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F<0 exposed to laser light, behave just like charged particles in @ magnetic field
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Why fs lasers ?
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» on a logarithmic time scale one minute is approximately
half-way between 10 fs and the age of the universe

» taking the speed of light in vacuum into account,

a 10 fs light pulse can be considered as a 3um thick slice of
light whereas a light pulse of one second spans approximately
the distance between earth and moon

- »the fastest molecular vibrations in nature have an oscillation

time of about 10 fs

To monitor time dynamics !!!

http://www.sciencedaily.com/releases/2008/10/081030144622.htm



Mode-locked lasers generate femtosecond pulses

Single pulse

carrierw_

envelope <--_

The temporal and spectral characteristic of the field are related to each

other through Fourier transforms.

Time domain
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> 2w
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approximatelly 40 THz.

Fourier-limited 10fs pulse from Ti:sapphire oscillator generate spectra of




Temporal and spectral intensity profiles of various pulse shape
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Table12.1 Temporal and spectral intensity profiles and time bandwidth products (AvAf = K) of various pulse shape . .
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Mode — locking: technique for the generation of ultrashort pulses

Electric field of M longitudinal cavity modes :

/|

—- [ Av=oilL

Trte

Mode — locking: technique for the generation of ultrashort pulses
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Fixed phase relationship between the modes of laser's cavity

Laser power output P(r)

P .
")
Ppcak 4'"\'—;_
Pl _— A T
4 N=4
Prmk
Ar
P
N=6

3l

pr.-cak |
\_A \/\
N T i

Time ¢

~ 1

. 1
E(t)e™t = 5508?’¢O€

\_/\_/\ | LMV\/w—

ot SIN(MTAL)
sin(mwAt)

» The power is emitted in the form of a train of pulses with a period
corresponding to the cavity round-trip time T, = 1/6v.
» The peak power P,_,, increases quadratically with the number N of

modes locked together: P, =N2P,,.

» The FWHM pulse duration At decreases linearly with the number N of
modes locked together or equivalent is approximately the inverse of the

gain bandwidth Av:
At=Tg; /N=1/Nbév=1/Av.

M. Wollenhaupt, A. Assion, T. Baumert,
Short and Ultrashort Laser Pulses,
Springer Handbook of Lasers and Optics
pp 1047-1094, 2012.




Output power for different conditions of mode-locking A

a) Laser power output P(f) d) Laser power output P (1)

E] II||||| [ I | I

T L Ter Time 1 Fig.12.22a-f Output power for 10 equally spaced modes with dif-

b) Laser power output P () @) Laser power output P(f) ferent relative amplitudes (as indicated in the insets) and phase
4 L $ L angles (TRT is the round-trip time): (a) linear phase relation
@n = na amongst the modes (1. e., a constant phase relation between
two adjacent modes) with & = 0, (b) linear phase relation ¢, = na
with & = 7, (c) Gaussian spectrum with five modes at FWHM and
linear phase relation with & =0, (d) random spectrum and linear

AMA, phase relation with & = 0, (e) constant spectrum and random phase,
Tar Time 1 Tar Time ¢ (f) constant spectrum and different random phase
¢) Laser power output P(f) f) Laser power output P (1)
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M. Wollenhaupt, A. Assion, T. Baumert,
/\ /\ Short and Ultrashort Laser Pulses,

, 3%%&&@4 Springer Handbook of Lasers and Optics
F—Tgr— Timet Tpr— Timet pp 1047-1094, 2012.




From single pulse to multiple pulses: multipulse interference V\/VW/""‘“"
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Pulse train in time domain = frequency comb in the frequency domain

\/\/V*U{W\!\N\,w_,
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Pulse train in the time domain

AD 2A0 3AD
T,P
/7 117 /7
T=1/f
Frequency combs provide narrow lines

I|”” i]“I over a wide (hundreds of terahertz) spectral bandwidth !
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Frequency comb in the frequency domain

frequency




Measuring and controling comb modes

Time domain E.(t)= i[g(t_ Ny 0= g

AD 2AD ce
' \ 1 1
P,=| ——— |lomod2x
Vg VP
[ | Individual comb lines — narrow as a the line of
a cw laser.
rep Regular spacing over the entire bandwidth (better

3AD
T=1/f_\

-
Freauency domain than 1 partin 10718).
fo_nf P /\q Y Comb line on the oposite end of the spectrum
= v, = Mhe ™ I show negligible phase difference.
Lz, fo—UT By measuring and controlling frep and fO (rf

' frequencies) it is possible to control the
f = 1 f o AD frequencies of all comb modes (optical
| | 27 frequencies) !
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Measuring light

First experiments — FC are used only as rulers and
not to directly interrogate the atoms.

fs Comb-Measured Optical Frequencies
« Ca 657 nm Schnatz — PTB PRL 1 Jan 96
S 1.5 pm Nakagawa - NRLM JOSA-B Dec "96
* 5r 674 nm Bernard — NRC PRL 19 Apr 99 _ _ ' _
+ In* 236 nm v. Zanthier - MPQ  Opt.Comm. Aug'99 ﬁ;;‘j;ﬂ‘;t;";‘;;‘g ’;‘;?{;’sf Laussesriéllgh; Eﬁéﬂf’f;gg‘;é‘i%e
+ H 243 nm Reichert - MPQ PRL 10 Apr’00 of atomic clock and many other applications
+ Rb 778 nm 0. Jones - JILA Science 28 Apr 00
o 232 nm Diddams - JILA PRL 29 May "00
+ H 243 nm Niering - MPQ PRL 12 June 00
+ Yb* 467 nm Roberts - NPL PRA 7 July 00
* In* 236 nm v. Zanthier — MPQ  Opt. Lett. 1 Dec.'00
+ Ca 657 nm Stenger — PTB PRA 17 Jan ‘01
+ Hg- 282 nm Udem — NIST PRL 28 May 01
» Ca 657 nm Udem — NIST PRL 28 May 01
+ Yb+ 435 nm Stenger — PTB Opt. Lett. 15 Oct 01

S. Cundiff, j. Ye, J. Hall, Scientific American, April 2008.




Applications of frequency combs ~
PP q y W\ VW

May be coupled to an enhanced
cavity with high efficiency !

FC combines the advantage of
o0 " i e “ighe

incoherent broadband continua .
q,
"7, %, | lts spectral coverage may be

and tunable cw lasers ! ;(ad

extendend to regions not not
directly attainable from laser
1 sources!

Arbitrary

Optical optical/RF
clocks waveforms

NR Newbury, Nature Photonics 5, 186 (2011).




Direct frequency comb spectroscopy (DFCS)

DFCS involves using light from a comb of Il
appropriate structure to directly interrogate
atomic levels and to study time dependent |
quantum coherence. ,_;{H

BRIDGING THE FIELDS OF HIGH-RESOLUTION SPECTROSCOPY AND ULTRAFAST SCIENCE

S5Dor7S

» Multiple atomic states may be simultaneously and directly excited 135
(240 ns or 88 ns)

and subsequent dynamics may be probed

» Simultaneously satisfy two-photon as well as one photon
condition

» Determination of absolute frequencies for atomic transition
anywhere within comb bandwidth

» The entire transition spectrum can be efficiently retrieved by a v
quick scan of the frep

(27 ns)

11> 58 87Rb




Basic concepts of QM description of an atom
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In QM all information about a system in a pure state s is stored in the wavefunctio L-'-‘t,.(r. t)

The time-dependent _OYs(r,t 2 . , _ i
Schrédinger equation 1h ‘31‘ ) = Ho ( ) —_> ,hd (Vm Z I‘Imn(Y
o T l
=+ T :/ iy
R .. ( ) 5 li’b.(l'.f) Z(ﬁ( )U“(I') Hpn Uy, (T )H“n(l)d
Hou,(r) = E,u,(r) n l
- eigenfunctions of the free Hamiltonian

total Hamiltonian = free Hamiltonian + interaction energy i
Uy (D)t (1) d7r = 8y

form a complete set f "

N

The expansion coefficient C* (t) gives the probability amplitude that the
atom, which is known to be in state s, is in energy eigenstate n at time t .

The time evolution of ¢ (r,t) can be specified in terms of the time evolution of each of the expansion coefficient C° (t) .

multiply each side

5
ih Z 4G, (1) Uy (r) = Z C3(t)Hu, (r)———> from the left by Uy, (1)
dr . . -
n n and integrate over all space

Hyp = [y (r) HHH(I‘]d r ”"—Cr (I]—ZHmqu(I)
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L d EQ entirely equivalent to the Schrodinger equation, but
h—C, (1))=Y Hpu,C,(t !
Wt m () Z mn Cp (1) written in terms of the probability amplitudes C° (t).

_ Dirac notation
In experiment — expetation values of a set of QM operators A . 1\ | [3 |ﬁ‘ } ( ‘A} }
. . . . ~ — ) = = (5 A
Observable A is associated with the Hermitian operator A <‘ > PsC (I’{f"’" Vs
R. W. Boyd, Nonlinear Optics Academic Press, San Diego, <A> - Z ¢ m C n 4'"”
2003. mn
Matrix element of operator A: A :< = fuf;f-lu” d’r
known initial state and the a complete description of the time evolution of the system and
Hamiltonian operator for the system of all of its observable properties.

Q ( bu ? the state of the system is not known in a precise manner

——> the initial state of each atom is not known
? oY,

o B BBy y

Use density matrix formalism to describe the system in a statistical sense.
Low concentration = Few collisions  High concentration = More collisions




The density matrix formalism /\

The state of the system can be described by the density operator 0 —— FPnm = Z p(s)Cr, Cy,

_ the probability that the system is in the state s
> diagonal elements O, .. —

statistical mixtures — consequence of incomplete
the probabilities for the atom to be in state m — between O and 1 g P

preparation of the system, or partial detection of the

»> off-diagonal elements O, , — final state (spontaneous emission, collisions,...)
coherences between states m and n

will be nonzero only if the system is in a coherent superposition > ellmln.ates the arbl-tary overall phase _
of energy eigenstate n and m. > establish a more direct connection with observables

depend on the phase difference between C_and C, » powerful method for doing calculations

» it can handle pure states as well as mixed states
M . - » it can treat effects such as collisional broadening
A - Z /)’7’7"4’77’7': Z(/) *_1)‘1111 = tr(p *’1)
nrn

the expectatlon value of any observable guantity can be determined stralghtforwardly in terms of the density matrix

dp dp(s - M([('“ dcss . dp

dp A A~
Time evolution of the density operator o (pH — H D), =

dt h T h




Optical Bloch equations (OBE)

A

DMF - describes how the density matrix evolves in time as the result of interactions that are included in the HamMow r there

are certain interactions (for example collisions between atoms) that cannot conveniently be included in a Hamiltonian description. Such
interactions can lead to a change in the state of the system, and hence to a nonvanishing value of dp(s)/dt . We include such effects in the

formalism by adding phenomenological damping terms to the equation of motion.

TIME EVOLUTION
OF THE COHERENCES

TIME EVOLUTION
OF THE POPULATIONS

dpnm —1

dt == F :H'/Aj'nm
dpy, —1
nn - = H /

dt

— YnmPnm: n 7& n.

Bl : _n,n,+ E an/)mm_ E 1—‘mn/)nn

Enz >E7l

E m < E n

DECAY OF THE [ _
n =

EXCITED STATE POPULATIONS

DECAY OF THE COHERENCES  ¥nm = 3(I'n + I'm) + 1,5

Z r”fn Tn = ]:"ru

n' EEJI" {:E”J

(col)

the dipole dephasing rate due to processes (such as elastic collisions)
that are not associated with the transfer of population

H=H0+Him total hamiltonian

(H 1)y =— M E () interaction of the atom
| HMnm  dipole moment of the ellectronically
allowed transition (F,— F,,F,* 1)

slowly varing envelopes
—7 f _ )
S(I)ZE(f)f? L O nm = Pnm¢

—.':LLILI




Two-level atom: example .
—— /|

Eb = ﬁﬂ.}b

_ — _ = D Paa Pab —
Pha Pbb

w

a
() = tr(pfr)

The wavefunction describing state s ¥s(r. 1) = C,, (1)t (r) + Cp (1) up(r)

CaCr CuC
CyCr C,C

() =tr(pL) = pabitba + Pballab

] the density matrix describing the atom

Pba = Py,

A 0 . : .
E,=how, p= [’{L '{LSE’} the matrix representation of the dipole moment operator
ba

CiAp P 0 Hab PabMba Paallab
=k — _elil? - Paa Pab ab | _
Hir = i Glels) - en |:p.~!?a Pbb || Pba O PbbMba Pbaltab

the expectation value of the dipole moment
depend upon the off-diagonal elements of the density matrix

electric dipole

Hﬂ,nm — Enanm

H = Hy + V (r) _@pproximation _ V() = — 1 E(¢) |
N _ . i
ldiagonal matrix i = V:b = _,u'baE(t) Pnm = —1Wpm Pnm — E Z(vnupum — Pnv Vim).
v

Equations of motion

. —lprA . —i T A o1
Pnm = ?[H’ p]nm = ?[(Hp)nm o (pH)Hm]

Wnm = (En — Em)/ﬁ




— N/ M wan—

. . 1 [
Pba = — (E Wha + _)pba + — Vba (pbb - :Oaa)s

|

. . [}
Pba = —1WpgPba + T Via (_.Obb — _-O(I(.’J

h Tz h
. [ . —Ppb I
Pbb = _{Vbapab — Pba Vab) T Pbb = T — E{Vba Pab — Pba Vab),
h 2 - 1 1
i T =T T I oy i
Paa = E(Vabp[m — Pab Vba)* 2 Paa = ?] + E(Vbﬂ Pab — Pba Vﬂb)*

Absence of relaxation

Closed system with spontaneous emission

ﬁbb + ﬁ"ag - {] pﬂ'ﬂ + pbb = ]
| (€q Population inversion relaxes from its initial value to its equilibrium value in a time of
[ P66 () = Paa(®)] = (pbb — Paa) the order of T,. For this reason, T, is called the population relaxation time.

+ {[,Dbb{'[}) - ,ﬂaa{ﬂ)] — (ppb — pﬂ‘ﬂ){eq] }E_I'; I,
Phba (T) = Pba (O)E_Umm_H [T2)t
(ﬁ(f)} = HabPba(l) + WpaPab(t) = ,[Labpbﬂ{'[})g_“'mf?ﬂ‘HXTE}f +c.c.
For an undriven atom, the dipole moment oscillates at frequency w,, and decays to

= 0)e " i@bal 4 ccle /12,
[”ﬂbpm{ ) e ] zero in the characteristic time T,, which is known as the dipole dephasing time.

?z = o7 + Ve Ye=CsN + C¢Ny Pressure broadening




Steady-State Response of a Two-Level Atom to a Monochromatic Field

) 7 i ' dispersive lineshape
V=—nE@l) = —ﬁ(EE_mI + E*Eimf) P P

Vba = —ba (Ee—imr + E*Eiwr)
cannot be solved exactly

J/ Pba(t) = Ppa (O)E_“mb”_FUTﬂr

RWA Vbﬂ — —HMpa Ee_iwr

P(t)= N{jt) = NTr(pft) = N(fLabpba + IbaPab)

|
- i Lor 0T <1 Lorentzian lineghape
P(t)=Pe ' +c.c. Polarization 11y <<
P=eyxE , p L a2 _
0x Susceptibility Absorption £ 0S¢ QT =2 OXTT =4
o Nlﬂ'balz(,ﬂbb - prm) o) o) "2~ .
_ eoh(w — wpy +1/T5) a=—Imn= —[m[{'] +X)U2:| ower broad_anlng
¢ ¢ » 0.0 I~ | | and saturation
Q=2|ups| |E|/h Rabifrequency a=—Imy -10 -5 0 5 10
C
A =w— wp,

AT, = (0-, )T,




Interaction of two-level atoms with a train of fs pulses |
resonant excitation of atoms W\ j\/ :

room-temperature atoms (inhomogeneous broadening)

atomic relaxation times > pulse repetition period ACCUMULATION OF POPULATION AND COHERENCE

15 [T T T T T T T T ]
OBE Ilkl\lll Iltl|||||||I||tllll||||'||'|l|tl|||
1-3] Ij(_. . . . . 3 ¥ III III IIII ||I ||I ||I ||I III IIII |II |II III |II |I |II |||I |III III |I |II Ill || |III |III | |I |II I.
(Pzz _ i,“lz(-’ (1) 61s +cc.| — @ Direct integration AR \1 T H'. \ \ﬂ I 'H\" ﬂ'. Wor S
0 h Iy — '4 HI'H rh ) ) ’022 — TCJOZZ
don .. P (1) 012 [ "
=1 S R
af 10012 + 1 7 (2[)22 1) T2 | | }1 _ 155
< — —lmp ¢ .
61) = E(t)e [ SINGLE PULSE EXCITATION | . 5
................................................................. | p5, =sm”(0/2)
PULSE TRAIN ELECTRIC FIELD PULSE AREA ' (JI] ' 0'2 ) 0'3 ' 0.4 -
Er(1) =) E(t —nTg)e"” ) 21115 /w 5 t (us)
n=0 = 5(1) At
N h o The coherence excited by one pulse adds to the coherence excited
— [ E(t—n TR)eiM’R] aloLt by the previous pulse, leading to the strong enhancement of population.
n=0 This enhancement can be understood as a constructive interference, since the time-

= (;‘:‘T(t)ei‘°L’. delayed phases acquired by the coherence with the succession of pulses are analogous
to the time-delayed phases that result in the interference in a multiple slit experiment

D. Felinto, C.A.C. Bosco, L.H. Acioli, S.S. Vianna:
Optics Communications 215 (2003) 69-73




Time dynamics of a multilevel system excited by a train of fs pulses

OBE 7., = —jBr (0Kl ET@:[

n=0

N
Z E(t— ffLTR)em(I’R glwrt

dpll

dt

dpas

dt

dps3

dt

d/944

dt

dO’lg

dt

d0'13

dt

d0'14

dt

d0'23

dt

dO’ 24

dt

dO' 34

dt

Z,u135 @014 + C.C.) + Dyspss + Diapaa + U(p22 — p11),
ZM235 @024 + C.C-> + DTagpas + Dogpas — H(p22 — p11),
W135 @@3 + C-C) — (T3 + Ta3) p33 + L(pag — p33),
@014 + @@4 + C.C.> — (T'14 + To4) paa — i pag — p33),
10120712 + i&,};(t) (1113053 + H14034) — igi(t) (1123013 + f124014) — 12012,
013013 + @(Pgs — pu1) + z'&%(t) (114034 — H23012) — N130713,
1014014 + @(m —pu) + iSZ%(t) (113034 — H24012) — V14014,
1093093 + @(033 - P22) + @(uzm& - Ml:)ﬂfz) — 723023,
1024024 + @(Pm — p2a) + iETI;(t) (H23034 — H14075) — V24094,
1034034 + i&i(t) (1113014 + [123024) — igji;(t) (114073 + [24053) — Y2102

h

V34

012
013

023
024

034

. FOUR-LEVELS
= gT(t)ewet
012 P12,
013 prze” et
014 prae” et
023 page” et
024 page” et
034 P34,
Y12 H7
1
Y13 Vo3 = 5(1‘13 + I'y3) + 11,
1
Y14 You = §(F14 +Toy) + 101,

1
§(F13 + o3 4+ g+ Dog) + 1L

w2,

W3 — Wy,

Wq — Wy,

W3 — Wy — We,
Wqg — W2 — Wy,

W4 — W3,

— /|

4 _
SE, 4 816659 &
3>— F =1
59 87Rb
2 F =2
335, 6834.683
D F =1

10 coupled differential equations

For one velocity group ©




Doppler-broadened atomic transitions

Doppler broadening (~500 MHz for Rb at room temperature)
Yy homogeneous broadening (~6 MHz for Rb)
different velocity groups of atoms “see” different laser frequencies
different atomic groups — different excitation process

atomic transition frequency w,, is modified into /) — (. + ]Z U ' ]f,,ls laser wa\{evecto_r
ge 9 v is the atomic velocity

The system of OBE needs to be solved individually

012 = wy for all velocity group of atoms!

b3 = wy+k-T—w | - |
13 3t e OBE provides a complete description of the temporal evolution

0g = wit+k-v— wy, of the atomic system, but this procedure becomes very

5 B P demanding and time consuming even in the case of four-level
23 T W3 w2t U W atomic system excited by a large number of pulses.

04 = w4 —wo+k-T—uwy, : : : : . i

An iterative analytic solution to the optical Bloch equations
534 = Wy — Wws3.

The iterative solution circumvents the use of time consuming numerical
procedures and can be used as a practical tool in future investigations.




Numerical solution vs iterative analytical solution

Integration of OBE under approximations:

- The pulse is very short compared to all
atomic relaxation times

- The pulse is very short compared to the
laser repetition period
- fs pulse electric field is weak enough to

keep only the lowest-order term in
perturbative series

o
o
&

g
o
&

Iterative solution assumptions:

- the state of the system before (n+1)th puls

is a function of the state before nth pulse
-pulses have a small area

- the excitation occurs in the quasi impulsive
regime

-pulse duration is much smaller than the
population relaxation times, coherence

relaxation times and pulse repetition
period

o
o
=

e

Hyperfine level population
3

0.10

— N/ M W —

D. Aumiler, T. Ban, and G. Pichler; PRA 79, 063403 (2009).
- NUMERICAL (BLACK)
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Iterative analytic solution enables fast and accurate

calculation of the system time evolution circumventing the
use of time-consuming numerical procedures.
e



Level populations as a function of atomic velocity

Hyperfine level population
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Excited level population as a function of the field

peak amplitude.

Level populations as a function of the excitation
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Electromagnetically induced transparency EIT

The strength of the interaction between light and atoms is a function of the wavelength or frequency of light. When the light W

frequency matches the frequency of a particular atomic transition, a resonance condition occurs and the optical response of the
medium is greatly enhanced. Light propagation is then accompanied by strong absorption and dispersion.

destructive quantum interference 0.8
of two possible pathways 2

(L4
c |a) 0.2

, 0. b
02, 082, - \“
& ; 0.2 '
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Disperzija
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Nonlinear optics, storage light, quantum memory, ...




Coherence population trapping (CPT) induced by the FC excitation

/\/. A e
Coherent preparation of the quantum states of atoms by laser light.

Quantum interference in the amplitudes of optical transitions.

Modification of the optical properties of a medium. D. Aumiler, PRA A 82, 055402 (2010).

» EIT - atomic medium is made transparent to a resonant probe field
» The two excitation laser fields create destructive interference between excitation pathways
» Dark superposition state is formed, with the population reduced in the upper state

and trapped within the two ground states

87Rb Double A-type system
2 e a D) = (1) = 12))/v/2
5Py f,,=816.659 o IB) = (|1) + |2 N/V2
F_l : —_ Il
“ — k= Dark state, a linear combination of the ground-state levels
f.-*' .-“' "x "”-. § > " which is decoupled from the excitation pulses.
."I |."ll II". II-. - -
L] \ A — = » pulse repetition frequency frep is a subharmonic of the hyperfine
=) s ———— = ey
\ —_— B splitting of the ground state, w,, = 2rtf,,
38172 \ | fiz=6834.683  : > for the case of room-temperature vapor

\.

F= | e——— a double A-type excitation scheme can be achieved




Dark state fomation

— /|

Accumulation of coherence between the ground-state Excited-state populations, averaged over the atomic
hyperfine levels. velocity, as a function of pulse repetition frequency.
fIf
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Coherent accumulation of excitation leads to the complete population transfer to the dark state.
Simultaneously, the population of the excited state goes toward zero, the pulses are no longer absorbed,
and EIT takes place.



Dark state population
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Stationary dark state population vs. f,. Time dynamics of the dark state
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PART Il — Experimental demonstration of the coherence

accumulation effects induced by FC




Detection of coherence accumulation effects

— j\/ A~

We need a system with atomic relaxation time longe than the pulse repetition period.

\ ) \ J
! Y
Rb atoms: lifetime of the first excited state ~30 ns Tsunami fs mode-locked laser: frep=80 MHz (Trep ~ 12 ns)
Properties of Rubidium EXCITATION

SE i nEe mE omm o R wmE= g

Atomic Number- 37
Atornic Mass- 85.47 resonant fs pulse train excitation of rubidium atoms
Melting Point- 312.2K
Boiling Point- 961K

DETECTION

Density- 1532 kg m”-3

Very soft, silvery-white metal

Liquid at room temperature weak cw scanning probe laser

Ignites spontaneously and reacts violently in water

- probe absorption - ground state population

In the weak field approximation and linear absorption
regime, the measured optical thickness is directly
proportional to the ground state populations.




Experiment

FD
PC —[ osciloskop [h
Rb A
—0——
S
L P A2
AN vwu B | Tusafpasar Tsunami fs laser
vV |
F Fl
| [S]— ECDL laser
Experimental setup
FI-Faraday isolator, F—filter, A/2-\/2
plate, P-polarizer, L-lens, S-beam stoper, Rb cell External cavity diode laser

A—analizer, FD—photodiode.




Rubidium atom

Natural rubidium is a mix of two isotopes.

85Rb 87Rb
0
F=4
_______________________ 3/2 121 F=3
t F=3 312 267
63 - o
,‘[ 29 Fe=2 \\\ 157 Fe 2
= / F=1
F=1 %, Cd
5P 1 034 / F=0
043  |0.43 5P | 038 | [0.14
0.12| | 033 - 0jl4 014
12 e 0.02| | 0.06 Pl
el b’ Walniieieieeeils 362 ) ¢
F= 812
795 nm F=1
0,79 |08
780 nm 0.98 | 0.28 038 [0.38
0.38| 0.07
E=
________ V.Y .S _1p F=
3036 58 1p2
F=2 6835
F=1

Hyperfine energy levels scheme with the corresponding relative transition probabilities.



Absorption spectum of Rb D, 5S,/,-5P;, resonance line

“Rb “Rb

fs laser induced changes in the absorption spectra

/ o~ f T
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frequency (GHz)
Hyperfine resolution absorption spectra of

Rb D, 5S,/, - 5P/, resonance line @ 780 nm  D. Aumiler, T. Ban, H. Skenderovi¢, and G. Pichler; PRL 95, 233001 (2005).

T. Ban, D. Aumiler, H. Skenderovié, and G. Pichler; PRA 73, 043407 (2006).



Fs laser power and wavelength dependence

Relative modulation intensity dependence ...

on averaged fs laser power
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Since the optical pumping process is dependent upon hyperfine energy-level splittings and relative transition dipole
moments, mapping of the frequency comb spectrum onto the velocity distribution of hyperfine level populations is not
straightforward and a full time-dependent theoretical modeling of atom-laser field interaction is needed for interpretation of

the observed phenomena.




Theoretical modeling of the interaction

— /|

resonant excitation of Doppler broaded Rb atoms (room temperature) by a train of fs

ulses N | . |
P . . . ET(t) _ Z g(t o nTR)em@R euugt — ET(t)ezwgt
probe laser intensity is small and can be neglected "
idea: calculate ground state populations and then use them to construct the absorption
spectra of the probe laser \1, Rb Rb .
, L vty
Density matrix formalism 5P, samre 5P e
F=1 .
- diagonal elements p,, represent level populations “, 015 | [2°
2.3 0.85
- nondiagonal elements p,, represent coherences ” 035 | o:s
E 0.85
- starting point: OBE e e Fe2
wz 8835MHz  5°S,, 6835 MHz
dprm g~ . F=1 F=1
dt = h [Ha p]nm YnmPnm n 7é m
d’;”;" % H,plan+ Y. Tompmm— > Tmnbon 10 coupled DE for 795 nm excitation (4-levels)
Pz ln PP 21coupled DE for 780 nm excitation (6-levels)
=5 = - = _ 1 sud
H=Hot+ Hy  Huo= B0 Tn=" D> Twn  Yom=5Cn+Tm)+ 70

n, (E'TE, <En)




Coherence accumulation in 4-level Rb atoms

87Rb

5Py A

38

581p

683

795 nm excitation

812

—\\ WW

Time evolution of 8’Rb (5S,,,, 5P, ,,) hyperfine level populations
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Time evolution of 8Rb (5S, ,, 5P, /,) hyperfine level populations

“Rb

5Pyp

812

589 <

795 nm excitation

excited state
population

ground state

population

0.006

0.004 -

0.002

0.000

0.4

— /|

Stationary state —
low excited level
population due to optical pumping.

T - average interaction time
of atoms with the fs laser.

Optical pumping




FC excitation of the Doppler-broadened atomic transition

Rb vapor at room temperature — Doppler brodening of about 500 MHz

M _ | Atoms with different velocities “see” different laser frequency.
wlio4 =l F % 8 2 B N
08 - M;ﬂ —wye+ k-7 Modified atomic transition frequency
S 087! 1 -
é 07 : 4 } g
2 .1 1 Different velocity groups correspond to different detuning 4 = /- ¢/
£ ! A
g os | | 1 |
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N oAy § .. . ““'TI? .1 1] Theyare in different situations with respect to the excitation
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Rb D, 5S,/,-5P, /, excitation @ 795 nm |
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Rb D, 5S,/,-5P;/, excitation @ 780 nm

F,=2—F,=3
F,=1-F. =1
F,=2—F,=2
Fo=1-F =2
Fp=2-F =1 Fpb=1-F. =0
8 1 /4 i ||
f Y Y \ 7/ T y N T ?
2 6800 6600  -6400 -200 0 200 400
.g frekvencija (MHz)
-
2 _ “Rb
g 0o 267 MHz o
c 0.5 5°P,, F=2
d 167 MHz_F,=1

0.4 - 72 MHz "F =0

0.3 -

0.2 4 —py(F*2) 1 05| | [

0.1 — = -1 0.85

' P, (F=1) ]
L A T T P TR T R il T R [ T B . S, IS T, T, 0.35 | jo.8s
-100 -90 -80 -70 60 -50 -40 -30 -20 -10 0O 10 20 30 40 50 60 70 80 90 100 0.85
d/2x(MHz)
F=2
2
5°8, 6835 MHz




Simulation of 5S, ,-5P;), line absorption spectrum (probe)

Hyperfine resolution absorption spectrum of Rb D, 5S,/, - 5P3, line

0-5 T T T T T T ] T T T T T T T T I T T T T T T T T l T T T T T T T T ] T T T T | T T
85Rb 87Rb
F=4
312 A 1 " F=3
F=3 32 27
};‘ \ 63 ¢ F=2
/ = \ 157 ¢
" / » / \\ =1
8 5P 1| [oB4 | L
e 043|043 5p | 0ps | |04
4 012 | 0.33 014 004
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\ X 6835
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frequency ( GHz)

One absorption line — three hyperfine transitions

One hyperfine transition - convolution of the velocity distribution of the ground state population with the Lorentzian
profile of natural linewidth
One absorption line - adding the contributions of three hyperfine components.




Simulation of 5S, ,-5P;), line absorption spectrum (probe)

Simulation of absorption spectrum

%Rb 5S,, (F;=2) - 5P3/, (F.=1,2,3) hyperfine line

Simulation of absorption spectrum
8Rb 5S,, (F;=1) - 5P3, (F.=0,1,2) hyperfine line
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Rb ground and excited states hyperfine level populations are determined by the hyperfine energy splittings and
relative transition probabilities with a periodic behavior given by the mode separation in the frequency comb

Measured optical thickness is proportional to the ground states populations.



Experiment vs theory

85 87
Rb Rb
F=4
312 A F=
F=3 32 A
63 } =
% [2 157 B
F=l - F=l
5P F=0
5P 038 | |oji4
. o4 |olia
o 0.2 | 006
12 362 F=2
1/2
F= 812
F=1
98
s 38
ol ooy
B
58 1/2 Fz=
— 3036 58 12
P 6835
F=l

0.5 =y T R T R L | F T T

58/, - 5Py, fs excitation @ 795 nm 58,,, - 5P3, fs excitation @ 780 nm




Experiment - lock-in detection
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Experiment - fs laser wavelength dependence

AT (arbitrary units)
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J\/\NW\N\,\M_,

probe laser power dependence
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high power probe - cancellation of coherence accumulation effects!




1. Cancellation of the coherent accumulation

weak probe field strong probe field
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T. Ban, D. Aumiler, H. Skenderovic, S. Vdovic, N. Vujici¢, and G. Pichler
PRA 76, 043410 (2007).




2. Characterization of an frequency comb
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Rb saturation spectroscopy
accurate calibration of the absolute frequency scale.

A (MHz)

D. Aumiler, T. Ban, N. Vuji¢ic, S. Vdovic, H. Skenderovic, and G. Pichler 200 200 o 200 400 600 800
Appl. Phys. B 97, 553 (2009). f-f,,(MHz)




3. Excitation by a train of On pulses

Resonant pulse shaping
A

amplifier | SCOP€
FROG g o1
Cellm chopper
~—) . 1t Iwm
\Z /] “* v & N
M M Y
P f=1m
m @/JM -
/

s /.

Coherence detection

Fl M2

B (o

— /|

The On pulse shaping is achieved as a result of the natural fs pulse
reshaping induced by linear dispersion of the absorption line by

propagation of resonant weak fs pulses through the rubidium
vapor.

Excitation: train of resonantly shaped Ot pulses
Characterization: frequency-resolved optical gating FROG
Interaction monitoring: modified DFCS

T. Ban, D. Aumiler,, S. Vdovic, N. Vujicic, H. Skenderovic, and G. Pichler
PRA 80, 023425 (2009).




Pulse shaping

Phase, intensity and polarization

Fig.12.13 Schematic illustration of shaping the temporal profile of
an ultrashort laser pulse by retardation of the spectrally dispersed
individual wavelength components in a phase only LC-5LM. The
LC-5LM is located in the Fourier plane of the setups displayed in
Figs. 12.10 and 12.11

Fig.12.14a,b Electric field representation for a polarization-
modulated laser pulse. Time evolves from left to right,
and electric field amplitudes are indicated by the sizes
of the corresponding ellipses. The momentary frequency
can be indicated by colors, and the shadows represent the
amplitude envelopes of the orthogonal electric field com-
ponents. (a) A Gaussian-shaped laser spectrum supporting
80 fs laser pulses is taken for an illustrative theoretical ex-
ample. (b) A complex experimentally realized polarization
modulated laser pulse is shown. The width of the temporal
window is 7.5 ps. (After [12.78])»

Evolutionary algorithm

a)
—_—
_,_,Hmu*.\ LWWW._ Pulse shaper
.
b)  Objective Calculated modified

\ /—.-_%: fields

Pulse shaper

Real
electric fields

Feedback
signal

M. Wollenhaupt, A. Assion, T. Baumert,
Short and Ultrashort Laser Pulses,
Springer Handbook of Lasers and Optics
pp 1047-1094, 2012.



Propagation of an fs pulse through the resonant rubidium vapor

Propagation in the frequency domain

Intensity (arb. units)

E(w.7) = E(w,0)e *®):

complex Fourier transform of the pulse electric
field, taken as a real hyperbolic-secant function

— /Wi

The large extension of the pulse wing followed

k(w)="7n(w) by the oscillatory structure of the electric field
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FROG - frequency-resolved optical gating
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Intensity autocorrelation

SHG FROG Measuring the spatial overlap of the two
I pulses requires a nonlinear process to generate a detection
b) = rq signal proportional to the intensity product.
| f el BermEie (RG] The intensity autocorrelation provides only limited
g;. ) = - information on the pulse shape, because there are infinitely
J,—' L cfy':ﬂm ;. many symmetric and asymmetric pulse shapes
% o T e ____;“" that lead to very similar symmetric autocorrelation
- L Vo —~ b | traces.
' spectrometer
MS M SHG signal
b y
Delay stage (1) "

j\\ Second-Harmonic-Generation (SHG) FROG.
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FROG - examples
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FROG — Om pulses

Experimental set-up FROG
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temporal resolution 2 fs
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Effect of weak shaping could not be observed in FROG traces




Coherent accumulation effects - OBE
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Coherent accumulation effects - experiment

MDFCS: exceptional sensitivity on the pulse shape
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4. Velocity-selective double resonance - experiment
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4. Velocity-selective double resonance

SERb
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Two-step two-photon excitation induced by FC

— /|| iwne—

Calculated fractional hyperfine-level populations

87Rb (a) (b)
fR = 80 528 856 Hz f. =80 527 056 Hz

| /5D |
p‘? | x 50 i p

[sD,,

fractional population

v (m/s)

N. Vjicié, T. Ban, G. Kregar, D. Aumiler, and G. Pichler
PRA 87, 013438 (2013).




Two-photon spectra obtained with a frequency scan of f,.,

ROOM TEMPERATURE VAPOUR

Experiment vs theory
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High-resolution two-photon spectra obtained with a frequency scan of f,
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Two-photon DFCS
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DFCS for measurements of absolute optical frequencies
—N /\/ A

absolute atomic transition frequencies anywhere within the comb bandwidth, for one- and two-photon processes.

1.0 j L

t T 7y o O paa One-photon

5 0.8 :
Two-photon - % 6P |z _ o dlrectly
timing diagram in Fig. 3(b). Frequency scans are carried out similarly to

those of the 55-75 lines, that is, by stepping f, continu-
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9P or 9P,

(27 ns) . l( ) - . _
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2 : -
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(122) kHz, respectively. The excited state hyperfine inter-

A. Marian, M.C. Stowe, D. Felinto, and J. Yo, wee——"
PRL 95, 023001 (2005).



Comb + Cold @Institute of Physics, Zagreb
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» Expertise in coherent accumulation effects and laser cooling and trapping
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WHY ? mmmm) N Orderto explore novel phenomena that arise when the mechanical action on cold
atoms is induced by frequency comb (FC) excitation.

‘ hrzz » FC-induced cooling

» Entanglement and decoherence
» Cavity cooling and self-organization

Hrvatska zaklada za znanost

Frequency -Comb-induced OptoMechanics (MeCombO)




FC-induced radiative force on 2-leve

| atom _ model

F=(F) = %(p) = E([ij]} Ehrenfest theorem
. OH AHY\ _ 8H
_ “r’ fF = - <§> A5 =Tr(p3) }
Mode-locked laser
| - ‘J Y
modulator pa D T F, = —p,Im|p, 2, ] Radiative force

OBE Teo
' i p, = hk. Photon momentum
Pee = —VPee T E(:Ogegeg(zaf) — ,OegQge(Z,f)),

[
—2

D eg(zat)(pgg — Pee):

E - iaeff

: Y
Peg = _( )}Oeg+

E. llinova, M. Ahmad, and A. Derevianko,
PRA 84, 033421 (2011).

The laser field is present only during the pulse, so we deal with
a sum over instantaneous forces.

The change in the atomic momentum due to a single pulse is

= [(e22), — (Pl2), ke

a laser pulse imparts a fractional momentum kick equal to
the difference of populations before and after the pulse

_&pm
Pr

Ftrain - &ps /T




internal atomic dynamics + CM motion of the atom

! !

Optical Bloch Equations (OBEs) - QUANTUM Linear momentum - CLASSICAL

SMOOTH TRANSITION BETWEEN QUANTUM AND CLASSICAL MECHANICS

F=(F)=d(p)/dt
CM motion quantum mechanically '\f""’”“ — Q%@

CM motion classically What is the expetation value for the
momentum transfer after each pulse?

Momentum transfer (kick)
after each pulse For how many pulse kicks shou'ld we treat CM
motion quantum mechanically, before
@ >

APn = Apn.eehK transferring this information to the velocity
(in the classical world)? 3an p




How to measure the FC-induced radiative force 1

8x108 87Rb atoms in a cloud of
(0.9+£0.1) mm radius @ 50 mK

Ballistic expansion of a cloud of cold rubidium atoms
Institute of Physics, Zagreb

fs beam @ 795 nm
ol Measure the displacement T — il
) b of the VCM of the cold cloud I
- 7] G. Kregar, N. Santi¢, D. Aumiler, H. Buljan R
2 2/2 and T. Ban, PRA 89, 053421 (2014). . F=(4.9+0.4)x1023 N
e~ ;




How to measure the FC-induced radiative force_ 2

L

PRL 116, 043002 (2016) PHYSICAL REVIEW LETTERS 29 JANUARY 2016

Doppler Cooling Trapped lons with a UV Frequency Comb

Josue Dax—‘ila-Rn}dﬁngz: Akira Dzawa: Theodor W. Hiinsch, and Thomas Udem
Max-Planck-Institute for Quantum Optics Hans-Kopfermann-Strafie 1, Garching 81789, Germany
(Received 8 October 2015; published 26 January 2016)
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FIG. 4. Spatial thermometry measurement of a single ion while
cooled with the frequency comb. The ion’s temperature is

wf ' ' ' ' ' ' ] ThL ions remain clearly crystallized for the entire time. (b) Two | ..c.g by carefully quantifying its spatial extent in a trap
< ost 1 =Mg" ions cooled by the frequency comb. The scale bars on the  with relaxed axial potential. The error bars indicate the statistical
< o6r o e 1 images are 5 um long. uncertainty from fitting a Gaussian profile to the ion image. The
E 0.4- o b 1 solid line joir%ing_thc_ data points is show_n as a guide for the eye.
0.2t ! . The dashed line indicates the Doppler-limited temperature as a
0.0 1 L1 . e function of laser detuning for a saturation parameter of 1072
1060 1085 1070 1075 1080 1085 1090

Frequency (THe)




What is the force on atoms induced by two counterpropagating combs?

fi ﬂ ﬂ n A
i
What happens when we shine two counterpropagating beams of a frequency comb on room- \/\/V \

temperature Rb atoms?

D. Aumiler and T. Ban, PRA 85, 063412 (2012).
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Position (mm) FIG. 2. (Color online) Time evolution of the atomic velocity
FIG. 5. (Color online) Simulation of the capture process for distribution for lmum—tempeFaturﬂ Rb—l..lkf: atoms excited h}r two
#Rb-like atoms that enter the interaction region with different counterpropagating pulse trains. Pulse-train parameters are the same
initial wvelocities. The atoms are assumed to interact with two as in Fig_ 1 withé = ,"r 10,

counterpropagating pulse trains with the same parameters as in Fig. 2,




The prospect ...

— /||

Simultaneous laser cooling of multiple atomic species using an optical frequency comb which holds poteﬁtial for
preparation of coherent ultracold atomic mixtures.

1

D. Aumiler and T. Ban, PRA 85, 063412 (2012).

0.08 0.06
0.5
0.04 = .
& ol > preparation of coherent
5 A 8 0 . .
£ o000 £ ultracold atomic mixtures
@ ' = . .
= a <2 » homo- and heteronuclear cold collisions
w -0.04 -05 -0.04
-0.06
-0.08
P -05 0 05 1 s
v (units of 2KT ) v (units of 2n/kT ) F(units of hk/T_)
Transition N fnv — f (units of T'/2m)
0K Cooling 428 5(F = 9/2) — 42Py5(F = 11/2) 280 1803 —0.9
Repumper 428, 5(F =7/2) — 4%P3(F =9/2) 280 1794 —-33
8Rb Cooling 5281/2(F =3)—35 2P3/2(F =4 2753167 —29
Repumper 5281 2(F =2) — 5%P;5(F = 3) 2753188 —-03
8Rb Cooling 5281/2(17 =2)—=35 2P3/2(F =3) 2753159 —1.2
Repumper 5281 0(F=1)— 5%P30(F = 1) 2753205 0.2




Testing the FC-induced radiative force in different beam geometries
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Testing the FC-induced radiative force in different beam geometries

A

A n — A n eehk H :
P Pn, Force: instantaneous momentum kicks

The EC radiative force: E.llinova et al., PRA 84, 033421 (2011)

What the theory tells us?
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FC-induced radiative force in retro-reflected configuration .

1. Frequency stabilization of Er:doped frequency comb Hl fs beam

2. Measure the FC force on cold Rb atoms as a function of
the system coherence —ilf ; v UW1>|

3. Develop the quantum mechanical (QM) model Cold rubidium
for the FC force calculation cloud
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