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VG(r)
1+ G(r)+ (0 — kv)?/T%

Extreme trapping Fyp = —5h(5 — ko)

Lens 2w,

Trapping in a small region wy~1 um Trapping with a short pulse
Spatial extreme localization Temporal extreme localization

« Single atom localization
« Quantum simulations Atomey o
* Quantum computation (Qubit)

The time of localization ~ 50 fs

V.S. Letokhov, B.D. Pavlik, Appl. Phys., 9, 229 (1976)



Motivation

18
VIIIA
. . — W—
- Periodic Table of the Elements 2
2 H 13 14 15 16 17 H e
Hydrogen A Antihydrogen 1A IVA VA VIA VIIA Helium
~ 3A _ 4A N 5A - 6A N 7A | 4003 |
3 4 =121 nm 5 6 7 8 9 10
Li | Be B C N O F | Ne
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon
6.941 9.012 10.811 12.011 14.007 15.999 18.998 20.180
—— E— —- - — -
11 12 13 14 15 16 17 18
Na | Mg 3 4 5 7 10 12 Al | Si P S Cl | Ar
Sodium Magnesium 1B IVB VB ViIB 11B Aluminum Silicon Phosphorus Sulfur Chlorine Argon
22.990 24.305 3B 4B 5B 7B Y 2B 26.982 28.086 30974 | 32086 | 35453 | 39948
19 20 21 22 23 25 28 30 31 32 33 34 35 36
K|Ca|Sc Ti V Mn Ni Zn |Ga|Ge As Se Br| Kr
Potassium Calcium Scandium Titanium Vanadium Chromium Manganese Nickel Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
39.098 40.078 44.956 47.867 50.942 51.996 54.938 58.693 65.38 69.723 72.631 74.922 | 78.972 d 79.904 | 83.798 |
37 38 39 40 41 42 43 46 48 49 50 51 52 53 54
RbISr|Y Zr Nb Mo Tc Pd Cd|In|Sn Sb Te | | Xe
Rubidium Strontium Yttrium Zirconium Niobium  Molybdenum Technetium  Ruthenium Rhodium Palladium Cadmium Indium Tin Antimony Tellurium lodine Xenon
85.468 87.62 88.906 91.224 92.906 95.95 98.907 101.07 102.906 106.42 112.411 114.818 118.711 121.760 127.6 126.904 131.294
55 56 57-71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs | Ba Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi [ Po At Rn
Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.905 137.328 178.49 180.948 183.84 186.207 190.23 192.217 195.085 196.967 200.592 204.383 207.2 208.980 [208.982] 209.987 i 222.018 d
87 88 89-103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr | Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FlI Mc Lv Ts Og
Francium Radium Rutherfordium  Dubnium Seaborgium Bohrium Hassium Meitnerium Darmstadtium Roentgenium Copernicium = Nihonium Flerovium Moscovium | Livermorium | Tennessine | Oganesson
223.020 226.025 [261] [262] [266] [264] [269] [278] [281] [280] [285] [286] [289] [289] [293] [294] [294]
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
Lanthanid
wedeLa Ce Pr Nd Pm Sm Eu Gd Tb) Dy Ho Er Tm Yb | Lu
Lanthanum Cerium Praseodymium| Neodymium | Promethium | Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
138.905 140.116 140.908 144.242 144.913 150.36 151.964 157.25 158.925 162.500 164.930 167.259 168.934 173.055 174.967
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Actinid
ame Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actinium Thorium Protactinium Uranium Neptunium Plutonium Americium Curium Berkelium | Californium | Einsteinium Fermium | Mendelevium | Nobelium | Lawrencium
227.028 232.038 231.036 238.029 237.048 244.064 243.061 247.070 247.070 251.080 [254] 257.095 258.1 259.101 [262]

Fundamental investigations:
1. Equivalence principle
2. Fundamental constants

- Laser-cooled atoms



Available laser sources

Nd:YAG (THG)

Ar* Kr*

F.  ArF KrF XeCl |XeF He-Cd Ar | . 16 (sHG) HeNe Rubin

Lisapphire (THG)  Tijopphice (SHG)  CaN | incaale,

10 nm 100 nm 200 nm 300 nm 400 nm 500 nm 600 nm 700 nm

XUV/EUV| UV-C VUV | UV-C | UvV-B | UV-A S. Wieneke and C. Gerhard, “Laser basics”,
Lasers in Medical Diagnosis and Therapy, IOP Publishing, (2018)

124 eV 12.4 eV 6.2 eV 4.1eV 3.1eV 2.5eV 2.1eV 1.8 eV
I | | I | | I |

Lasers of UV range are mostly pulsed

Efficiency of harmonic generation depends on the peak laser intensity




Cooling with pulsed lasers
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D. Kielpinski, Physical Review A 73, 063407 (2006)



Cooling with pulsed lasers , _;r

Single-photon transition

Rb
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N. Santi¢, et. al, Scientific Reports, 9, 2510 (2019)



Cooling with pulsed lasers
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A. M. Jayich, X. Long, and W. C. Campbell, Phys.Rev. X, 6, 041004 (2016)



Cooling of anti-hydrogen
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Ahmadi, M., Alves, B.X.R., Baker, C.J. et al. Investigation of the fine structure of antihydrogen. Nature 578, 375-380 (2020)



Cooling of anti-hydrogen

-121.5 nm pulsed laser: THG of a 365 nm laser in a Kr/Ar gas cell (500 pJ, 20 ns/pulse)

ALPHA

730 nm pulsed beam
to BBO crystal

f
/
Nd:YAG TisS lifi | BBO
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t Wavemeter
~
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L
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- cooling reduces the Doppler contribution to the linewidth and results in more atoms

annihilating at later times (qualitative agreement with simulations)
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Ahmadi, M., Alves, B.X.R., Baker, C.J. et al.
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antihydrogen. Nature 578, 375-380 (2020)



Localization in pulsed traps



Localization with 1T pulses

N\ — e

|,-"II \"'.. k.
jomoN |
/ O —e— |g}
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(a)
VAN —e— |e)
The force resulting from a hk . k_ / ‘a,k

position-dependent sequence . - - ,.' T )
of interactions with short / \_ |

counter-propagating t-pulses
of laser radiation can propel
atoms towards the small
region where the pulses

2hk .,
overlap. The optical trap thus ( ) -.
formed may be combined *— Ig)
with  Doppler-cooling laser
beams. (c)

T.G.M. Freegarde, J. Walz, and T.W. Hansch., Opt. Comm., 117, 262 (1995)
A.P. Kazantsev. The acceleration of atoms by light. JETP, 39: 784 (1974).
L.C. Karssen, Trapping cold atoms with ultrafast laser pulses. Ph.D. thesis, Utrecht University (2008)



Optical dipole trapping U= (V)= —(D)E

Two-level atom

F=VU=V({(D)E)
—r E = eEy(r)cos(kr — wt)

VGE(r)
1+ G(r)+ (0 — kv)?/T?

|e>

Rl S

F, = —%h(é — kv)

ho

Lens ¥

Q(r)

V.I. Balykin et al., Rep. Prog. Phys. 63, 1429 (2000). 18] > vy, Q2 Ux(r)=n
G. Rudolf et al. Adv. Atom. Mol. Opt. Phys, 42, 95 (2000)



Trapping with pulsed laser

100 ps pulse duration

Loading

1.2

CW 1.0 |

0.8 .
/ 0.6 |
0.4 .

0.2

0.0 4 - : —
0 01 02 03 04 05

Pulsed

Loading Time (s)

Lifetime

1.6

1.213
08 .M’\h\‘\

0.4

0.0
0 0102030405

Holding Time (s)

The properties of pulsed trap (with picosecond pulse duration) are the
same as for CW trap (if the average power the same)

M. Shiddigq, et. al, Phys.Rev. A, 77, 045401 (2008)



Trapping with pulsed laser

50

L I e
L ] Lh

Lad
o

Fluorescence, Arb. Units
nw o o 2%

=

1 ps pulse
=250 ms

+ Ti:Sapphire narrow-band
» Ti:Sapphire mode-locked
4 Nd:YVO ,narrow-band

x Nd:YVOamode-locked

1 ps pulse duration

cw
=750 ms

Ti:sapphire Nd:YVOy4
Repetition rate, MHz 80 240
Mark-space ratio 12,500 130
Power, mW 300 2800
Spot size, um 16.5 26.3
Wavelength, nm 805 1064
A f S state ( P3/2), MHz 10.8 5.25
A f S state ( P]/z), MHz 13.3 2.80
Trap depth, nK 770 260
» Scattering rate, s~ 22 0.47
Phase change per pulse, ¢ 27 /2.8 2w /23
X 2
T
T
T | 1
4 5 0 7 8

Time, s

The shorter lifetimes of pulsed trap is consistent with the losses due to
photoassociation present in the wavelength region used (800-825 nm).

R.B.M. Clarke, T. Graf, E. Riis, Appl. Phys. B, 70, 695 (2000)



Signal (arb. units) Signal (arb. units)

Signal (arb. units)
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PRL, 71, 2204 (1993)
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L J. D. Miller, R. A. Cline, D. J. Heinzen,



Lifetime of trapped atom

Losses:
F=FBackground +rPhotoassociation + FChaos +FMomentum diffusion
From experiment l
with CW laser Depends on the peak laser
intensity and repetition rate

v

Depends on the average laser intensity
and width of laser spectrum

\ 4
Depends on the peak laser intensity



Momentum diffusion

Fluctuation of Fluctuation of .
Fluctuation of
spontaneous absorbed photons . o
o : . stimulated emission
emission direction number
e Dominates in CW e Gives the Doppler e Do not saturated
traps (s<<1) limit of cooling with increasing
. D ~T = intensity
1+s st
e D,~ A1) ,s>1

Saturation parameter

3 1 Q2
A - Sh— — 2
ho Rabi frequency
dE
Ig>_ _Q —
h

The lifetime of an atom in a trap is
defined as the time required for the atom
to acquire energy equal to the depth of
the potential well, by the momentum
diffusion process

Ttrap — mU0/<Ddf (T7 t)>

J.P. Gordon, A. Ashkin Physical Review A, 21, 1606 (1980)



Lifetime of trapped atom
Trap depth, uK
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Lifetime of trapped atom
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Experimental setup 85Rb energy levels D2 line
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Experimental setup
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50 fs
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Lifetime measurements

Cooling ' Loading Dipole trap
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Lifetime

Trap depth (uK)
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Efficiency of localization

Signal, arb. units

Trap depth, uK
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Rb notch filter
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Rb notch filter &B
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Rb notch filter

Lifetime of trapped atoms (s)
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A.M. Mashko, et al. Quantum Electronics, 50, accepted (2020)



Spectroscopy of atoms
trapped in pulsed traps



Spectral properties of trapped atom

Atom localization
in dipole trap \

Focused laser beam

ac Stark

@rum shifting

Spectrum broad@




Detection of fluorescence

60
] I
(a) g B Gated probing-cooling technique
50 S0 |- ﬁ%‘? — — Additional cooling needs for compensation of
° e heating from probing field

40 3s

100 ps

Probe Duration 500 ms

30
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Chung-Yu Shin, M.S. Chapman, Phys.Rev. A, 87, 063408 (2013)
Bei Liu, et. al, Optics Express, 25, 15862 (2017)



Spectroscopy of trapped atoms by selective heating

Momentum diffusion due to photon

scattering
1/l 0 — detuning of probe laser
D= #%%k? I sat 1 — lifetime of trapped atoms without

4 1+ I/l + 4(6/T)* | probe field

Tp— time of the atom interaction with
the probe field

U, — potential depth

Number of atoms in the trap

Ny(1) = Noe ' (1 = Dz, /(mUy))

Relative losses

A= (N-N,)IN=Dr,/(mUy

A.E. Afanasiey, et al. Quantum Electronics, 50, 206 (2020)
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Spectroscopy of trapped atoms



Spectroscopy of trapped atoms
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Spectroscopy of trapped atoms

AOM 1 frequency 80 MHz 62 1 85
45

|
1
AOMI amplitude 300 mV : 400 800

AOM? amplitude T+

Magnetic field +

Optical dipole trap

Mechanieal shutter
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of the probe radiation
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Spectroscopy of trapped atoms 1=420 fs

Relative losses A

0.35

0.30 -
0.25 -
0.20 -
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0.05

Trapping:
pulsed leser
cw laser

Shift due to ac-Stark effect: 2 MHz

' I
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Detuning (MHz)

A.E. Afanasiey, et al. JETP Lett., 111, accepted (2020)




Spectroscopy of trapped atoms le>
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A.E. Afanasiey, et al. JETP Lett., 111, accepted (2020)



Trap depth (mK)

Spectrum calculation vs trapping field strength
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A.E. Afanasiey, et al. JETP Lett., 111, accepted (2020)



Spectrum calculation vs trapping field strength

Focused femtosecond laser
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Line shift in CW trap
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Spectrum in under pulsed perturbation

transition signal (arbitrary unit)

20 10 0 10 20
frequency offset (kHz)

Experimental Rabi spectra under pulsed perturbations: (a) without a
perturbation and (b) to (i) with increasing by n/4. In particular, (¢) Ap=T=
and (1) Ap=2mn

J. M. Choi, et al., Journal of the Korean Physical Society, 51, 296 (2007)
J. M. Choi, et al., Physical Review A, 77, 010501 (2008)



Position of the line
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. . Pee(Itrap, t) — population of excited state of
Correlation function ;.4 atom

I;qp - average intensity of trapped field

: PeeItrap, t)Pee(0, 1) =
Correlation =< e ) =N
(Pee(0,8)pee(0, 1))
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An ordinary condition for

Correlation function 21 pulse do not work!
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Key points

The atom dipole trap with pulsed laser radiation of
70 fs duration was firstly demonstrated

The dependence of the atom lifetime on the average
intensity and pulse duration was investigated

The effect of the Rb notch filter on the lifetime of
atoms was examined
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RGN Spectrum of trapped atoms has been measured and
2 ) analyzed

It is possible to trap atoms without optical shift of
absorption line
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