Atomic Plasma and
Quantum control

Elementary processes in plasma
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_Plasma categorisation

e Classical vs Quantum
e Coupled Strongly or Weakly




Classical vs Quantum

* Thermal de Broglie e =
wavelength P

e For an electron at 1 mK, Ath = i i \
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Figure 1. An ultracold plasma instability. When an ultracold plasma is subjected to crossed electric and magnetic fields, E and
B, it emits electrons not continuously but in pulses, a signature of a plasma instability. Each red curve (offset for clarity) is the sig-
nal from a single plasma realization, and the blue curves are averages over 40 realizations. Black curves show the typical smooth
signal in no magnetic field.
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disorder-induced heating as the ions' excess potential energy
is converted into kinetic energy. Thereafter, the kinetic energy
exhibits damped oscillations about its equilibrium value as the
cloud of ions settles into its potential-energy minimum and
adopts a liquidlike short-range order, as shown in the inset.

Disorder-induced heating

CqQntrast to cooling of coffee mug
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Report of the Panel on Frontiers of Plasma Science, Plasma: at the frontier of
scientific discovery, US Department of Energy, 2016

Degeneracy parameter 6 = (de Broglie wvl.)~2/aws”™2

D. E. Hinkel, M. D. Rosen, E. A. Williams, A. B. Brueckner s
Langdon, C. H. Still, D. A. Callahan, J. D. Moody, parameter s :E
A P. AAMichel, R. P. J. Town, R. A. London, S. H.
; Stimulatgd Raman scatter analyses of
a &d at the National Ignition
. Phys. Plasmas 1 May 2011; 18 (5):
12. https://doi.org/10.1063/1.3577836
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White Dwarf Star Core

Electron delocalisation
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White Dwarf Stars

clocks of the universe, cooling rate influenced by

composition
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Figure 5, Cooling of white dwarfs with 0.6 M. Continuous lines: IM, Iben and
MacDonald (1985); KS Koester and Schénberner (1986). Broken lines: simple models
based on Mestel (1952) (M) and equation (4.20) with numbers ¢ and b from Koester

(1976). See text for further explanations.

L ... luminosity
Rep. Prog. Phys. 53 (1990) 837-915.
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Figure 1. D* for 160 from MD (red) with fit from equation (4) (dashes)
using best-fitting parameters C = 0.7323 and B = 0.006937. The fit is good
to about 5 per cent for all I', but it is clear that it systematically overpredicts
for T = 10 (bottom inset) and underpredicts for 10 < T" < 100 (top inset).
Normalized residuals for all runs are shown in Fig. 2.
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Benefits of light mass, low temperatures
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Interaction with radiation - macroscopic
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Laser cooling by scattering force

Action on atoms
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How large is the attering force on atoms?

Force = (photon momentum) x (scattering rate)

F:thRscatt k:Ql

deceleration = Force / mass

__ K __ hk _ 1
Amaz = Z;Lam — m X Rscatt = Urec X o7

Recoil velocity of Rb atom = 6 mm /s

Many photons
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Two-level atom

How fast can we

excited state scatter?

Amax — 105m/82 =

laser
excitation spontaneous 10%g
at 780 nm emission. Stopping distance
(infrared) lifetime: o2 = 2as
s=1m
7 = 28 ns for *'Rb for v(0) = 300m /s,
a = amaa;/Q

Similar distance
ground state for other alkali
metals: Na, K, Cs
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Slowing atoms with laser light
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Doppler shift much greater than natural width

C

Af v
fo
Doppler width = velocity / wavelength

A fDopper = § = =30= = 380 MHz (estimate)

Natural width (lifetime broadening) - — 93 7s for 8Rb

Afy = 5= = 6 MHz
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Compensate for the Doppler shift

Shift the wavelength in time: chirp cooling - not popular -
cannot do it continuously (pulsed laser)

Use Zeeman shift (frequency shift in magnetic field)

Zeeman slower: space-
dependent magnetic field
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(a) 3 pairs of
counterpropagating
beams

~ *y ~ (b) atom at rest
> ! o (c) moving atom

Just damping and
cooling. Not confining.

s ] . The same for ions, in
o - principle, but no

¥ counterpropagating
w w > beam is necessary.
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Magneto-Optical Trap (MOT)

Gas (atoms) pushed to the
centre due to force
imbalance.

A.# matfyz

A




Experiment with Bose-Einstein condensat
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Kroker, T. et al. Ultrafast electron cooling in an
expanding ultracold plasma. Nat Commun 12,
596 (2021).
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Atom hav maagnetic moment

pr = grusy/ f(f +1) gy =1+ AHSEH M) (Landé g-factor)
W F(F1)+J(J+1)—I(I+1
gr = g

Energy in magnetic field: V =—pur-B=mrgrupB (Zeeman energy)

Force acting in an inhomogeneous magnetic field:

F = —mpgrug VB

Larger the J, L, F, stronger the interaction!
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Rydberg atoms

Q Born from mutual love - Coulomb Interaction
- between an electron and an ion.

Or, between an positron and an antiproton.

lel¢my

100

35s state of hydrogen CERN Alp
antimatter in a magnetic
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Nteresting things abo Rydpberg atomn
Dimensions: r= 1 microns (like bacteria)

Lifetimes:

T ox n3(l+1/2)?

hqndreds of
microseconds

Radiative cascade,

Dipole moments: 2
’ docn only changes of | by
+/—1 allowed.
Energy spacing: AE o L 0 p .
And remember the magnetic 20 .ﬁ;ﬁ;;;;;.a:;nw
moment! Circular states with |I=n—1. e ¢

pr = grpsy/ f(f+1)

Flannery, M. R. & Vrinceanu, D. Quantal and classical
radiative cascade in Rydberg plasmas. Phys. Rev. A 68,
030502 (2003).
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__Antimatter plasma

3-body
recombination
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Figure 3. A classical trajectory of a positron in an anti-
hydrogen Rydberg atom in a strong magnetic field. The
positron undergoes cyclotron motion with small Larmor
radius, bounces back and forth along a field line, and drifts
around the antiproton. The complicated motion alters the
dynamics of an antimatter plasma containing such atoms.
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What about the ions

What we have

learnt

It Is possible to cool,
decelerate and trap neutral
atoms. Especially easy If they
are hydrogen-like.
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Atoms of alkaline earth metals
that have lost one electron
are also hydrogen-like.

lons are friends with benefits:
the electric charge allows
them to be confined.
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Trapping ions - Penning traps

U x az? + by? + c2? Lorentz force: R Energy require to move fron
AU =0 F=—qVU+ q(U' x By) the centre
a+b+c=0 Electrostatic field: in electric field

_ U _ U
a:—l,b:—l,c:+2 Ez—_ﬁz and Ep——|—27l2p EB:ﬁPQQQBg
where characteristic trap dimes in magnetic field

sion 2d* = 25 + p2/2 Ep = q(_]'z—z

ratio: ,
Ep _ 1 p» By
EE_Qm qU

™

hyperbolic trap, cylindricai-m’t)rap

U

RADIAL
ESCAPE

‘ \ Vogel, M. (2024). Penning Trap Concept. In: Particle
Confinement in Penning Traps. Springer Series on
. matf‘lz Atomic, Optical, and Plasma Physics, vol 126. Springer,
‘. Cham. https://doi.org/10.1007/978-3-031-55420-9 2
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Trapping ions - ion In Penning trap

0 —2z

Solutions:
2(t) = Zpe™* with w, =

- axial frequency

(o) == () -22())

i — y
where w. = ¢B/m.

Use u(t) = x(t) + iy(t) and rewrite to

U = —1iWe + %wgu

Then solutions u(t) = uge ™" with
s = Moo £ /7 — 27)

w, ...modified cyclotron frequency

Stability condition: w_ ...magnetron frequency
w2 > 2w’ o
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Tr INg 1ons - Penning trap In

(b)

matf\[sz; https://doi.org/10.1103/PhysRevX.10.031027, DOI: https://
doi.org/10.1038/s41586-024-07111-x, DOI: https://doi.org/
10.1103/PhysRevA.69.043402
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FIG. 1. Partial energy level diagram for Ca® showing Zeeman
sublevels for a magnetic field of 1 T.
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Fig. 1 The canonical four-rod Paul trap has been a workhorse
for early demonstrations of QIP with ions. (a) Schematic of a
Paul trap consisting of four radiofrequency (RF) electrodes
and two end-cap (DC) electrodes to confine ions in a linear
chain. A laser beam is shown applying a gate pulse to a single
ion. (b) Camera images of few ions in a Paul trap. Images
courtesy of University of Innsbruck.
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Mathieu differential equation

i 2 2 0
d_é«_-z—i_[ax_ q x COS( g)]x_
by the substitutions
Wt 4Zle|Ua 2Z|e|Ua’
g_ 2 a,= mw?f s qx= mwl%f .
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Tr INg 1ons - Stability of tr

Floquet theorem 02
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Tr TaloMle]a

Lowest-order approximation

(|ax|=_q_§:)<1 C;;;z(]

~Na+qal2,

W f qx
x(t)=2AC, cos( ﬁth)[l =

V= warf/Q < Wyt

cos(mrft)]

secular motion, micromotion

- lon In Paul trap

Spectrum of a fluorescing ion
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Not Penning but Paul

ionizati : .
,maa‘?gc{ Penning: mass-agnostic
delocalized

electronic states end Paul: charge-agnostic
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Lesanovsky, I., Maller, M. & Zoller, P. Trap-assisted (=]
creation of giant molecules and Rydberg-mediated U‘.@

matf‘lz coherent charge transfer in a Penning trap. Phys. Rev. ‘c‘ ultra-co 1o
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Two-frequency Paul trap

Mathieu differential equation

Normal Paul trap not directly P
applicable: large m:q ratio d—§§+[ax—qumg(zmx=o
difference between ions and N o
y the substitutions
electrons .
gzw_rfr a=4Z|e|Ua q=ZZ|e|Uae’
V(t) = V. cosQ.t + V;cos Qit 20 7 mey T mag
— s Requirements for stability
Vos Vi Q> 0.14
0.1
1‘ 7.7 727 o
Our choice:
V=100V, f,= 2.5 GHz, V=1V, f=1 MHz 0
0 0.5 1.0
p
p, q - normalised amplitudes
y u> ©

o PRAGUE
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Motion of electron in two-frequency Paul trap
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Quantum states of electrons in 2f-trap

Potential with ion
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Electron |
delocalisation

So, how do we cool the electrons?
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Pr tion of low-ener

Near-threshold photo-ionisation of trapped
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Cooling in interaction with super-conducting (@l

(cryogenic) circuits
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Sympathetic cooling in interaction with ions

Electrons are "invisible", ions fluoresce!

Recombination is the unsolved problem
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Confinement effect

In transversal dimension In longitudinal dimension
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Single photon detection
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quantum
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Realisation
Our choice: V_ =100V, f,= 2.5 GHz, V.=1V, f=1 MHz
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Fluorescence imaging by microscope (slow, low resolution,
possible to detect vibration modes in Coulomb crystal)

Interaction with an optical resonator (fast, high sensitivity,
Integral, state preparation necessary)

Photon collection using cavities, self-interference ...

Vahala, K. J. Optical
microcavities. Nature 424,
839-846 (2003).

Herskind, P. F., Dantan, A.,
Marler, J. P., Albert, M. &
Drewsen, M. Realization of
collective strong coupling with
ion Coulomb crystals in an
optical cavity. Nat. Phys. 5,
494-498 (2009).
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__Other physics
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__Preparing for application

Fabrication of high-power microwave circtuit boards

Se

FACULTY

OF MECHANICAL
ENGINEERING
CTU IN PRAGUE

View field: 800 pm Det: In-Beam SE 200 pm

Surface
roughening,
metallization,
circuit carving
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_ Thank you

Theory: Fibre cavity
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