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INTRODUCTION



SPECTROSCOPY OF ULTRARELATIVISTIC ATOMS

DOPPLER EFFECT

Before photon absorption
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' Resonant absorption

Excited 1on

RELATIVISTIC CASE

% ymuv + hk
v, = 1+ Byvi = 2yy,
Excitation of high-energy )
VL=t the Lorentz factor with =z

transition with optical photons

THE ABILITY TO BOOST LASER FREQUENCY BY 2y,

S. PUSTELNY, EFFICIENT LIGHT-ATOM INTERACTION FOR GENERATION OF HUNDREDS MeV RADIATION WITH THE GAMMA FACTORY KRAKOW, 19 NOVEMBER 2021




EXCITATION
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Features:

* High energy in the ion frame

* The ability to tune light through the control over y;

« Selectivity in excitation
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WHY HIGHLY CHARGED IONS?

Transition energy (eV)
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HIGHLY CHARGED IONS (HCls)

e The lower the electronic level the more

meZ%e* 1 energetic transitions between successive levels

E. =
" 2(4mey)?hZn?

* The larger the atomic number Z the closer

7 _ atomic number the electron is to a nucleus

Transition energy between n—n' levels AE,,,,,

208pp*79  1S,,, = 2P3); Lithium-Llike
238+ 181/, = 2P;); 102 12 Hydrogen-like
2381J+90 181/, = 2P5); 101 12 Helium-like

THE ABILITY TO FULLY EXPLORE THE LORENTZ BOOST
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INTRAATOMIC AND VACUUM INTERACTIONS

Bohr model is the zeroth approximation of the atom

N Spin-orbit coupling
Coupling of electrons’ angular

e N m— momentum with electrons’ spins

QIE \\\\ -p”__,_='::_,:

1o £§ 3o mmw/ QED correction

e 5D 25 = : , :
1 E 53 o= Interaction of atom’s electrons with
n=1 =— = O 9
AN 53 3% 50 quantum-vacuum electrons
\\ w D ‘__‘___._4_"
\\\ "__‘__.. :"'--.._ L

B Electron-nucleus coupling

Coulumb Fine Lamb Hyperfine Interaction of electron total angular
momentum (spin+orbital) with orbital
angular momentum
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INTRAATOMIC AND VACUUM INTERACTIONS
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TESTING THE THEORIES WITH UNPRECEDENTED PRECISION
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SPECTROSCOPY OF HIGHLY CHARGED IONS



WHERE ARE THE LEVELS?

CALCULATIONS OF TRANSITION ENERGIES

RESULTS OF CALCULATION FOR Pb7%+

Different calculation contributions: 231.4f

» electrostatic interaction,
e spin-orbit interaction

* hyperfine coupling
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« quantum electrodynamics (QED)
 two-loop QED

* relativistic contribution

Energy of the 2s-2p;, transition [eV]
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w W W
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NECESSITY OF TUNING THE LASER
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REPRESENTATIVE CASES

PARAMETERS OF SPECIFIC TRANSITIONS

__lon | Transition | _Energy (eV) | Lifetime _—

208pp79* 281, = 2Py, ~230 Lithium-like
“0Ca™* 28y, - 3Py ~662 0.43 Lithium-like
208pp8t+ 15,/ = 2Py 3 ~75280 3.4*10- Hydrogen-like
40Ca*8 15, = 21P, ~3900 6*10-3 Helium-like

NO DARK GROUND
STATES

Zero nuclear
spins

JACEK BIERON
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THEORETICAL DESCRIPTION OF LIGHT-ATOM INTERACTION IN

THE GAMMA FACTORY




QUANTUM-MECHANICAL DESCRIPTION

STATE DESCRIPTION - DENSITY MATRIX

Pgg - Population of state ground state

DENSITY MATRIX

- Zeeman coherence (between ground-state
sublevels)

Pggr

Pge ~ optical coherence (between ground and
excited states)

SYSTEM'S EVOLUTION

, i
p = —g[H, p]l +T(p) DENSITY-MATRIX APPROACH ENABLES TO DETERMINE

EVOLUTION DUE TO COHERENT (INTERACTION) AND INCOHERENT
H - interaction Hamiltonian (RELAXATION) PROCESSES

['(p) - relaxation operators
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LIGHT-ATOM INTERACTION - DIFFERENT TIME REGIMES

TEMPORAT EVOLUTION OF THE EXCITED STATE

1.0————
308 REGIMES
: mw DYNAMICREGIME . _ 1
2 : | — oar-03 Damped oscillations N Ve
S 0.4 1 T e
% : ' STEADY-STATE REGIME 1
302 Constant value L> -
5% Ye
0.9 2 4 6 8 10 12

Normalize time t[

INTERACTION REGIME DETRMINED BY THE RELATION BETWEEN PULSE LENGTH AND
RELAXATION TIME
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LIGHT-ATOM INTERACTION - STEADY-STATE REGIME

STEADY-STATE = NO EVOLUTION OF THE DENISTY MATRIX

QQ /4 K1/2
5= 0 Dee = R _
P= CT AW 24+ 03/2 T L HAAD? + Ry
07
K1 = — saturation parameter

Form similar of that of the absorption cross section
Jo go

T T 1AM A2+ 20%/72 1+ 4Aw?/A?

1
CLASSICAL CROSS-SECTION APPROACH WORKS FOR t > —

Ye

POPULATION/FLUORESCENCE SATURATES AT k; = 1
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LIGHT-ATOM INTERACTION - DETUNING DEPENDENCE

POPULATION AT DIFFERENT DETUNINGS
It is difficult to saturate with detuned light
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LIGHT-ATOM INTERACTION - DOPPLER EFFECT

lons in the bunch have momentum

dispersion Doppler broadening on the

transition

— = 2x107*

Doppler width

Doppler width much larger than the
transition width

A

Natural width

Excitation probability

Extremely difficult to saturate the
transition

Detuning PH7o+ [~ 5 ((:}n\i\;
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LIGHT-ATOM INTERACTION - DOPPLER EFFECT

POPULATION AT DIFFERENT DETUNINGS

IL:) TIME DEPENDENCE SPECTRUM
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LIGHT-ATOM INTERACTION - PULSE EXCITATION

Using spectrally broad light (pulse) Population for different detunings

Excitation probability
Light intensity

0
0
0.
0
g\ 0

m ~10x10% —5x10% 0  5x10% 10x107*
Frequency Normalized time ty,

Excited-state population pee

FINAL POPULATION DETERMINED A CUMULATED RABI PHASE

tq
Pee = sin’ (j Qg(t)dt)
0]
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LIGHT-ATOM INTERACTION - PULSE EXCITATION
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EFFICIENT EXCITATION OF ATOMS
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RESULTS OF THEORETICAL SIMULATIONS

TWO REGIMES

DYNAMIC REGIME STEADY-STATE REGIME

Inaccesible to absorption-cross-section-
based approach

Corresponding to steady-state approach

Transition 25 = 2p1 7 1s = 2py 2

Transition energy 230 eV 75280 eV

Transition width 1.3 x 1010 1/s 3.0 x 10*° 1/s

c
2
=]
(o))
wn
2 16 0 %@
Doppler width 1.6 x 10** 1/s l_:Q 5.4x10°°1/s O o
o 5 o
Lorentz factor 96 ¢ 2989 S g
i a7
Pulse energy 0.2 mJ — 5 m] =
n
Pulse length
ulse leng 2.8 ps 500 ps =
EFFICIENCY OF PUMPING 2% ~ 440% ~ 250%
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DYNAMIC CASE - Li-LIKE Pb - OPTIMIZATION

OPTIMIZING PULSE CONDITIONS
LENGTH AND ENERGY OPTIMIZATION

Crossing angle 2.7°, Light rms width 650 ym
O ~ BETTER EFFICIENCY FOR
5_ _ =t 0.2
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— . |
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DYNAMIC CASE - Li-LIKE Pb - OPTIMIZATION

OPTIMIZING PULSE CONDITIONS
LENGTH AND WIDTH OPTIMIZATION

Pulse energy 200 uJ, Crossing angle 2.7°
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REPRESENTATIVE ATOMIC-PHYSICS STUDY AT THE GAMMA

FACTORY




SCALING OF DIFFERENT INTERACTIONS IN HCI

HIGHLY CHARGED IONS (HCIs) OFFER UNIQUE CAPABILITIES

Comparing theoretical calculations with experimental results

Testing QED at very strong electron-nucleus interaction

q

»

Y
E/ @ Testing parity nonconservation at large nucleus-electron overlap

Electromagnetic Weak

interaction interaction ~ Nuclear
charge

/ radius
Neutron &
radius

INVESTIGATIONS OF THE EFFECTS CAN BE DONE THROUGH ANALYSIS
OF ENERGY-LEVEL STRUCTURE OF HCls

Determination of nuclear charge and neutron radius
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PARITY

PARITY
—r
P:ly|— | —-v ]|  Parityassumes that laws of physics are identical in a mirror Universe
= Z
PARITY CONSERVATION VS NONCONSERVATION
Electromagnetic interaction conserves the parity
Y
. t_ Weak interaction does not conserve the parity
ectromagnetic Weak
interact?on interaction
\“‘*_"_’;_Siiﬁiiz A single photon cannot couple states with same parity ...
..unless there is an admixture of opposite parity state
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PARITY NONCONSERVATION IN IONS

MIXING COEFFICIENT n

Strength of the mixing is inversely proportional to the level splittings

SHW
o sltuly)

g —p. + 4 In HCIs H,, scales as Z> (in contrast to atoms where the scaling is Z3)
s o) )

Y, - wave functions of opposite parity states, Es ), -
energies of the states, I' - relaxation rate

Potentially 104-fold improvement of the effect

Energy level splittings between 'S, and 3P, or
! | o _ 3P, states in helium-like ions

2 * Enhancement of the effect
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L « Comparison of electron and relativistic contribution to the parity
20 40 60 80 .
Nuclear charge Z nonconservation
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SUMMARY... AND WHAT | DID NOT TALK ABOUT

THE ATOMIC PHYSICS DESCRIPTION SHOWS THAT
IONS CAN BE EFFICIENTLY EXCITED

EFFICIENT EXCITATION OPENS NEW RESEARCH
POSSIBILITIES FOR VARIOUS FIELDS OF PHYSICS

THERE ARE ALSO SECODARY PHOTONS AND
MANY OF THEIR INTERESTING APPLICATIONS

THERE IS HIGH PROBABILITY OF PROJECT IMPLEMENTATION
AT SPS
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