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Quantum Quantum laserlaser controlcontrol of of nuclearnuclear dynamicsdynamics: : historyhistory

yearyear pioneerpioneer /Ref./Ref. mechanismmechanism parametersparameters

19831983 G. K. Paramonov, G. K. Paramonov, 
V. A. Savva, Phys. Lett. V. A. Savva, Phys. Lett. 

97A, 340 (1983)97A, 340 (1983)

ππ pulse: vibrational pulse: vibrational excitationexcitation fewfew,,
frequencyfrequency,,
IntensityIntensity,,
durationduration

19851985 D.J. Tannor, S.A. RiceD.J. Tannor, S.A. Rice
JCP 83, 5013 (1985)JCP 83, 5013 (1985)

„„pump pump -- dumpdump““ ((oror severalseveral UV UV pulsespulses)) fewfew,,
frequenciesfrequencies, , 
delaydelay time time 

19851985 D.J. Tannor, S.A. RiceD.J. Tannor, S.A. Rice
JCP 83, 5013 (1985)JCP 83, 5013 (1985)

optimal optimal controlcontrol,,
weakweak fieldsfields

fewfew, , frequenciesfrequencies, , 
delaydelay time time 

19861986 P. Brumer, M. P. Brumer, M. ShapiroShapiro
CPL 126, 541 (1986)CPL 126, 541 (1986)

coherentcoherent controlcontrol fewfew,,
phasephase

19861986 T. Joseph, J. ManzT. Joseph, J. Manz
Mol. Phys. 58, 1149 Mol. Phys. 58, 1149 

(1986)(1986)

IR  IR  ππ pulsepulse fewfew

*

(ν > 0)

(ν = 0)



yearyear pioneerpioneer / Ref./ Ref. mechanismmechanism parametersparameters

19881988 U. U. GaubatzGaubatz, P. , P. RudeckiRudecki, M. Becker,, M. Becker,
S. S. SchiemannSchiemann, M. , M. KKüülzlz, K. Bergmann, K. Bergmann

CPL 149, 463 (1988)CPL 149, 463 (1988)

STIRAPSTIRAP fewfew

19901990 S. Chelkowski, A.D. Bandrauk,S. Chelkowski, A.D. Bandrauk,
P.B. P.B. CorkumCorkum

PRL 65, 2355 (1990)PRL 65, 2355 (1990)

chirpingchirping fewfew

19911991 J.E. Combariza, B. Just, J. Manz, J.E. Combariza, B. Just, J. Manz, 
G.K. ParamonovG.K. Paramonov

JPC 95, 10351 (1991)JPC 95, 10351 (1991)

2 IR 2 IR ππ pulsepulse fewfew

19881988 S. S. ShiShi, A. Woody, H. Rabitz, A. Woody, H. Rabitz
JCP 88, 6870 (1988)JCP 88, 6870 (1988)

optimaloptimal controlcontrol,,
strongstrong fieldsfields

““∞∞““

19891989 R. Kosloff, S.A. Rice, P. Gaspard,R. Kosloff, S.A. Rice, P. Gaspard,
S. S. TersigniTersigni, D.J. Tannor, D.J. Tannor

CP 139, 201 (1989)CP 139, 201 (1989)

locallocal optimal optimal controlcontrol ““∞∞““

19921992 J.S. J.S. JudsonJudson, H. Rabitz, H. Rabitz
PRL 68, 1500 (1992)PRL 68, 1500 (1992)

optimal optimal controlcontrol, , 
feedbackfeedback learninglearning

evolutionaryevolutionary algorithmsalgorithms

““∞∞““

Quantum Quantum laserlaser controlcontrol of of nuclearnuclear dynamicsdynamics: : historyhistory



yearyear pioneerpioneer / Ref./ Ref. mechanismmechanism parametersparameters

19921992 N. N. HenriksenHenriksen, B. , B. ArmstrupArmstrup
JCP 97, 8285 (1992)JCP 97, 8285 (1992)

IR + UVIR + UV fewfew

19961996 M.V. Korolkov, J. Manz, M.V. Korolkov, J. Manz, 
G.K. ParamonovG.K. Paramonov

JCP 165, 10874 (1996)JCP 165, 10874 (1996)

IR IR controlcontrol in in openopen systemsystem fewfew

20042004 A.D Bandrauk, E.A.D Bandrauk, E.--W.S. W.S. SedikSedik,,
Ch.FCh.F. . MattaMatta

JCP 121, 7764 (2004)JCP 121, 7764 (2004)

CEP CEP controlcontrol fewfew

Quantum Quantum laserlaser controlcontrol of of nuclearnuclear dynamicsdynamics: : historyhistory



See: Principles of the Quantum Control of 
Molecular Processes

by Paul W. Brumer and Moshe Shapiro

"...a compilation of the authors' own contributions to the topic
over the last two decades and represents the height of the

first principles of understanding of quantum control for simple 
atomic and molecular systems." 

(Journal of the American Chemical Society, Vol. 125, 2003)

Quantum Quantum laserlaser controlcontrol of electron of electron dynamicsdynamics: : coherentcoherent controlcontrol



Quantum laser control of electron dynamics:Quantum laser control of electron dynamics:
dipole switching in moleculesdipole switching in molecules

using series of using series of ππ pulses (TDpulses (TD--CIS(D))CIS(D))
P. Krause, T. Klamroth, P. Saalfrank, JCP 123, 074105 (2005)P. Krause, T. Klamroth, P. Saalfrank, JCP 123, 074105 (2005)
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Quantum laser control of electron dynamics:Quantum laser control of electron dynamics:
dipole switching in dipole switching in ““open systemopen system””

using series of using series of ππ pulses (TDpulses (TD--CIS(D))CIS(D))
J.C. Tremblay, T. Klamroth, P. Saalfrank, JCP 129, 084302 (2008)J.C. Tremblay, T. Klamroth, P. Saalfrank, JCP 129, 084302 (2008)
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surface enhanced relaxation approach surface enhanced relaxation approach 
(SERA)(SERA)



A possible analogy to the TannorA possible analogy to the Tannor--Rice approach:Rice approach:
Quantum control of electron transfer (?)Quantum control of electron transfer (?)

attosecond charge migration in small peptides attosecond charge migration in small peptides 
F. F. RemacleRemacle, R.D. Levine, PNAS 103, 6793 (2006), R.D. Levine, PNAS 103, 6793 (2006)

TyrTyr--AlaAla--AlaAla--AlaAla

TyrTyr--AlaAla--AlaAla--AlaAla++ + e+ e−−

TyrTyr++--AlaAla--AlaAla--Ala + eAla + e−−

HOMO                       HOMO                       HOMOHOMO -- 11



Quantum laser control of electron dynamics:Quantum laser control of electron dynamics:
optimal controloptimal control

using TDusing TD--CIS, CIS, 
application: S0 application: S0 →→ S1 transition of NS1 transition of N--methylmethyl--66--quinolonequinolone
T. Klamroth, JCP 124, 144310 (2006)T. Klamroth, JCP 124, 144310 (2006)



Quantum laser control of electron dynamics:Quantum laser control of electron dynamics:
chirping (restricted optimal control)chirping (restricted optimal control)

target: target: 
generation of attosecond pulse by high harmonic generation (HHG)generation of attosecond pulse by high harmonic generation (HHG)
A. Ben A. Ben HajHaj YedderYedder, C. Le , C. Le BrisBris, O. , O. AtabekAtabek, S. Chelkowski, A.D. Bandrauk,, S. Chelkowski, A.D. Bandrauk,
PRA 69, 041802(R) (2004)PRA 69, 041802(R) (2004)

excitation fs laser pulseexcitation fs laser pulse

emitted as laser pulseemitted as laser pulse



Quantum laser control of electron dynamics:Quantum laser control of electron dynamics:
carrier envelope phase (CEP) controlcarrier envelope phase (CEP) control

control of HHGcontrol of HHG

A. BaltuA. Baltušška, ka, ……, , F. Krausz,F. Krausz,
Nature 421, 611 (2003)  Nature 421, 611 (2003)  

E. E. GoulielmakisGoulielmakis, , ……., F. Krausz,., F. Krausz,
Science 320, 1614 (2008)  Science 320, 1614 (2008)  

Z. Z. ZhaiZhai, R., R.--F. Yu, X.F. Yu, X.--S. Liu, Y.S. Liu, Y.--J. Yang, J. Yang, 
PRA 78, 041402(R) (2008)PRA 78, 041402(R) (2008)

E.V. van E.V. van derder ZwanZwan, M. , M. LeinLein,,
JPB 41, 074009 (2008)  JPB 41, 074009 (2008)  

A.D. Bandrauk, S. A.D. Bandrauk, S. BarmakiBarmaki, G. L. , G. L. KamtaKamta,,
PRL 98, 013001 (2007)                            PRL 98, 013001 (2007)                            

→→ applications applications 

→→ 250 as pulse250 as pulse

→→ 80 as pulse80 as pulse

→→ 45 as pulse45 as pulse

→→ molecular orbital tomographymolecular orbital tomography

←← electron transfer in Helectron transfer in H33
22++

HH++ + H+ H22
++(1(1σσgg,1,1σσuu))



Quantum laser control of electron dynamics:Quantum laser control of electron dynamics:
fs IR + as UV pulsesfs IR + as UV pulses

electron localization in Helectron localization in H22
++ and HDand HD++

F. He, C. Ruiz, A. Becker (2008), submittedF. He, C. Ruiz, A. Becker (2008), submitted

attosecond photoelectron spectroscopy of electron tunneling in Hattosecond photoelectron spectroscopy of electron tunneling in H22
++

S. GrS. Grääfe, V. Engel, fe, V. Engel, M.YuM.Yu. . IvanovIvanov, PRL 101, 103001 (2008), PRL 101, 103001 (2008)

HH22
++

p + Hp + H

H + pH + p

with IRwith IR

without IRwithout IR



Quantum laser control of electron dynamics:Quantum laser control of electron dynamics:
carrier envelope phase (CEP) controlcarrier envelope phase (CEP) control

photodissociationphotodissociation of Dof D22
++

D. D. GeppertGeppert, P. von , P. von derder Hoff, R. de Hoff, R. de VivieVivie--RiedleRiedle, JPB 41, 074006 (2008), JPB 41, 074006 (2008)

see also: M.F. Kling, Ch. see also: M.F. Kling, Ch. SiedschlagSiedschlag, A.J. , A.J. VerhoefVerhoef, J.I. Khan, M. , J.I. Khan, M. SchultzeSchultze,,
Th. Th. UphuesUphues, Y. Ni, M. Uiberacker, M. Drescher, F. Krausz, M.J.J. , Y. Ni, M. Uiberacker, M. Drescher, F. Krausz, M.J.J. VrakkingVrakking, , 
Science 312, 246 (2006)Science 312, 246 (2006)

DD22
++

d + Dd + D

D + dD + d



Quantum laser control of electron dynamics:Quantum laser control of electron dynamics:
symmetry breakingsymmetry breaking

symmetry breaking of Dsymmetry breaking of D22 dissociation by entanglement between dissociation by entanglement between 
symmetric and antisymmetric states caused by autoionization symmetric and antisymmetric states caused by autoionization 
(1 nuclear and 6 ((1 nuclear and 6 (--1) electronic coordinates)1) electronic coordinates)
F. MartF. Martíín, J. n, J. FernFernáándezndez, T. , T. HavermeierHavermeier, L. , L. FoucarFoucar, Th. Weber, K. , Th. Weber, K. KreidiKreidi, M. , M. SchSchööfflerffler,,
L. Schmidt, T. L. Schmidt, T. JahnkeJahnke, O. , O. JagutzkiJagutzki, A. , A. CzaschCzasch, E.P. , E.P. BenisBenis, T. , T. OsipovOsipov, A.L. Landers,, A.L. Landers,
A. A. BelkacemBelkacem, M.H. Prior, H. Schmidt, M.H. Prior, H. Schmidt--BBööckingcking, C.L. , C.L. CockeCocke, R. , R. DDöörnerrner,,
Science 315, 629 (2007)Science 315, 629 (2007)



Quantum laser control of electron dynamics:Quantum laser control of electron dynamics:
CEP control for circularly polarized laser pulsesCEP control for circularly polarized laser pulses

Control of directionality of ionization of H atomControl of directionality of ionization of H atom
C.P.J. C.P.J. MartinyMartiny, L.B. Madsen, PRL 97, 093001 (2006), L.B. Madsen, PRL 97, 093001 (2006)



Quantum laser control of electron dynamics:Quantum laser control of electron dynamics:
control of electron circulation/rotation/ring currentcontrol of electron circulation/rotation/ring current

in in nanoringsnanorings, using two perpendicular time, using two perpendicular time--delayed pulsesdelayed pulses
A. MatosA. Matos--AbiagueAbiague, J. , J. BeradkarBeradkar, PRL 94, 166801 (2005), PRL 94, 166801 (2005)

using optimal control theory (OCT)using optimal control theory (OCT)
E. E. RRäässäänennen, A. Castro, J. , A. Castro, J. WerschnikWerschnik, A. Rubio, E.K.U. Gross, PRL 98, 157404 (2007), A. Rubio, E.K.U. Gross, PRL 98, 157404 (2007)

in molecules, using circularly polarized rein molecules, using circularly polarized re--optimized optimized ππ pulsespulses
I. Barth, J. Manz, Angew. Chem. Int. Ed. 45, 2962 (2006) (etc., I. Barth, J. Manz, Angew. Chem. Int. Ed. 45, 2962 (2006) (etc., see below!)see below!)



Quantum laser control of electron dynamics:Quantum laser control of electron dynamics:
control of electron circulation/rotation/ring currentcontrol of electron circulation/rotation/ring current

using 1 or 2 linearly polarized pulses applied to using 1 or 2 linearly polarized pulses applied to chiralchiral aromatic moleculearomatic molecule
M. Kanno, H. Kono, Y. Fujimura, Angew. Chem. Int. Ed. 45, 7995 (M. Kanno, H. Kono, Y. Fujimura, Angew. Chem. Int. Ed. 45, 7995 (2006) 2006) 

using 2 short linearly polarized pulses (MCusing 2 short linearly polarized pulses (MC--TDHF), TDHF), 
electronic wavepacket (electronic wavepacket (ΣΣ++++ΠΠ++ΔΔ) in ) in LiHLiH
M. Nest, F. M. Nest, F. RemacleRemacle, R.D. Levine, New J. Phys. 10, 025019 (2008), R.D. Levine, New J. Phys. 10, 025019 (2008)



I. Barth, J. Manz, Y. Shigeta, K. Yagi, J. Am. Chem. I. Barth, J. Manz, Y. Shigeta, K. Yagi, J. Am. Chem. SocSoc. 128, 7043 (2006). 128, 7043 (2006)

Mg-porphyrin

x

y

z

ControlControl of Electric Ring of Electric Ring CurrentsCurrents
ππ and and ππ/2 /2 pulsespulses: : 

fromfrom femtoseconds to attoseconds femtoseconds to attoseconds 
fromfrom nuclearnuclear dynamicsdynamics to electron to electron dynamicsdynamics



ConceptConcept

E
r

j
r

B
r

circularly polarizedcircularly polarized
laser pulselaser pulse

ring currentring current
(nuclear or electronic)(nuclear or electronic)

induced induced 
magnetic fieldmagnetic field

related: inverse Faraday effectrelated: inverse Faraday effect



Model Model assumptions for charge assumptions for charge 
circulation and ring currentscirculation and ring currents

Fixed orientation of moleculeFixed orientation of molecule
H. Stapelfeldt, T. Seideman, Rev. Mod. Phys. 75, 543 (2003)H. Stapelfeldt, T. Seideman, Rev. Mod. Phys. 75, 543 (2003)
M. Leibscher, I. S. Averbukh, H. Rabitz, Phys. Rev. A 69, 013402M. Leibscher, I. S. Averbukh, H. Rabitz, Phys. Rev. A 69, 013402 (2004)(2004)
E. Hamilton, T. Seideman, T. Ejdrup, M. D. Poulsen, C. Z. BisgaaE. Hamilton, T. Seideman, T. Ejdrup, M. D. Poulsen, C. Z. Bisgaard, rd, 
S. S. Viftrup, H. Stapelfeldt, Phys. Rev. A 72, 043402 (2005)S. S. Viftrup, H. Stapelfeldt, Phys. Rev. A 72, 043402 (2005)

I. Barth, L. SerranoI. Barth, L. Serrano--AndrAndréés, T. Seideman, Chem. Phys. 347, 263 (2008)s, T. Seideman, Chem. Phys. 347, 263 (2008)

Transition from ground stateTransition from ground state

No spinNo spin--orbit interaction, spin conservation  orbit interaction, spin conservation  



Analogy for opposite ring currents Analogy for opposite ring currents 
in doubly degenerate statesin doubly degenerate states

( )                ,                                            2/1 −+=± pppip yx

( )                ,                                            2/1 −+=± ππππ yx i

( )                ,                                           2/1 −+=± EEEiE yx

( )                     ,                                                        2/1 =± i

( )            ,                               2/1 ,,,, −+ ΦΦ=Φ±Φ
bbbb vvyvxv i



Magnesium porphyrin (MgP)Magnesium porphyrin (MgP)

Ground state:Ground state: XX11AA1g1g

Symmetry:      Symmetry:      DD4h4h

Chlorophyll c1, c2Chlorophyll c1, c2

Chlorophyll a, b, dChlorophyll a, b, d





EElectric ring current lectric ring current 
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=

laser pulselaser pulse permanent magnetic fieldpermanent magnetic field

I. Barth, J. Manz, Y. Shigeta, K. Yagi,I. Barth, J. Manz, Y. Shigeta, K. Yagi,
J. Am. Chem. Soc. 128, 7043 (2006)J. Am. Chem. Soc. 128, 7043 (2006)

E. Steiner et al, Org. Biomol. Chem. 3, 4053 (2005)E. Steiner et al, Org. Biomol. Chem. 3, 4053 (2005)
J. JusJ. Juséélius et al, J. Org. Chem. 65, 5233 (2000)lius et al, J. Org. Chem. 65, 5233 (2000)

T 8048   ifA    5.84
 85.6 0

==

=

BI
ar

μ
Present technology: < 100 T (permanent), 34000 T (10 ps)Present technology: < 100 T (permanent), 34000 T (10 ps)

(Rossendorf / Dresden, Rutherford Appleton)(Rossendorf / Dresden, Rutherford Appleton)



Laser period: Laser period: 0.94 fs0.94 fs

Electron period: Electron period: 0.91 fs0.91 fs

Periodic electron circulation Periodic electron circulation 
X X →→ 5511EEu+u+ with rewith re--opt. opt. π/2π/2--pulsepulse

( )15
//2.00 fs 11 5

2
EuX

iE tiE t
uX X e i E eτ +

−−=
+⎯⎯⎯⎯→ ±

h
h

I. Barth, J. Manz, I. Barth, J. Manz, 
Angew. Chem. Int. Ed. Angew. Chem. Int. Ed. 
45, 2962 (2006)45, 2962 (2006)







Comparison:Comparison:
Electric ring currentsElectric ring currents

H

H

H

H

H

HH

H

H

H

H

H

z = ±1a0

x

y

E

D

C

B

Mg

C C

C
C

C

C

C

C

C
C

CC

C
C

C
C

C
C

C
C

N

NN

N

A

-−3.9 -−2.6

AlClAlCl

( )
h 1

T 68.7Al
as 396

A 405

 18.0
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elz
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( )
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T 16.0Mg
fs 901
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 32.6
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BiotBiot--Savart lawSavart law
for ring loop model:for ring loop model:

T
QI =



Nuclear pseudorotation of Nuclear pseudorotation of 
linear triatomic moleculelinear triatomic molecule

Driven by circularly polarized infrared (IR) Driven by circularly polarized infrared (IR) 
laser pulse propagated along the molecular axislaser pulse propagated along the molecular axis
Unidirectional pseudorotation of linear triatomic Unidirectional pseudorotation of linear triatomic 
molecule, e.g. FHFmolecule, e.g. FHF-- and and 114114CdHCdH22
Method analogous to electron circulationMethod analogous to electron circulation

I. Barth, J. Manz, P. Sebald, Chem. Phys. 346, 89 (2008)I. Barth, J. Manz, P. Sebald, Chem. Phys. 346, 89 (2008)
I. Barth, J. Manz, G. PI. Barth, J. Manz, G. Péérezrez--HernHernáández, P. Sebald, Z. Phys. Chem. 222, 1311 (2008)ndez, P. Sebald, Z. Phys. Chem. 222, 1311 (2008)



FromFrom electron electron circulationcirculation
to to nuclearnuclear spinningspinning: : 

CdHCdH2 2 and FHFand FHF−−

Film: A. SchildFilm: A. Schild

I. Barth, J. Manz, P. SebaldI. Barth, J. Manz, P. Sebald
Chem. Phys. 346 (2008) 89Chem. Phys. 346 (2008) 89

I. Barth, J. Manz, I. Barth, J. Manz, 
G. PG. Péérezrez--HernHernáández, P. Sebald, ndez, P. Sebald, 
Z. Phys. Chem.Z. Phys. Chem. 222, 1311 (2008) 222, 1311 (2008) 
(toroidal hydrogen bond)(toroidal hydrogen bond)







SummarySummary
circularly polarized laser pulse circularly polarized laser pulse ⇒⇒ ring current ring current ⇒⇒ induced magnetic fieldinduced magnetic field

STRONG effects by ACTIVE controlSTRONG effects by ACTIVE control

systemsystem Q/eQ/e II TT R/aR/a00 B/TB/T
MgPMgP 11 84.5 84.5 μμAA 1.90 fs1.90 fs 6.326.32 0.160.16
AlClAlCl 11 405 405 μμAA 396 as396 as 0.180.18 7.687.68
BeOBeO 11 2.49 mA2.49 mA 64.4 as64.4 as 0.250.25 52.152.1

HH 11 132 132 μμAA 1.21 fs1.21 fs 1.271.27 0.520.52
AlAl12+12+ 11 22.3 mA22.3 mA 7.18 as7.18 as 0.0980.098 11461146
UU91+91+ 11 12.0 A12.0 A 13.4 zs13.4 zs ≈≈ 0.0040.004 36.4 MT36.4 MT
FHFFHF-- 99 125 125 μμAA 24.4 fs24.4 fs 0.00440.0044 10.910.9
CdHCdH22 4848 151 151 μμAA 53.0 fs53.0 fs 0.00300.0030 318318

HH 11 132 132 μμAA 1.21 fs1.21 fs ≈≈ 0.00070.0007 ≈≈ 10001000
HeHe++ 22 1.05 mA1.05 mA 304 as304 as ≈≈ 0.000090.00009 ≈≈ 6000060000

electronic electronic 
ring currentring current

nuclear nuclear 
ring currentring current



ConclusionConclusion

quantum control by laser pulsesquantum control by laser pulses

nuclear dynamicsnuclear dynamics

electron dynamicselectron dynamics

and backand back
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