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Two-pulse atomic coherent control spectroscopy of Eley—Rideal reactions:
An application of an atom laser

Solvejg Jargensen® and Ronnie Kosloff”
The Fritz Haber Research Center for Molecular Dynamics, Hebrew University, Jerusalem 91904, Israel

(Received 22 January 2003; accepted 31 March 2003

A spectroscopic application of the atom laser is suggested. The spectroscopy termed 2PACC
(two-pulse atomic coherent contfokmploys the coherent properties of matter waves from a
two-pulse atom laser. These waves are employed to control a gas—surface chemical recombination
reaction. The method is demonstrated for an Eley—Rideal reaction of a hydrogen or alkali atom-laser
pulse where the surface target is an adsorbed hydrogen atom. The reaction yields either a hydrogen
or alkali hydride molecule. The desorbed gas-phase molecular yield and its internal state is shown
to be controlled by the time and phase delay between two atom-laser pulses. The calculation is based
on solving the time-dependent ScHimger equation in a diabatic framework. The probability of
desorption which is the predicted 2PACC signal has been calculated as a function of the pulse
parameters. €2003 American Institute of Physic§DOI: 10.1063/1.1576383

I. INTRODUCTION The principle of interfering optical waves in a molecular

. . . framework has neatly been demonstrated by Scherer
Controlling the outcome of a chemical reaction has beerget al2324Using a sequence of two optical pulses, population

;Tgol;ltlgq?gi g%zls?fi(s:h;;gg)gncgrﬁﬁg ti(c:)?]ngf lyuz:tivr\:\ Eilg'is transferred from the ground to the excited electronic state
q ' P quan in the iodine molecule. The first pulse promotes a portion of

terferences of matter waves to build a constructive interfer- . . . )
: . o the wave function to the excited state, which then evolves in

ence in the desired channel and a destructive interference {n

all other channels. To carry out such a task, the molecul Ime. The second pulse, which is phase locked relative to the

matter wave has to exhibit a coherent property. To date gﬁrst one, excites an additional wave packet to the excited
' “state. The intramolecular superposition of the two wave

experimental applications of coherent control have bee Kets i bi interf ith
based on imprinting the coherent properties of a Iight/opticaP_aC ets Is subject to quantum Interferences, either construc-

source onto the matter to be controlf&With the experi- tive or destructive. This gives rise to larger or smaller popu-
mental realization of Bose—Einstein condensafidha new lation on the excited state for a given time delay between the
source of coherent matter waves has become potentialQu!Ses: The outcome is then controlled by the optical phase

available. The present paper explores the direct employmeffifférence between the two pulses and the evolution of the

e 3-26
of a matter wave coherent source to achieve the goal of cdbitial Wave_pagkeﬁ _ .

The utilization of a matter wave source depends on théurface reaction using a coherent source of matter waves
experimental ability to direct and shape the matter waveshaped as two phase-locked pulses. The target substrate is a
from a Bose—Einstein condensatiBEC). The waves in a Stationary atom adsorbed on a surface. The outcome of the
BEC trap constitute a single many-body matter wave funcreaction is a desorbed molecule in the gas phase composed
tion which is an analog of a photon field in an optical cavity. from one atom from the matter wave pulse and one surface
An output coupler termedtom lasertransforms the conden- atom. The method is therefore termed two-pulse atomic co-
sate into a source of either pulsed or continuous cohererterent control2PACQ spectroscopy. The yield of the reac-
matter’ '3 We propose to employ this matter wave for ation is controlled by the time delay between the two atomic
surface mediated chemical reaction carried out by a twopulses and the relative phase between them.

pulse atomic coherent contré2PACQO spectroscopy. The The majority of studies in coherent control has concen-
present paper elaborates on previous preliminary stdéss trated on unimolecular processes. An exception is the study
Refs. 14, 15 by Abrashkevishet al,?” which theoretically considered a

BEC has been accomplished for a growing list of atoms3D-atom—diatom reactive scattering process. The 2PACC
{13%Cs (Ref. 16, 8Rb (Ref. 3, ®Rb (Ref. 17, *Na (Ref.  spectroscopy is aimed at the more difficult task of controlling
4), 'Li (Refs. 5, 6, 18 °Li (Ref. 18, K (Ref. 19, H (Ref.  a bimolecular reaction described By+B—C.

20) and metastablele (Refs. 21, 22. All of the above con- In contrast to a two-pulse photon field, the matter waves
densates and additional systems to be prepared are candre dispersive. This means that the source of the matter
dates for a source for a coherently matter wave. waves, the BEC condensate, has to be positioned very close

to the target surface. Such a device is realized in the so-
“EJectronic mail: solvejg@fh.huji.ac.i called atom chip€~*"or surface microtrap¥.*In the atom
PElectronic mail: ronnie@fh.huji.ac.il chips, for example, the BEC has been placed a few hundred
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microns above a metal surfate® The additional step re- Il. THE MODEL
quired to _reall_ze the current proposal is a two-pulsed output The target of control is the Eley—Rideal reaction de-
coupler directing a coherent pulse of atoms toward the sur- _ .

face scribed by

A coherent optical spectroscopy employed in surface sci- Y +H/Cu(111)—YH +Cu(111). (1)
ence is two-photo emissia2PPB, which has served as the The aiomY is from the atom laser source, which in the

inspiration for the present proposed 2PACC. In 2PPE, tWgyresent model consists of either hydrogen or alkali atoms.
photons from a laser are applied to a surface with or withoutrhe matter wave o¥ is directed to aCu(111) surface with
adsorbates. In ZPPE, the first Optical pulse excites a Surfaqsw coverage chemisorbed hydrogen atoms. When the wave
electron to an intermediate level of either an image potentiajunction of Y overlaps with that of the adsorbed atom, inter-
state or an unoccupied molecular orbital of the adsorbateyction is expected, leading to a recombination that forms the
The second photon exploits this excitation to create a meayH molecule. If the newly formed molecule has sufficient
surable outcome. The method has been used to characteriggergy it will eventually desorb from the surface to the gas
the energetics and dynamics of electrons, atoms, and mophase. By shaping the wave function Yf the yield of the
ecules on surfaceé*° The application of two laser pulses desorbing molecules becomes controlled by constructive or
allows for probing the nuclear dynamics of the electronicdestructive interference. The simplest controlled wave func-
states which could not be studied if only one pulse was aption is obtained by a sequence of two pulses where the time
plied. Recently, Petekt al3” have demonstrated that apply- delay and relative phase are the control variables. It is antici-
ing a sequence of phase-locked optical pulses coherentyated that atom lasers will be able to produce such coherent
controls the motion of an alkali atom on the metal surfacematter wave pulses by an output coupler of a coherent
and thereby the desorption process. source—the Bose—Einstein condens&EC). For example,
The bimolecular surface mediated reaction to be cona coherent atomic pulse can be realized by using an optical
trolled by the 2PACC spectroscopy is the Eley—Rideal reaclaser source to transfer the atom from a trap(##C) to an
tion. The atomic pulses consist of a coherent atomic sourcéntrapped statéhe atom laser The relative phase between
of hydrogen or alkali atoms which collide with a hydrogen the two optical pulses can be utilized to phase lock the two
atom chemisorbed on @u(111) surface. The outcome is an Pulses of the atom matter wave. A time delay between the
ejected molecule in the gas phase of eithgror an alkali  two optical laser determines also the time delay between the
hydride. It will be shown that the application of a second!Wo pulsed atomic laser. The coherent properties of interest
atomic pulse induces the matter wave interferences that ef'® Projected onto this wave function. In this study the wave
able enhancement or suppression of the desorbing flux d¥nction of an atom laser composed of a single atom is rep-
molecules relative to a single atomic beam experiment. ThEESented by two Gaussian wave functions with a well-defined

quantum interferences are controlled by the time delay an{i™me delay and phase. Other pulse shapes would lead to simi-
the relative phase between the two atomic pulses lar results provided that the time delay and relative phase

Theoretical studies of Eley—Rideal reactions have beepenﬁiin;&%ixoe%ﬂfgj %rre;hheysre:)n;zn atom orCa(111)
f k | 4144 f inci h . ; :
performed by Jacksost a or an incident hydrogen surface is roughly 2.4 eV. Since the bond energyHofis

atom beam interacting with various coated surfaces. Theg . ; . o
- “approximately twice this value, the reaction is very exother-
have observed that hot atom processes, where the impinging.

) ic. For this reason the desorbing molecule is expected to be
atom becomes trapped onto the surface, play an important

role. The trapped atoms can react with the adsorbate or thewbratmnally hot due to the large exothermicity. As one pro-

. r Ne%eds through the list of atom¥ &{H,Li,Na,K,Rb,Cs})
can eventually dissipate enough energy through COIIISIon§he reaction changes from exothermic to endothermic. If the

with the adsorbates to become immobile. Th.ese dissipativeu(lll) surface is replaced with ahl(110) surface all the
forces cause decoherence and therefore will suppress the, ions again become exothermic since the binding energy
2PACC control. In this paper the energy and charge transfe(gf the hydrogen on this surface is only 1.8 %v.

between the surface and the adsorbates are not included. The dynamics of the Eley—Rideal reaction is a six-

The dynamics of the 2PACC spectroscopy model is €Xgimensional quantum-mechanical problem. We assume
plored by solving the time-dependent Safirger equation  trans|ational and rotational invariance relative to the surface,
by a Newtonian propagation meth&tThe matter wave and the motion of the atoms has been restricted to a collinear
pulses are presented by two phase related Gaussian-typgnfiguration normal to the surface. The problem is reduced
wave packets. The atomic and molecular as well as theify 3 two-dimensional quantum-mechanical problem. We con-
interactions with the surface are described in a diabati%ider the reaction between an |mp|ng|ng atom of ma§s
framework. located atz, and a target atom of mass, located atz,

The methodology of the 2PACC spectroscopy is pre-which is initially adsorbed on a flat static surface. The coor-
sented in Sec. II. In Sec. Il the dynamics of 2PACC is pre-dinate set %,,z,) is transformed to a new set of coordinates
sented. In Sec. IV two simulations of 2PACC spectroscopy(r,z), wherer=z,~z, is the intramolecular distance and
are studied, one with a hydrogen source and another with 2= (m,z,+m,z,)/M is the center of mass coordinate. The
lithium atom laser, both impinging on &u surface with  total and reduced mass of the system are denoteld and
chemisorbed hydrogen atoms. Conclusions and a genergl respectively. Considering other surface degrees of free-
outlook are presented in Sec. V. dom, such as phonons and electron/hole pairs, they also can
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influence the outcome of Eley—Rideal reactions. But, in theJ,, and A,,, whereas the other terms describe the atomic
present 2PACC context only coherent contributions are iminteractions with the surface. Here, only the lowest adiabatic
portant; therefore, these incoherent surface degrees of freBES are considered. The PES of the molecule as well as the
dom can be ignored. The signal as in 2PPE spectroscopy iateractions between the surface and a single atom have been
the difference between the single- and two-pulse experimentalculated by density functional theoFT). They have
therefore, it excludes the incoherent processes. been fitted to the functional forms, andA, which are based

on Morse-type attractive and repulsive terms which decay
exponentially with increasing distances. Surface effects have

To understand the dynamics of either a dissociation repeen introduced through expanding the Morse parameters
action of a diatomic or a recombination reaction of two representing the surface in a Fourier series of the reciprocal
atomic species on a surface, potential energy surféRes lattice vectors.
representing the physics of breaking and forming a chemical The LEPS potential is a member of a class of diatomic in
bond is required. A comprehensive overview of the historicamolecules(DIM) potential forms. For surface reactions, an
development of potential energy surfaces is given in Ref. 47extension called embedded diatomic in molecu lE®DIM)

An electronic structure model for the dissociation/ has been developed. The model was originally developed by
recombination of the k/Cu system has been suggested byTruong et al®* and recently used for the description of the
Holloway and co-worker§3#° Their model is based on a motion of N, on a ruthenium surfac®.In the EDIM the
small complex of the forn€u,H, in a planarC,, geometry. intramolecular interactions are modeled by Morse and anti-
The intramolecular coordinates arg which is the distance Morse potentials which represent the singlet and triplet elec-
between the two hydrogen atoms, afd the distance be- tronic state of the diatomic molecule in the gas phase. The
tween the midpoint oH—H andCu—Cu. For large value of interaction between the atoms in the gas phase and the sur-
Z there is no interaction between the two unitsyH and  face is modeled by an embedded atom mo@AM), in
Cu—Cu, meaning that each unit has a separate set of fullyvhich the atom experiences an average charge density from
occupied molecular orbitals. A8 decreases the two units the surface.
approach each other, the orbitals with similar symmetry with  In the 2PACC spectroscopy the coherent properties of
respect to the bond center mix, e.g., the parallel-bondinghe encounter is intricate; therefore, the Born—Oppenheimer
orbital of H—H and Cu—Cu interfere with the parallel anti- approximation in which the reaction takes place on a single
bonding of Cu—H. Due to these interactions the orbital en- potential energy surface has to be replaced with a nonadia-
ergies shift. This causes a crossing between the “parallelbatic framework. In the 2PACC dynamics a diabatic frame is
and “perpendicular” orbitals, with the result that the-Cu  chosen consisting of two potential energy surfaces. Specifi-
bonding becomes energetically favorable. cally, for the Eley—Rideal reaction the diabatic PES are con-

The PES of the reactant surface has been constructegructed from two atomic or one molecular chemical species
from a Morse potential describing the hydrogen—hydrogerinteracting with the surface. In the reactant channel the inter-
bond and a repulsive potential as the hydrogen molecule amction between the stationary hydrogen atom and the surface
proaches the surface. In the product channel the two sepé#s strong due to a chemical bond. We are using a semiempir-
rated hydrogen atoms are chemisorbed on the surface; thisal functional form for the PES. The impinging atom expe-
bond is described by a Morse potential. The hydrogen-riences a repulsive force from the adsorbed atom as well as a
hydrogen repulsion on the surface is represented by an e¥sng-range attraction from the surface due to polarization

A. Two-dimensional potential energy surfaces

ponential repulsive potential. forces. In the product channel the newly formed molecule is
In the diabatic representation, the potential is representegitached to the surface by a weak bond induced by the po-
by a 2X2V matrix larization forces between the surface and the molecule. The

PES for the reactant and product channels have the following
(2)  functional forms:

VRr(r,Z)=VRy+VEu+ V3, (4)

Vrr(I,Z) Vgp(r,Z)

VIRDZ Vot ) Vep(1,2)]°

The diagonal elements are the potential energy surfaces of o o
the reactant and the product states and the off-diagonal ele- Vpp(r,Z)=Vyu_w+Vyy, 5

ments is the nonadiabatic couplings between them. Upon digere the indexv represents the interactions with the sur-
agonalization of the 22V matrix two new adiabatic PES ;.o The last terms of Eqé4)—(5) represent the intramo-

are obtained. In the previous studies of Eley—Rideal reacqq|ar interaction between the two gas-phase at¢inand
tions the adiabatic PES has been used. We will briefly disy the other terms represent the interaction between an atom
cuss the idea behind them. or a molecule with the surface. In the following section we

41,43,50 H H
Jacksoret al:""**"used the London—Eyring—Polanyi— iy discuss each of the individual terms in the reactant and
Sato(LEPS potential energy surface for modeling the Eley— product PES.

Rideal reactions. The LEPS potential is given by
1. Intramolecular interactions

V=UntUat Up® VAR [Aat Apl? = Ar[Aa—Ap], Asymptotically, the intramolecular interaction potentials,
©) VR, andV?%,,, in the reactant and product channels become
whereU andA are the Coulomb and exchange contributions,the triplet and singlet electronic states of the molecWld,
respectively. The intramolecular contributions are denotedvhen both atoms are far from the metal surface. The PES of
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the alkali hydride molecule was based on the intramolecular 2. CTT '
gas-phase singlet and triplet electronic states which have | i R
been evaluated by a multiconfiguration self-consistent field | 'I ' i, EFH
calculation by Geunet al>® These potentials have been fit- = ‘ |} MaH
ted to a cubic spline interpolation function. = i I I KH

For the hydrogen molecule the singlet and triplet PES = L — :::
are given by a Morse and an anti-Morse potential g |
VEn(r,Z)=Dyyp([1— el enm@ @2, s |

c LS
R 11~ (@@ g ° e

Viu(r,.2)= EmDHH([l+e HH HHIEDT]S—1). o '
The dissociation energy of the hydrogen molecule is denoted
Dy and (1-A)(1+A) is the Sato factor. The equilibrium — . . .
distance between the two hydrogen atonfg,, and the cou- 05 25 4.5 6.5
pling strength,a,,;, have been obtained as a functionzof Z in Angstrom

by an mterpOIatlon between values for the gas phase to OnﬁG. 1. (Color) The potential energy surface representing the physisorption

for the adsorbate of a hydrogen or an alkali hydride molecule oi€a(111) surface is shown

_ad - as a function of the distance between the surface and the mass center of the
ann(Z)=ayy for Z<Z. diatomic.

ann(2) = afy—(aby— aflDT4(Z,Ze . 2014m)

for 2>27,, 6 . . . .
¢ © so that the physisorption energy ¥H increases slightly as
one proceeds down the list of atorfid,Li,Na,K,Rb,Cs}.
e (Z)=r9— (r9—r2NT ,(Z.Z.. 2brns). 7 The phy5|sorpt|or_1 pot_ennals are shown in Fig. 1 and the
HH(Z2)=re— (Fe=Te)T4(Z,Ze, nm) @ parameters are given in Table I.
The superscriptg and ad indicate the gas phase and the  To model the interaction between the impinging atom in
adsorbed state. Table | gives the parameters used for the PE$ reactant channel, a physisorption potential has been used.
for a Cu(111) surface covered by a hydrogen atom adsorbed'he same set of parameters for the atomic interaction as for
on the hollow site. the molecular physisorption interactions has been chosen but
2. Surface interactions the coordinateZ, in Eq.(8) is replaced by the location of the
. impinging atom,z, .
In the product channel a molecul¥H) is formed and . In the reactant channel the interaction between the
eventually transferred to the gas phase. The molecule is . : .
; chemisorbed atom and the surface is described by a Morse
coupled to the surface by a weak bond induced by the polar= .
o . . P . potential
ization forces. The interaction potentidly,_,,, IS repre-
sented as a sum of two terms—a short-range repulsive term | r (= apn(zn—2811))12
. =D 1—el” “mten=2im) e —1 1
and a weak long-range attraction between the molecule and nm([1-e ] ) (10
the surface

and

where Dy is the dissociation energy of the atom—metal
Cu bond andz;,,, is the equilibrium bond length. The param-
Vo u=Ayel Pm?)— 3 (1-T4(Z,0,20y)). (8) eters are given in Table | for a hydrogen atom adsorbed at the

hollow site of aCu(111) surface.
The incomplete gamma function which turns off the attrac-

tion as theY atom approaches the surface is given by
k=m K
a(x—xXp)
k=0 k! Initially, when the impinging atom is far away from the
The parametrization of the physisorption of the molecularsurface and the adsorbed atom, the wave function represent-

B. Wave function of the atomic pulse
el—alx—xq)) 9)

interaction with the surface has been chosen such that tH89 the outcome of the fotal system is written as a product of
minimum energy, e.g., the physisorption energy, is observel Wave function on each atom

at Ze_=(rﬁM+myr$H)/M. The location of the minimum en- W aiond T2) = Niin(20 2, = 25) (2, €57,
ergy is moved further away from the surface as the mass of

the impinging atom increases. A becomes heavier, the
polarization force between the surface and the alkali atom
increases; thereby, the binding energy of the physisorptiowhereN is a normalization factor. The wave function of the
bond becomes stronger. The amplitudes of the repulgign, adsorbed atomy,,, was chosen as the lowest energy eigen-
and attractionCy, increase as one proceeds down the list ofstate of the PES of the reactant channel along the one-
atoms,{H,Li,Na,K,Rb,Cs}. The coupling strengthy,,, is  dimensional path with a fixed distanc,, between the ap-
inversely proportional t&,. The parameters are constructed proaching atom and the surface. Considering only the lowest

(11
Iy(z)=e 2,
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TABLE |. The parameters for PES for the Eley—Rideal reaction on a
Cu(11)) surface. The hydrogen atom is chemisorbed on a hollow site of the
surface.

Hydrogen molecule D,,=4.505e\V*  Z,=2.0A A=0.2
rad=0.741 8 r3=0.754 R
ady=22A"1 o8=211A"1

Z in Angsirom

Chemisorption Dum=2.334eV z5,=0.916 A2 ayy=175A"12 1 2 3 4 5 B 7

Physisorption Ay leV by /At CylevVA—3

H, or H 600 3.8 3.5

LiH or Li 650 3.15 7.0

NaH or Na 760 2.7 12.5 g

KH or K 850 2.4 20.0 §

RbH or Rb 930 2.23 27.0 =

CsHorCs 950 2.1 34.0 N

‘Reference 50. 12 3 4 5 B 7 12 3 4 5 6 7
Reference 54. rin Angsirom r im Angstrom

FIG. 2. (Colon The evolution of the wave packefWg|?) from an atom
vibrational states would be sufficient since, in a given eXperi_laser source applied to @u(111) surface coated with hydrogen atoms su-
mental situation. one would expect that the temperature C‘?erimposed on the reactant potential energy surface. Snapshots are shown

. 1
. . or a time delay ofAt=4.84 fs and the phasé@= — 5#. The contour values
the surface is ultracold. The wave function of the approach- Y P z

h . ] ' 'of potential energy surfaces are3, —2.5, -2, —1.5, -1, and—0.5eV.
ing atom, ¢, is represented by a Gaussian wave functionthe PES of the reactant and the product channels are shown with blue and
centered az, = z; and with a varianceg, . The momentum  black lines, respectively.

of the approaching atom is denoted ky= = \/2myE/h2,

which is relgted to the energl of the propagating gtom the potential energy function which was described in Sec.
laser. The sign of the momentum operator determines thﬁ . o
A. The off-diagonal elements of the Hamiltonian represent

orientation of the atom laser: For nega’gve m'omentum, thef‘he nonadiabatic coupling between the two channels, which
atom moves toward the surface. The variance is related to the

dispersion of the atom laser. dre described by
VielT,Z)=Ver(r,2) = Be(~%e 2, (19

whereg is the nonadiabatic coupling strength anjg, is the
The 2PACC spectroscopy of an Eley—Rideal reactiorequilibrium distance between the two atoms in the singlet
consists of the dynamics on the coupled reactant and produntolecular PES. This representation ensures that the electron
potential energy surfaces. The wave function of the system idensity of the metal decays exponentially outside the surface
described by the vector into the vacuum. The nonadiabatic coupling stren@thyas
Wo(r,Z,t) as_;signed the value 0.027 e\_/ in a_lll calcglqtions. Changing
Wo(r.Z t))’ (12)  will only sca_le th_e total reaction yield. It_|s |mportan_t to not_e
A& that the adiabatic PES of the Eley—Rideal reaction which
where the wave functions in the reactant and product charhave been used by Jacksehal*~%* can be obtained by
nels are denoted by the indéR,P}. The Hamiltonian of the diagonalization of this X2V matrix.
system is represented by The dynamics of the 2PACC was followed by solving
H(r.Z)=T(r.2)+V(r.2) the. time—erendent two-channel Sadfirger equation,
which is given by

IIl. 2PACC DYNAMICS

W(r,Z,t)=

| o Tep(r,Z) ih—-=HW. (16)
Vrr(I,Z) Vge(r,2) In the two-pulse atomic coherent cont(@PACCO spec-
" VeRr(r,Z) Vpp(r,2)[ 13 troscopy the first atom laser represented by the wave packet

Eqg. (11)] is initialized at the reactant PES at a time 0,
The diagonal elements of the Hamiltonian have the follow—[ g (11)]

e.g.,
ing form: g
\Patom(raz)
Hii(r,2)=T;(r,2)+V;i(r,2) w(r,Z,0= 0 . (17
2 2 2 2

= h_a__ ﬁ__+v__(r Z) This initial wave packet evolves in time and after a time

2M 9Z% 2u gr® TR delay, At, the second atom pulse is introduced given by

i={R,P}, (14 Watom AN Z) =Wl Z)EXp(— 1 6), (18

where the first two terms are the kinetic energy operator fowhere 6 [ — ;7] is the relative phase between the two
the two degrees of freedoms &ndZ) and the last term is atomic pulses that describes the coherence between them. As
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TABLE Il. Computational parameters for the wave packet propagation of
the 2PACC dynamics.

E
(=]
Time step 5t=0.097 fs B
Propagation time tmax=484 fs -‘E
Time steps N;=5000 N
Grid points along N, =256
Grid spacing along Ar=0.0529 A
Grid starts at r min=0.0529 A
Grid points alongZ Nz= 256
Grid spacing alon@ AZ=0.0529 A
Grid starts at Zmin=0.0529 A £
Variance 0,=0.280 A B
Initial position 2,=6.82 A &
Momentum k=9.45 A1 ‘E
Absorbing potential A=A,=132A r
V,=0.000 27 eV
Nonadiabatic coupling B£=0.027 eV 1 2 3 4 1 2 3 Fi
Dividing flux line Zaux=5.24 A tin Angstranm £ in Angsiron

FIG. 3. (Color) The evolution of the wave packet on the product channel

(|Wp|?) are shown for time delay oAt=4.84fs and phasee=—%7r.

. . Notice the exciting wave packet on the reactant channel at 145.1 fs. Param-
the wave packet propagates, population is transferred from\e,s ysed for this calculation are given in Fig. 2.

the reactant to the product PES through the nonadiabatic
coupling.

The dynamics of the 2PACC is obtained by propagating
the initial wave function by exp{iHt) (0), in which the
time-evolution operator exp(iHt) is expanded by Newton-

The wave function is represented on a two-dimensionalan interpolation polynomials with Chebychev sampling
grid. First, the wave function of the chemisorbed hydrogerpoints®® The kinetic energy operator has been evaluated us-
was calculated. Using an imaginary time propagaficthe  ing the fast Fourier transformation techniqié’ The pa-
one-dimensional wave function of the hydrogen atafn, rameters used in the wave packet propagation are displayed
along the line with a fixed distance between the approaching Table II.
atom and the surface,=6.8 A, has been relaxed to its vi- The scattered wave function is removed at large values
brational ground state. Representing the wave function of thef r andZ by complex absorbing potentiafsvhich prevent
impinging atom as a Gaussian wave function, the total waveeflection and transmission at the end of the grid. The overall
packet Eq.(11) is then initialized. potential can be written as

A. Computational method

V(r,Z)=V(r,Z)+Vapdr)+VadZ) if r=A<r<rpand Z—A,<Z<Z, .«
=V(r,Z2)+Vadr) if r=A,sr<randZsZ—A,=V(r,Z)+V{2) if rsr—A, and Z—A,<Z<Z,.
=V(r,2) if r<sr—A, andZsZ—-A,, (19

where the complex potential is given By,,{r)=ivq(r N
— (rmax—A)))?. The same functional form is used fBr r 4 F=2> J(t)et
is the last grid point and, is the interval where the complex '

potential is applied. ot . oWp(r,Z,t;)
As the wave function is evolving from the entry/reactant = Mzi Im f drws (r Zouo ) —> '
. . . . . z=Z
channel, the nonadiabatic coupling term is responsible for flux
transferring the amplitude between the two diabatic surfaces. (20

Eventually the molecule desorbs from the metal surface. This

leads to an outgoing flux in the exit/product channel. The

face is obtained via a flux-resolved analysis carried out at arj € igtelgrazed qu>(<j hgs b(ra]en det?rmine%as a fun(;‘tion of the
asymptotic value of = Zg,,=5.24 A. The total accumulated time delay,At, and the phase relatio, between the two

. . . . . atom laser pulses.
gﬁtsé)(:bt');g flux which is the predicted 2PACC signal is com- Furthermore, the accumulated flux current can be evalu-

ated for each of the vibrational states along the dividing line
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‘I’:(Zflux ’t) 97
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o

Z= Zflux‘|

wherej, is the probability current for the wave packet to go
into thenth vibrational state. Heral (Z,t) is the projection
of the wave function onto the vibrational eigenstatgs,
along the dividing line

Time delay [fs]

\Ifn(Z,t)=f dr xm (r)Wp(r,Z,t). (22

The vibrational eigenstatates have been calculated by imagi- o = = = " > 5
nary time propagatior{See the Appendix for further details. Phase [f]

FIG. 4. (Color) The 2PACC signal of a hydrogen atom laser impinging on a
IV. RESULTS AND DISCUSSION surface with chemisorbed hydrogen atoms relative to the outcome for one
pulse(in %). The signal is shown as a function of the time ddliayfs) and
The 2PACC of a hydrogen source is compared to that ofelative phasé6) between the two atomic pulses for an initial wave packet

a lithium atom laser source impinging on a surface withwith energy—2.3 eV. The predicted 2PACC signal is calculated from the
chemisorbed hydrogen atoms. The evolution of the Wavéﬂtegrated flux along a diviqling line on the product chan_nel%lt184 fs.
. Areas of enhancement are in red and those of depletion in blue.
packet on the reactant and the product channel is presented.
The 2PACC signal and the vibrational analysis of the desorb-
ing molecule are displayed. The control parameters are the
time delay and relative phase between the two atom laser The population which is transferred through the nonadia-
pulses. batic coupling to the product channel builds up slowly as a
A. H+H/Cu(111) function of time. In the beginning the newly formed hydro-
' gen molecule is physisorbed on the surface. That is, it is
The dynamics of the 2PACC spectroscopy is demonirapped in the potential well. Later a fraction of the wave
strated for a hydrogen atom laser source impinging on dunction exits the channel and the hydrogen molecule des-
Cu(11)) surface coated with hydrogen atoms. Compared twrbs from the surface to be detected in the gas phase. The
earlier calculation$*® the grid spacing in both degrees of desorbing molecule is vibrationally excited. The node struc-
freedom €,Z) was reduced by a factor of 2. The initial start- ture of the exiting wave function shows that the hydrogen
ing position of the wave function was=6.8 A compared to molecule desorbs in the fifth vibrational state<{4). This
13.6 A in the earlier calculations. At the shorter distance thebservation will be verified by a vibrational analysis.
interactions between the impinging atom and the adsorbate The 2PACC signal, which is the difference between a
and the surface is still negligible. one-pulse and a two-pulse desorbed molecular outcome, is
In Figs. 2 and 3 snapshots of the evolution of the wavecalculated from the total integrated fluxtat 484 fs. Figure
packet on the reactant and the product surfaces are shown férshows the 2PACC signal as a function of time delay and
6= —3m andAt=4.84 fs. First, the initial wave packfEq.  relative phase between the two pulses. The amount of control
(12)] is generated and this atom laser pulse evolves in timeof the 2PACC signal demonstrated in this model is an en-
The energy of the initial wave packet is2.3 eV and the hancement of 350% fof= — 37 andAt=4.84 fs relative to
impinging atom has a kinetic energy of 0.2 eV. After the one atomic pulse compared with a suppression of 95% at
specified time delay a wave packet—the second atom laser 7 andAt=9.7 fs.
pulse—is placed in the original position of the first wave  The 2PACC signal shows a variation with respect to both
packet(see the second snapshot of Fiyj. The relative phase control parameters, meaning that the outcome of the Eley—
between the two wave packets at the initial position may beérideal reaction is coherently controlled by the time delay
different, e.g.,0# 0. The wave function which resembles the and the relative phase between the two atomic pulses. The
two atom laser pulses propagates toward the nonadiabatapplication of the second pulse creates a quantum interfer-
region where the reactant and the product surfaces interse@nce with the first pulse. Such interferences are either con-
As the wave packet enters the nonadiabatic region a part aftructive or destructive, resulting in increasing or decreasing
the wave function is transferred to the molecular state wheréhe flux of the desorbing molecules in the product channel.
it can exit. This means that the approaching hydrogen atonihe effect of these interferences can be visualized by con-
has reacted with the adsorbed hydrogen and enblecule is  sidering the wave function just after the second atom pulse
formed. The nonreactive part of the wave function collideshas been applied. In Fig. 5 the total wave packet is shown for
with the adsorbed hydrogen atoms. Either it scatters back to=At=14.5 fs for different relative phases between the two
the gas phase or it gets trapped on the surface due to tletom laser pulses. An elongated structure of the wave packet
weak polarization forces between the impinging atom andmmediately after the second pulse gives rise to destructive
the surfacgphysisorptio. interference and decrease of the desorption yield, whereas a
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FIG. 5. (Color) The wave packet after the second atom laser pulse has been . o
applied att=At=14.5fs for different relative phases between the two FIG. 6. (Color) The accumulated flux in each of the vibrational states for the

atomic pulses. one pulse experiment are shown for hydrodepper figurg and lithium
(lower figure.

“node-like” structure gives rise to constructive interference
and an enhancement of the yield.

In Fig. 6 the accumulated flux in each vibrational state Ofwave packet on the reactant channel approaches the metal

desprbmg hydrogen molecule is shown for a one-pulse exéurface, part of the population is transferred to the product
penment. T_he hydr_ogen molecyle I_eaves thg surface Pr&hannel. The magnitude of population transfer is much
domman_tly in the f!ﬂh lowest V|.brat|onal excited state ( smaller for lithium than for hydrogen, as expected. The part
24).' This observa’qon agrees with the node structpre of th%f the wave packet on the reactant channel which does not
leaving wave44funct|on on the product _chanrﬁ@e .F'g_' 3 react is primarily trapped on the surface due to polarization
Jacksonet al.™ also observed a vibrational distribution of forces, and only a very small part of the wave function scat-

desorbing hydrogen molecules centered arousdt for an :
ters back to th hase. Th t b d for th
Eley—Rideal reaction of two hydrogen atoms on a11d) heyrgroan gasee gas phase. The opposite was observed for the

surface in a collinear quantum-mechanical calculation. The predicted 2PACC signal is shown in Fig. 10 as a
The extent of control in the accumulated vibrational flux unction of time delay and phase between the two pulses. For
between the two- and one-pulse scenario is shown in Fig. -Z:ertain values of time delay and phase between the.two
For all the calculations the vibrational distripution is cen- pulses the second pulse induces large constructive interfer-
tgred.aroundv=4. An enhancement of flux in t.he lowest ences. These interferences enhance the probability of desorp-
V|brat|or_1al states of the hydrogen molecuhe,E(3)_|s COIe~  tion for LiH by 2100% relative to a single-pulse experiment.
lated with an increases of the total 2PACC yield. On theThe magnitude of coherent control of the formation of

other hand, an enhancement O.f the higher lying Vib_rationafithium hydride compared to recombination of two hydrogen
states ¢=4) is anticorrelated with the total 2PACC yield. molecule is mainly an energetic effect. The Eley—Rideal re-

. action with impinging lithium atoms is thermoneutral,
B. Li+H/Cu(111) whereas the recombination reaction with a hydrogen atom

Next, the lithium with an adsorb hydrogen Eley—Rideallaser is highly exothermic. As a result, interference which is
reaction on &Cu(111) surface is studied. A smaller probabil- the source of control is enhanced.
ity of desorption for lithium hydride molecule is expected. The desorbing moleculd,iH , is vibrationally excited.
This is due to the reduced energy difference between th&his is because the bond lendtiH is considerably longer
product and the reactant and a stronger physisorption intethan chemisorption bond between the hydrogen and the
action between the surface and the lithium hydride. For &u(111) surface. Along the dividing line where the desorb-
single matter wave pulse, the desorbing flux of lithium hy-ing flux is collected, the 14 lowest vibrational eigenstates of
dride is suppressed by 18 compared to desorption of hy- the lithium hydride have been evaluated. For a single-pulse
drogen. The total energy of the initial wave packet isexperimenisee Fig. §a broad distribution of the vibrational
—2.4 eV, where the initial kinetic energy of the impinging states with a maximum at=8 is observed. In Fig. 11 the
atom is 0.027 eV. enhancement/suppression in the integrated vibrational flux

The evolution of the wave packet on the reactant and theelative to the single-pulse scenario is shown. The deviation
product PES is shown in Figs. 8 and 9. The dynamics of thén the integrated flux as a function of the phase reflects the
2PACC spectroscopy with a lithium atom laser is slower tharRPACC signal. If there is a large enhancement of the 2PACC
the one for a hydrogen atom laser, since the mass of theignal, the accumulated flux in each vibrational state in-
impinging atom increases by almost a factor of 7. As thecreases.
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FIG. 7. (Color) The percentage deviation in the accumulated flux in the vibrational states from the one-pulse experiment are shown for four different relative
phaseq 6) between the two pulses. For each of the phases the accumulated fluxes are displayed for four timélfelayst.84 fs(dark blug; (2) At

=9.68 fs(light blue); (3) At=14.52 fs(yellow); and (4) At=19.35 fs(red. The accumulated flux in each vibrational state for a one pulse experiment is
shown in Fig. 6.

V. SUMMARY AND CONCLUSIONS by Eley—Rideal reaction of lithium atom laser with adsorbed
A two-pulse atomic coherent contr@PACQO spectros- hydrogen atom has been enhanced by more than 2100%
copy has been presented in this study. The coherent prope(i‘(-)mp"’“e‘j Fo a one-pulse reference. Here, we manipulated t.he
ties of an atom laser have been used to control a surfac‘%ave function of one atom transferred from a trapped state in
mediated chemical reactiody+B—C, where theA wave the BEC_: to an untrapped and_propagating s_tate. The cohgrent
function is generated from an atom laser and the target atof/OPerties of interest are projected onto this wave function.
B is immobilized by the surface. Two atom laser pulses ard" this study, a double-Gaussian wave function was used
applied creating an interference pattern with each othetVhere the source of coherent control is the time delay and
These interferences are the essence of the coherent control'§fative phase between the two Gaussian wave functions. We
the chemical reaction. The two pulses are necessary since tfguld also have used a hyperbolic sine function for each
initial relative phase between the atghnand atomB on the  Pulse where we also can define a time delay and relative
surface is arbitrary®®° The two-pulse model is the simplest Phase between the two pulses.
model for obtaining coherent control of the surface mediated ~The 2PACC spectroscopy of an Eley—Rideal reaction
reaction. The control knobs used were the time delay and gould be realized by making an output coupler of the BEC in
relative phase between two atom laser pulses. A significarthe atom chip€ =3 or surface microtrap¥:*Applying two
enhancement of the 2PACC signal relative to single atonphase-locked optical laser pulses to the BEC, a two-pulse
laser pulse was obtained. matter wave is initialized. Schneidet al3' have designed
The Eley—Rideal reaction forming, is highly exother-  their atom chip so that the BEC can be manipulated by co-
mic, whereas the recombination reaction leadind.itd is herent light. This design makes an output coupler for a BEC
almost thermoneutral. Using a coherent matter wave sourdecated close to a surface feasible. Proximity to the surface
enables us to coherently control the recombination reactionwill also reduce the natural dispersion effect of the matter
The 2PACC spectroscopy opens up reaction channels whickaves.
are almost closed to incoherent sources. The reaction yield In analogy with the optical pulse shagéf? a more
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FIG. 8. (Color) Evolution of the wave packet on the reactant surface for the ™G 9. (Colon Evolution of the wave packet on the product PES for lithium
lithium atom laser impinging on &/Cu surface. The time delay and the atom laser impinging on &/Cu surface. The time delay and the relative

relative phase between the two atom laser pulseshare9.7 fs and6= phase between the two atom laser pulsesAgre 9.7 fs ando=— 3.

- %77. The contours given for-3, —2.5, -2, —1.5, -1, and—0.5 eV for
the potential energy surfaces of the product, and the reactant channels are
shown with blue and black lines, respectively. Science Foundation and the European Research and Training

Network Cold Molecules: Formation, Trapping and Dynam-

ics. The Fritz Haber Center is supported by the Minerva

elaborated matter wave pulse shaper would eventually Ieaéesellschaﬁ ‘fudie Forschung, GmbH Khchen, Germany.
to a reaction probability of one. Such a pulse shaper should ' ’

have complete control of both amplitude and phase of the )
impinging wave packet. A more complex design of the WaveAPPENDIX' VIBRATIONAL EIGENSTATES
function of the output coupler is under investigation. Shaping  Vibrational eigenstatesy,, are solutions of the one-
the incident wave function could further be used to direct thedimensional, one-channel, time-independent Sdihiger
exiting molecule into a specific rovibrational state. Theequation for a fixed distanc&g,,, from the surface
2PACC spectroscopy could also be employed for endother- ) ] )
mic reaction such as Eley—Rideal reaction between a ad- Hep(r: Zawd Xn(T5 Ziux) = En(Zaux) Xn(T5 Ziux) - (A1)
sorbed hydrogen atom and sodiyrabidium, cesium Asymptotically, wherZg,,— o, the eigenstates represent the
Additional coherent manipulations could be possible ifvibrational states of the diatomic molecule in the gas phase.
the atomic matter wave pulse is replaced by a moleculafhe method for evaluating the eigenfunction is based on
pulse where the source is a molecular Bose—Einstein corpropagating a trial wave function according to the time-
densate. For a heterogeneous molecular matter wave the
branching ratio between the two reaction channels could be
controlled. From the perspective of coherent control method-
ology the current study demonstrates control of a recombi- _,
nation reaction. This is in contrast to optical coherent con-
trol, which has been almost exclusively limited to the control
of unimolecular reactions such as photodissociation. —
Control of a recombination reaction is another direction %
where both atoms come from the same BEC source. In thisg an
case their initial relative phase is well defined while the sur- ®
face serves to break the symmetry. Since both sources ar¢= 4
coherent the reaction product is also coherent. The ultimate
goal is to design the wave functions of the atom lasers such
that the reaction probability is unity for one specific rovibra- ¢
tional states of the product. This would lead to the formation
of a stable molecular BEC. Control on these lines is under
investigation.

40

1 2 3

-3 -2 =1 o
Phase [6]

FIG. 10. (Color) The 2PACC signal. The enhancement relative to the output
ACKNOWLEDGMENTS of a single pulse for lithium atom laser applied tt1&8Cu(111) surface. The
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The authors would like to thank Christiane Koch for predicted 2PACC signal is calculated from the integrated flux along a di-
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