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67663 Kaiserslautern - Germany
bergmann@rhrk.uni-kl.de

estonishing properties, such as:

« population transfer between quantum states:
by design
(nearly) 100% efficiency

- elimination of spontaneous emission

- new type of spectroscopy

- new type of collision dynamiés experiment
- new type of atom-optic elements

» changing optical properties of matter:
inaking opaque media transparent
changing non-linear optical properties

- designing photon fields in high-Q cavities

- many others

Lecture 1:

Lecture 2:

Lecture 3:

mainly: two-level systems

mainly: three-level systems -
(coherent population transfer by

Stimulated Raman Scattering
with Adiabatic Passage -- STIRAP)

mainly: multi-level systems and
applications to atom-optics
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(1) Two-level systems

(a) Rate equations - Schrodinger equation
Evolution of population
Rabi oscillations
Damping of Rabi oscillations

(b) Dressed states, dressed state eigenvalues
dynamic Stark splitting

(c) Adiabatic passage in a two-level system
frequency chirping

(d) Coherent population return



Rate equation solution for a two-level system l

@‘
n?.
%H(t) = B2 I(t)Py{t) + BaI(t)Py(t) + A Pa(t) . (:1!\
| fq,
a
%Pg(t) = +BmI(t)P1(t) - lef(t)Pg(t) - Agpg(t) . (2)
%[Pl(t) + Py(t)] = —(A2 — An) Pa(t) . (3)
O [ (exp(Ret) —exp(R_8)], (4
2@)2 + BIA; + (%Ag)
(for B;; =B,))
(5)

1 2
Ry = —(BI-{- %Ag) + J(Bf)z + BIAgy + (§A2) .

BI
Pg(t) = m[l - exp(-—(2BI + Ag)t)l . (6)

(:fO[' Au = Az)
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Figure 1. Time dependence of the probability of finding a
two-state atom in the excited state, under conditions governed

by rate equations (the monotonically rising incoherent curve)
and under conditions governed by the time-dependent

Schridinger equation (the sinusoidal coherent curve).



Two-Level System: Coherent Excitation

Schrédinger Equation:
P
# Y M(t)> = -1 H(t) WY(D)>

H(t) = H, + V(t) + (( Hcl.mag))

V() =-4d- E(t) E(t) = 6£(t) cos(wt + )

hﬂ(t) = -,(2]& . e|1)E(t) exp(—ip)  Rabifrequency {2

t
At =f Q) d"  A(t=00)= Pulse Area
0

State vector I¥> is linear combination of
the two basis states 11> and 12>

19(8)) = [1C1(2) expl=iGa (O] + [21Ca(t) expl=ical

c, (9
written in vector form  'F(t)>=| . RON
matrix elements of H
Hi, =FE Hy = ﬁQ(t)e“" cos(wt + @)
Hyy = Ey _ Hlé-_z H;I ' |

choice: Cl- C2=O)t . hClelt E1=0

RA(Y) = By (B + )

[B(E) = D0+ 2)Ca(t) expl=iv



‘n(t)*f(t)*] [cl(t)]

_c_i_[cl(t)]__g[ 0
Zlaw)” zlawsw 280 Jleo

fty=1+ éﬁcp[?iwt + 2iy)]

f(t) ~ 1 = rotating wave approximation (RWA)
| (neglect of rapidly oscillating terms

4[]l sl 660

%C(t)’_—: ~iW(t)C(t)

for resonant pulses, A=0

with dA =Q(t)dt

ool -l ol e

the solution 1s

| Pz_(t) = -;—[1 — cos(A)].

with C,2 (t) = P4(t), independent of shape A(t).

For A =mr, 3m, .... 2n+1) T

all the population is in state 2.

If Q(t) = £, then pulse area A (t) = (4, t and
P5()=0.5(1-cos&pt)

observed: regular ,,Rabi ocillations®



Diagonalization of Hamiltonian yields

.dressed* eigenstates and eigenvalues

|®-) = éos 2] |1) - eip(—iqp).sin _9 |2) ‘;

'|¢,+) = exp(iy) sin ©|1) + cos e2) |

(8-18,)=0, (2_|2-)=(B,]2))=1

@=%[Ai\/m]

AL

2l

VAT

6()3(29) = | sin(ZG) =

character of dressed eigenstates changes with
detuning A and Rabi frequency Q
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Experimental demonstration
of dynamic Stark splitting
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Consequences of
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Character of dressed eigenstates

fee@ A=0 A>>Q
and adiabatic population transfer
@ a L | R
cos@e) =y S 89 my
(F_> = co & 11> - e 'Y sme (2>
19.> = €' glgad « C» 812> '
A=0 ¢Conlde =g, el - 6 =4J5"°
= P 4
> = = (H; e (a:)
(B.5=r5 (e 1> +12>)
VAN I ) S z

A <O (cosl8= -1, §w26=0 D @=50""

/.SZ."-.-&C )
. (§.5<-ef12>. (g.>-11>e’ "
R ) s
LADO cerzoe = | a8 =0 = © = 0°F
[$.>=14)> . 1. (2D
A <L0 Wae =0 W = —A ) =
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Adiabatic passage to a single level in
a multilevel system by chirping
(pulsed lasers)

NwW e

* transfer all population fro

|

Time

Fig. 4. Variation of the dressed state sigenvalues with time for a chirped laser puise when
level 2 (see'Fig. 2) is replaced by a group of 6 evenly spaced levels. Labels at left and right
identify the unperturbed states as_sociated with these eigenvalues; adiabatic following will
m state 1 to state 2. The variation of the eigenvalues due to
the pulse envelape produces the buige. The frequency chirping is evidenced by the line
crossing the group of levels. Early there occurs a pronounced avoided crossing between
states 1 and 2. The interaction at the subsequent crossings is smaller because the Rabi

frequency is smaller.
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Coherent Population Return

elimination of saturation broadening s ,
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A#0
Rectangular pulse:  sudden change of 2
Strong diabatic coupling
both dressed states populated
population in 2 depends on phase
of Rabi oscillation
Gaussian pulse: at early times: 1Al >> Q

only one dressed state populated
smooth change of

adiabatic evolution

remaining in given dresse state
_late**: same situation as ,.early”
no population remains in 12>

Damping of Rabi oscillations due to
pulse to pulse intensity fluctuations



Population transfer in a two-level system and
the consequences of intensity fluctuations

A =20

(2) Three-level systems

(a) Rate equations - Schrodinger equation
Dressed states

(b) The STIRAP approach
Dark resonances
The robustness of the transfer
Example 1: Ne*
Example 2: NO
Example 3: SO,

Pump Rabifreq. 12, (GHz)
Fluktuations of Qp: +/- 10 %

(c) Conditions for adiabatic following

(d) The consequences of two-photon detuning

Pump Rabifreq. Qp (GHz)
Fluktuations of (p: +/- 5 %

20

i5

!

Pump Rabifreq. Q,(GHz)
Fluktuations of Qp: +/- 0 %

04
0,2



selectiv vibrational excitation
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“dressed states” 3 - Niveau - System

Ea Er
'}
E2— (n-1)’h0)p+ m 'ﬁ(ﬂs
E3 u (n-1"h (0p+(m+1)1'l(:)s
E, | n hop+ m fiawg
EA+EF]
A
EO— PP FIEL ST L 2T TEw # : o W V7 Pl o
I1,n,m> 12,n-1,m> 1I3n-1,m+1>
11 > 12 > I3 >

0 Qp 0

H =g Qp) 28p Qg
0 Q) 2Ap-Ag)

with Rabi-frequency @ = #Zi
!

n
)

and laser-detuning Ai

—> dressed states [a*),[a* ,130) on two photon resonance: ‘

[&"’E= sin@sin | I)-—cos‘{’|2)+cos(~)sin‘1~’|3)

[a E-sm@cos‘l’l - sin‘P|2)+cos®cos‘P|3)

TRAPPED 0 _ -
‘ sae > )‘ COS@| 1) —sin ®| 3) P U ‘
mixing angles: W=P(Q2p.Q5,4; 1) tan ©(f)= %8_
S
control of ©: |1> p?r;;it::;?n |3>




T [Jelaion of 0, ¢ end @tf

[ -, - [
{.'1 oA _'L,\"‘; I SUSTENE

(% =
g o,
ot \°
901
_ v B
; 1> .-
@ -
Q
tan@ = &~
0° S
|qj>aarl = |1>
y ) —l
3> ?
=~ ja®> = cos @ |1>] |
- sin® [3>|R
A
l P
ILP>Iate = I3> ‘J

eigenvalues:

a)*=APiJA‘L+Qi+Q§ ——p () =) Gu—

STIRAP =

STimulated Raman Adiabatic Passage

H -;QE ¥ (t)>= H(t) 'F(t)>
H(t) 1dw>= o(t) |Pw>
( |d> same as la>)

consequences of @ = 0 for all t:
H(t) [P°w> =% %— 1P°%w>=0
no change of stationary state I<I>°(t)>

condition for existence of
Zero-energy states:

Det [H(t)l = 0
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Verification for population transfer
between metastable states of Ne*
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POPULATION TRANSFER and related DARK RESONANCE
— the three level situation—

TRANSFER | . i
First observation

(and interpretation)
of dark resonances

DARK
RESONANCEl

-500 0 560
Ap [MHZ]

- Situation in the experiment:

! interaction time = 20+ T,adim!

i

s

s. Rev_ A 54, 1556 (1996
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Conditions for
Adiabatic Following

e {‘UFWQ {—c‘!!fﬁ?f.*w:

: :.5-[3;"'

Q.(t) la®>, |a*> la->: dressed states
Q1) 11>, |2>, |3> . Dbare states

adiabatic evolution - if

6] « |00-ot|

then

e efficiency — 100%
e selectivity —” 100%

e experimentally robust against
small fluctuations of
— intensity
—> frequency
—> overlap




Time evolution of ...

Rabi frequency Q

Mixing angle ©

Eigenvalues o

Zeit

: +
general: j<at]|al>| « [00- o=

[<at]al>| « |ul- ot 6] « |00~ o
in terms of the mixing angle ® (in [1>-|3> plane) . 0 <rmall 0
—> 6] K |ot- 0|
"global™ I large very large
for Qp o~ Qsmax = Q and ~ gaussian pulses 111 ~0 small —> 0

—> QAt>10

JAdiabatidfollqwirios

rewritten in terms of pulse energy and inclusion
of phase-fluctuations: Qar>10 transforme
At > (100 /87) (1 + (Ao, Ao, )? Qac > (100/a7) [ fmiedpulse
T > T) (1 + (Ae, Ao, )7) 2 with phase
QAT > (100 /Ar) (1 + (AwL/AwFTL) ) fuctuations




Population remaining in the system

10 7]

Various other aspects ]
.3

o

o - .

+ N

= 4
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2.

7

Loss from three-level system (only) by
spontanedus emission from level 2

_STIRAP-ridge* shows trapped state
character of superposition state
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Population Trarffer by STIRAP
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Pulsverzigerung A [Pulsfl. / Q]

Pulse delay

Robustness of STIRAP
Q AT>>1
u(m)E (1)
Q) = ——%

A=z (m) [E (1) dt

Transfer efficiency is insensitive to

m;-state and
location of path through laser beam,

provide (1) is satisfied.
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classification of excitation schemes

J. Opt. Soc. Am. B/Vol. 7, No. 9/September 1950
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0 v A T >>1
Classification of the various regimes of operation ac-
DjAr. between pump laser and Stokes laser
given in reduced units yAr,. The aster-
ime, ra/AT. < 1.

-1

Fig. 10.
cording to the delay
and the relaxation rate,
isk indicates a short electronic lifet

Implementation of coherent population
(STIRAP) transfer with pulsed lasers

_ UV needed for many molecules of interest

- required power only available
from pulsed lasers

- pulsed lasers have inferior coherence properties
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phase
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Abb.3.1: Schematische Darstellung der Seibstphasenmodulation und daraus resultierenden
Pulskompression eines kohdrenten CauBpulses betrm Durchgang durch ein Medium
mit intensititsabhingigem Brechungsindex: {a) Pulsverlauf vor Durchgang durchs Me-
dium, (b) Phasenverlauf des Pulses im Medium, (¢} zugehdriger Frequenzverfauf des
Pulses im Medium, (d) Puisveriauf nach Durchgang durchs Medium.
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Abb.3.2: Aus Heterodyn-Messungen rekonstruierter [ntensitits— und Frequenzverlauf eines
selbstphasenmodulierten Pulses, der durch Pulsverstirkung von cw-Strahlung in
Farbstoff-Zellen erhalten wurde. Pumplaser der Zellen ist ein Excimer-Laser. (Abbild-
ung aus (48] Mischfrequenzen 220 - }30MHzZ)

[ conditions for adiabatic following

» general:

a2
lea 12> P <<l a®-w™ PR (=1Awl)

e Jocal*: PRA 40,6741 (89)

Qo) Qs)-Qp1) Qs

Q 2p (t) + {2 2S(t)
. "global“: JCP 92, 5363 (90)

for @ ppax ~ @ smax = € and ~ gaussian pulses

QAr>10

« rewritten in terms of pulse energy:

Q2 Ar>(100/ A7)

» and inclusion of phase-fluctuations: ICP 97, 4251 (92)

Q2Ar>(100/A7) (1 + NOT
Wlth N = (ACOL / AOJFTL)
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Consequences of detuning from
the two-photon resonance
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Population Transfer via Frequency chirping

R
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(a) (b)
(a) Ladder configuration and (b) A cor;ﬁguration. o
3 3—\
1T 2
2 2 - :
1
1
— 3
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‘ (z_l) Frequency variation of RWA detunings needed to
p_roduce indirect population transfer 1-2-3. (b) Frequency varia-
tion of RWA detunings needed to produce direct population
tll-)a?fer 1-3. Population follows shaded path if excitation is adi-
abatic.

(3) Multi-level systems

(a) Ne* -Zeeman levels as a model system
Multi-level dressed state eigenvalues
Blocking of adiabatic path

(b) Application to atom cptics
Deflection by a dissipative process
Deflection by coherent momentum transfer

Conditions for trapped state formation
Energy balance
Atomic mirror

(c) Measurement of small B-fields
by optical pumping depletion
by Larmor velocity filter

(d) The concept of a dark state
atomic interferometer



Metastable Ne* atoms
in a magnetic field
as a model system
for the study of
coherent population transfer
in multi-level systems
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experimental result:

200

[MHz] 1o

200 100

. 5
500 100 A [MHZ]
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MAIN CHARACTERISTICS:

e three dressed state eigenvalues
e one zero-energy eigenvalue throughout
— trapped state exsists

e adiabatic transfer successfull also for A,=0

MAIN CHARACTERISTICS:

nine dressed state eigenvalues

energy levels may cross

avoided crossings may block

adiabatic transfer path

trapped state may not exsist throughout

the interaction -
{(—> some radiative losses)

Phys’ Rev.A 54, 1556 (1996)"
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the general case: dressed state
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« relevant eigenvalue
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e Crossings
» avoided crossings
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Breakdown of transfer-efficiency with
increasing Rabi-frequency
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Force by cycled absorption - spontaneous emission:
&>
T
A
@
= 2000
=
he 2
g 1500
k= .
|g>
Force in stationary state:
F= Fik 25, A : detuning

2t ) 142S,+A° S, : saturation parameter

* Force saturates with increasing S, =II—0 —
5000

» Acceleration for Ne*: approx. 80000g ! detector position [pm]
Disadvantages of this method:
Experimental setup: T
atomic beam |

Jev

detector heating of
M4 l transversal motion

loss of coherence

STIRAP
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come eepeets of muil = (evel « ETIRAL

" existence of

trapped states ?

look for solutions dt Cit =0

det H() = Q| —®<t<*®

RWA - Hamilton matrix:

Momentum o o o .

transfer: 0 o, O 0 0
O 20 0 0

~:v_h

Ne HO=3"1 0 @p 285 Qu O
0 0 Q) 20k Qs
L 0 0 0 Qu 2As

evaluate...

ot A0 = 2Audet Fig(t) — Qdet Hy(t)
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o (dnidntation

very high collimation of the atomic beam

T8
o
:_
53
s &
O .
a8

passiv. 50pm - slits (or less)
activ:  transversal laser cooling (linLlin)

——> collimation: better than 1 : 30000

high resolution, low noise detector

movable channeltron (resolution <10um)
Vacuum: UHV  p <1-10° mbar (with beam)

creating and handling of cicularly polarized
light

suitable optics . . .

region with low magnetic field B<<Beam

STIRAP-laser

three pairs of (Helmholtz-) coils } long term

sensors, electronics stability

reduction: B——07

Physics !
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Sensitivity on displacement variation E*

SEIRABE{omidbeanimirrofatdnsaliqunient

v~ 750ms”

5500

R

+ Single LASER-STIRAP deflection only possible, if

Misalignment induced Dopplershift < Two photon linewidth
« Natural linewidth of 3D, - level: 8,1MHz
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e State selective
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* large deflection angle

—> multi - zone - STIRAP .
Measurement of small magnetic fields

» reflectivity > 80%
to be improved . . .

* coherence maintained
—> STIRAP

* one laser only —> stability
single - laser - STIRAP

* low power, typ. 20 - 30mW

e accurate alignment required
better than 2mrad

. erffec‘trof magnetic field

o s o

‘more physics !
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Radiative coupling in metastable Helium:

B, B, external field

(near the atomic beam -
laser intersection)
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Towards a dark state (STIRAP-)

atomic interferometer
all optical components
insensitive to intensity variations
(dark state character)
insensitive to (small) frequency variations
(adiabatic following)
high contrast ratio
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¢ Integration of Zeeman-slower

—> higher accuracy of the Larmor-Velocity-Filter

e 1D 2D polarization gradient cooling
—> Ne* - beam brightening

e &/ 1 - atomic beam mirror and beam splitter

STIRAP - Interferometer \/

Next steps...

* slowing down the atoms
-—> increasing the sensitivity
of the Larmor velocity filter
¢ transversal laser cooling techniques
—> brightening the atomic beam

. . 25
First impression of
transversal cooling: 207
=15 W
3 10 o £
. : T & &
without cooling| 2 s- 4 *
2 0 %ﬁfﬁ
% .
2 51
-104

254

20
with cooling 108
technique

Magnetic field B,[uT)]
h o »

-
o

-1 10 -5 0 5 10 15 20
Magrnetic field B,[uT]

Counts [1/s)

—> ATOM INTERFEROMETER <€—
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SUmmery

« transfzr of population "by design”
« process is (nhearly) free of dissipation
. process is experimentally very robust

» caution: case of multilevel systems (N > 3)

« caution: implementation with pulsed lasers

® new attractive applications:
—>  collision dynamics
—>  spectroscopy
—_— magnetometry
—>  atom - optics
—>  laser cooling

——>  cavity - QED

_— others. . ..




