we now

know - he had no idea!) tions between

energy levels .



Actually
, Rydery first came up with :

un =2.
6 -

R
-

(n + 099s12
/

1
= 2

,
...

Un
=

43487 .
7 R
- M

= 1
....

-

(n + 0 .9596)2
~n= 28598 . S -
-

(n +0 .997412
=...

R = 104721 . 6 is the same fer all , but

the series limits are not !

But if we take n=1 :

Rfrum:

(n+0 .59512
= 43 123 .

7 = u
-

fromp : R
-

u

(n+0 .sgsi
* 28973 .

1 = Under
Und

Rydbery assumed these are the some , up on

experimental error,
and thus :

Un -Imp) - +ms)-
↳D sane as

SL
Un -Frs) - Emp



Thus
,
the lines observed all look like differences

between a 'ground state frequency and
an excited frequency .

We of course know

now how to interpret all of this frequency
differences

,
the connection blu s

, p ; p ,
d

;
etc

,

and the Rydberg constant , but It is amazing

to see that all of this was basically figured
out for 30 years before Qu !
-



There's also a nice continuary tale here

in addition to this success stany !

Pickering Series :

-

These were spectral lines observed
in the spectrum of - Puppls-

The Packering series included limes overlapping
the Balmer series

,
i . e

.

Like H
,
but also Lines

well-described by integer win

the Rydbery formula !
un = R( - nt) ,

ne = 2.5
, 3, 3.

5
,
...

Feeling confident , Rydbry Thought that
restricting n . =2 was too mach if Ne



could also be half-integer .

So he predicted
lives also at

un = R(ygzi) ,
un=

2
,
2 .s

,
...

#theywere observed !!

-> Rydbery predicted a new type of

hydrogen ,
found only in stars

,
and it

was experimentally confirmed !

Weirdly
,
these same lines were eventually

detected from a hellum source, even though

they have nothing to do with the "chief'

series of He !

This puzzle requires us to find a

Theoretical footing for the Rydbery
formula !



⑭F

technically
: this

picture
is a bly

2 ad hoc ↓ approx too !

-

-e/ ③

assumptions :

~M &
1) Angular momentum I 8+2 ↑

en

is quantized ,
Lent

2) Electros to not radiate M

↑continuously . -
technically : this is demanded --

beexperiment!

Kindergarten Physks : Newton's law fer

uniform circular motion glues

(centripetal Ze (Cowlambitacceleration farcel
4440 r2

And from (1) : Mur =
nt

-> (mur)= ↓ zemi
44E0

-> r = (e)



Message) : rvn2

Total energy
: E = I mu

2
-so

= I t - note
n2t2 z2 2-

& /=i trad
-

- zer
.

so n450

=m .
2 44 so)2 t2n2

- , Rg=ee
Message 2 : microscopi definition of the

Rydberg Constant and Rydbry
Semmela !

Message 3 : Ent U?

Aside : Bohr'smodel does not predict those
Y

pesky quartur defects"

vs =
--a)

=

So it is quantitatively useless for anything hatt
!!



For some fur reading on other semiclassical

attempte to improve on the Bohr model
,

see

Tanner
,
Rechter , and JRost

RMP 12 497 (2000) .
-

But the Bohr model des explain the
Pickering series !

Rydbory's matching of the spectrum to

half-integer i values was an unlucky
match to what Bohr's formula predicts : these

one transitions in an ator' with E = 2
,

R .
K

. a . Het !

End Aside!
-

At the end of all this talk about
atomt spectru , Rydberg's work + the Bohn

model give us a formula generally applicable
to the energy levels of atame :

En = -1

2(n -x)2
I

where I now use atonk anls Episo



Since me trust this formula ,
both from the

predictive explanatory power of the Bohr
model and the agreement with experiment,
let's explore it a bit

.
What if nee ?

-> En gets arbitrally close to

threshold (e . g . in Hi the ground state
is at -13

.
bet

.

The n=10 state has

energy -
13 .61,02 = -0

. 146eV.

n
= 100 : -0 .00136=-1 . 36 met !

-> The level spacing also gets veryfight :

It12
= (-2ini) =

- n +(n+ 11
-

2n
2 (n +172

- 3
E n/n+

e n
-

-> the atam gets very large !
2

ven=> MizovS .2940"m · 30
-

& Bohr radius
do

(Beng Dunning,

Tom Killean( ~ 10sOf um .

Un = 100
~ 1 pum .



These properties ,
in a nutshell

,
define what

Rydbery atoms one :

Atoms with a very high principal
& quantum number n

,
which endows

them with many exaggerated properties

these will be our topic .

But more generall, we can consider

'Rydborg physics' to mean exalted electronic

states of various objects :

· Molecules
- -

S

&

S ⑤ e-

-Het IS 0 R

He -

E
-

-

-> very tough problem !
l likely outside our scope)



But another type of Rydbery molecule is

easter to model :

⑭-⑰
R

(notice -

here it is

the vibrational
-

excitation that

is 'Rydberg'
-> alread

my definition

↳zed !

Uleitez et al PRL1 163001 (2008)

Recoll : Ry-me in the Rohr model
.

Actually
,
that is only for an infinitely heavy

-

ater It should depend we me
the reduced mass M.

2
Remember also : ven /m, so these

molecules are much smaller than the analogous
stem !



We con also Rydberg excite more exotic

things - Ps fer example -

-

n-/ 2

/ et
-

E -
-

-

Perfect fit to
2

Rydburg formula,
but again without

the Ris !
Cassidy etal PRL 18 043401 (2012)

Rydbery exciters -

hole+ electron pairs -

have been excited and

are a vibrant area

Kazimierzuk et al
of study !

Nature -14343 (2014)



And my current favorite,
from Soter etal

Nature 603 411 12022) involves
-

d "He and antiprotons !
-

Hel + P is hydrogen-like ,
with E =1 and

a reduced meass - 1000x heavier

thanks to e->preplacement

⑭
-

-

In the experiment , they measure transitors

between Rydbery States of Hett+ ↑137-38
to be precisel which ,

due to the large pe,

one smaller in size than the electrank ground
state!



A quick teaser: why are Rydberg atoms
so popular?

-> CONTROLLABLE INTERACTIONS
OVER I ORDERS OF

-

MAGNITUDE !!!

Rough idea /we'll figure this out more

rigorously later) :
-

-
/

&

Sre S Me-
-

-- M
S ① I R 8t

~ E
-

each atom can be polarized so that it has

a dipole moment
.

d
.

A dipole creates a
I

field Fe &/RY
,

which can polarize the
other atten to have a dipole moment d ,

which then
gives a potential UI dRY .



Obviously
,
this is a 2nd order effect

.

The

field of one linduced) dipole is required to

induce the other
,
and vice versa ! So let's

turn to 2nd order persubation theory :

WCR ~ Vint
SE

Rydberg Ingredients :

· de size of the atem un
2

· DEN change blu Rydberg energy
levels ~ vis

-> WIR) - wirl" -
-

Thi mous power
law is what makes

Rydberg atoms so useful .

they have appreciable interactions at

a C Mm . range .

AND This interaction can be toggled-

on loft ! I compare trapped inst



Since 11000-2002
,
when several seminal papers

come out :

Lubin et al PRL 87037901 (2001)
-

"Dipole Blockade and Quantum Info .

processi ...
"

· Jaksch et al PRLIS2208 (2000)
Fast Quantum Gates for Neutral

Atoung"

o Boisseau et al PRL88133004 (2002)
"Mactodumers : Ultralong Page
Ryd . Molecules"

the field has grown tremendously doe to

those aspects !



RTop magnetically Induced Transparen i
(EIT)

· Rydberg Polaritons
· Quantum Simulation in Ryd . arrays
· Quantum many-body scars/PXP
Hamiltonian

· Quantum information/computing
BUT :

I do not plan to cover most
,
if not all

,

of these topics in this course !

There isn't enough time and I'm just not

sufficiently enthusiastic about them !

But I would like to be

-> Prect : prepare a 10 minute

lecture/journal club on one

of these tapks ·

Dick a topic and a date
,
and-confirm with me !


