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Selective dissociation of the stronger bond in HCN using
an optical centrifuge
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Using the example of the HCN molecule, we study theoretically the possibility of selectively
breaking the stronger bond in a triatomic molecule by rotationally accelerating it in an optical
centrifuge using a combination of two oppositely chirped and counter-rotating strong laser fields. In
our simulation the resultant field forces rotational acceleration of the HCN molecule to a point
where the centrifugal force between the two heavy até@and N exceeds the strength of their
(triple) bond. The effects of bending, rovibrational coupling, and the Coriolis force, which conspire
to prevent the molecule from rotational dissociation into-HE, can be efficiently counteracted by
simple optimization of the frequency chirp. €002 American Institute of Physics.
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The dipole moment induced in a molecule by a laserof polarization, andf(t) is the pulse envelope. The centri-
field depends on the orientation of the molecule with respectuge is createtl by combining two circularly polarized,
to the laser polarization vector. In turn, interaction of thecounter-rotating fields with slightly different frequencies
induced dipole with the same laser field creates an anglenm. = * . In this case the polarization vector rotates with
dependent potential that tends to align the molecule along thihe frequencyde, (t)/dt=(. Rotational acceleration is
laser polarization directioh? In the simplest case of a lin- achieved by chirping the frequencies of the two fields in
early polarized far off-resonant field with intensity and a  opposite directions. For example, settii@) =Bt (a linear
linear molecule with parallel and perpendicular polarizability chirp) gives a constant rotational acceleration.
tensor componentsy; and «, , the effective potential is Here we show by numerical simulation that selective
Uq cos' 6, where 6 is the angle between the molecular axis rotational dissociation of a strong bond between heavy nuclei
and the polarization vector, and the well depth=(«;  can be achieved in a triatomic molecule. An important aspect
—a,)lo/4. Typically, in diatomic molecules such as,Cl,,  of rotational dissociation in the optical centrifuge is minimal
N2, a well-depth of a few tens of meV can be created andnixing between rotational and vibrational degrees of free-
sustained for tens of picoseconds using infrared radidtfon, gom during rotational acceleration. Dissociation is achieved
without ionizing the molecule. This well depth can exceedby slowly modifying the effective potential energy surface;
room temperaturekT~25 meV), and give rise to efficient the smoothly increasing centrifugal force gently stretches the
alignment of rotationally hot molecules. bonds. Since the centrifugal force is greater between heavier

For a molecule with three different polarizability tensor nclei. this opens the possibility of selectively breaking a
components, an elliptically polarized field has been used tQtronger bond when such a bond is between heavier nuclei.
align the molecule in three dimensiohdvolecular align- For illustration, we take a rather extreme example, HCN,
ment has also been used to control simple unimolecular rep \hich there is a strong and a weak bond. The HCN mol-
actions triggered by either parallel or perpendiculargqyle has bond strengtiBey=10.6 eV andDy=5.7 eV.
transitions;” the efficiency of the parallel vs the perpendicu- The possibility to use strong laser fields in combination with
lar transition is controlied by aligning the molecule. optimal control approach to break the stronger bond in HCN

The same basic physics can be used to force moleculg{g peen studied theoretically in Ref. @r a linear model
rotatior*°in the so-called "optical centrifuge,” as was dem- anq assuming an aligned moleculevhile strong-field con-
onstrated experimentally in Ref. 11 for the diatomic mol-y,jeq jsomerization in HCN using mid-infrared fields has
ecule C}. In that experiment Glwas rotationally acceler- peen theoretically addressed in Ref. 13. For the centrifuge,

ated to reach angular momentum stafes400 until the \ye assume that the carrier wavelengthnis 800 nm, that
centrifugal force broke the bond. The centrifuge involvesy o available coherent bandwidth correspondsat 6 fs

using a linearly polarized laser field whose polarization vecs,4nsform-limited pulse, and that the two counter-chirped,

;{OI’ IS i'_OWIV rotated. Ad moIeCLflledallgne_d W'lth the Iﬂeld_ fol- counter-rotating fields are obtained from the red and blue
ows this rotation, and controlled rotational acceleration isaves of the pulse spectrum, similar to the experiment in

forced by accelerating the rotation of the polarization vettor. Ref. 11. The angular frequency needed to break the CN bond
Such a laser field has the form, by the centrifugal force i)p=1.24x10"s ! (20 TH2

E=E,f(t)cog w )[xcod ¢ (1)) +ysin( ¢ (1))] (1) within the limits of the coherent bandwidthw =72 THz of
' the 6 fs pulse.
wherew, is the carrier frequencyp, (t) defines the direction We are especially interested in the role of bending and of
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TABLE |. The potential surface parameter valuég,, and their standard
errors(in eV) for the ground state of HClfsee Eq(4)].
jkm Yikm Std. error  jkm Yikm Std. error
002 5.13 0.21 213 -1499 4.16
003 -3.24 0.21 302 -6.35 0.59
011 3.25 1.11 303 —5.67 0.60
013 —35.10 7.23 040 2.89 0.43
014 30.12 6.16 042 —2.72 0.91
103 -1.26 0.10 130 1.48 0.23
020 13.46 0.13 220 3.57 0.40
021 -1.71 0.40 221 -3.61 0.55
023 1.92 0.43 310 1.06 0.29
110 —0.92 0.18 400 4.62 0.73
200 6.41 0.18 050 —570 0.33
FIG. 1. The coordinates used for HCN. The origin is the center-of-mass of 031 —6.63 2.01 051 3.25 0.81
the CN moietyy is the length of CNR is the distance between the H-atom 032 19.82 5.09 141 -1133 141
and the center-of-mass of the CN moiety, anid the Jacobi bending angle. 033 —14.02 3.34 142 8.25 1.41
o(t)=6,— ¢ (t) defines the angle between the CN bond and the laser field. 121 6.55 2.23 230 -—258 0.36
122 —15.38 5.75 231 2.87 0.67
123 11.68 3.82 320 —5.03 0.40
the Coriolis coupling between vibration and rotation. Is it 210 —073 0.20 821 ~—11.96 1.80
ible to deposit over 11 eV of rotational energy into the 2 - s 2.26 322 —990 L5
possi 212 22.82 6.31 500 -525 0.58

CN bond without a rapid energy redistribution into other
modes? By simulating the HCN dynamics on the ground
electronic surface in the presence of the field given in Eq.

(1), we show that simple optimization of tHe(t) chirpis  {jon, \We have obtained it in a simple analytical form using
sufficient to suppress effects competing with rotational disyhe internally contracted multireference configuration inter-
sociation. . o action(MRCI) ab initio method* with the MOLPRO program
The geometry of the molecule is shown in Fig. 1, wheregysiem!® The range of the HCN bond anglewas restricted
we d_efme fthe _Jacobl_ coprdlnates used in our moc_zlel. Th&, be from 180° to 90°, based on preliminary simulations of
centrifuge field is rotating in they-plane andp,_ determines  {he importance of bending which showed that larger bending
the direction of the polarization vector of the centrifuge field. 4iq not occur prior to dissociation, and hence that HCN—
We assume that the molecule is confined toxiglane, and  cNH jsomerization need not be considered. The calculations
in this planed, determines the orientation of the CN bond. j,yolved 362 geometries with 0.94rcy<3.5A, 0.8A
This planar approximation has been verified numeri€dlly <rey<3.5A, and 90%«=<180°. The points covered an
and is justified by the fact that the centrifuge field simulta-energy range of about 14 eV. The correlation-consistent po-
neously increased andJ,,?° so that the rotationally accel- larized valence quadruple-zetwc-pVQ2) basis sets of
erating molecule rotates in states withr J,> 1. ~ Dunning® were used. The orbital basis sets for carbon and
Four degrees of freedom are included in our numer'cahitrogen consisted of12s 6p 3d 2 f 1g) contracted td5s
description. We include the rotational mode described by thgp 3d 2 f], and for hydrogen of6s 3p 2d 1f ) contracted
angled, and its conjugatéangulay momentumJ=p,, and {5 [4s 3p 2d]. Multiconfiguration self-consistent fieldMC-
the coordinates and momenta that describe the three vibr&CPH calculations’ were used to define the orbitals for the
tions(r, p;, R, pr, 7 andp,). The classical Hamiltonian is MRCI. The reference wave function was a complete expan-
2 sion in those orbitals which correlate with atomic valence

p pr Pi 1 1
H= —" R - 5 5 orbitals. The calculations were performed i §mmetry
2peN 2phen 2 [BenT HuenR with orbitals 32’ to 9a’ and 13" to 2a” in the active space.
J? J-p, The carbon and nitrogenslorbitals were not correlated, but
+3 2= 2 +V+Vin, (2 were optimized at the MCSCF level. The optimized geom-
FHent Hen etry obtained was linear withr,=1.061A and rg,
where =1.158 A (compared to experimental values of 1.0655 A
e T M(Met M) 3 andTlﬁlssz |At'r eslpt?nm/é? ional function V that was fit
=— = = - e analytical three-dimensional function at was fit-
MeN Met My’ MHCN M-+ Myt My’ 3 Yl

ted through the points is a slight extension of that originally

V(r,R,y) is the field-free potential energy surface of HCN, introduced in Ref. 19see also Ref. 20

and V;u(r,R,vy,6,,t) is the interaction potential. The poten- _ i K m

tials V and V,, are initially set up analytically using the V(ren:ren:p) = ZjmY jkmy1Ya(1—cosp)™ @)

coordinatesr oy, rcy, andp, wherep (see Fig. 1is the  wherey;=1—exp(—aAr), Ar;=r;—r{ (r{ is the equilib-

supplement of the HCN bond anglg i.e., p=m—«; trans- rium valug, r;=rgy, r3=rcn, a;=1.6A71 a;

formation to Jacobi coordinates is made later. =2.0A"1 and theY|,, are adjustable parameters. We could
The potential energy surfad&rcy,rch,p) has to allow  usefully vary 40 parameters, and their values and standard

for bending and for the stretching of the bonds to dissociaerrors are given in Table I; the standard deviation of the
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fitting was 0.093 eV. For linear HCN the potential extrapo-intensity was used in the experiment with, G which has a

lates to dissociation of the CH and CN bonds with energiesower ionization potential of 11.5 eV, and there was negli-

Dcy=5.77(5.66) eV andc\=10.69(10.63) eV, where the gible ionization.

experimentally derived valugs™” are in parentheses. The First, we assume that the polarization vector rotates with

standard deviation and the errors of the extrapolations to dissonstant acceleratiop, i.e., ¢, (t)=8t%2 and Q(t) = jt.

sociation indicate tha¥/ is sufficiently precise for our pur- The angular frequency at which rotational dissociation of

poses. HCN into HC+N begins isQp=1.24x10* s, and set-
To obtain an expression for the interaction potential ofting B=3x10"% Eyt,? (3.4x10° eVs ') we reach this

HCN in the laser field of Eq(1) we write the polarizability  frequency in about 24 ps. The maximum value®fs re-

of HCN as the sum of CH and CN bond polarizabilities. Thestricted by the characteristic gradient of the angular well

parallel and perpendicular components of the dynamic HCN_y /7 and the HCN moment of inertig,cy (Ref. 8 to be
polarizability at\ =800 nm are approximated by their static gy, /(l,cy) ~1078 Ento L.

values; the equilibrium values and th¢linear) dependence A typical trajectory is shown in Fig. 2. Angular trapping
on. the bond lengths are taken from Refs. 23, 24. e is described by the angi(t). Up until t~22 ps the angle
write is close to 0 and the molecule is trapped so that it follows the

cH _CH R rotation of the angular trap. During this time interval the
(a"—a")=(0.651+0.873rcy—rcn)) bending amplitude decreases since the molecule is stiffened
X (1—tanh(r gu/r&,—4))/2, (5) against bending by the _rotation. Both pond§ are progregsively
stretched by the centrifugal force, with virtually no vibra-
and tional excitation or energy exchange between them. As ex-
pected, the stronger CN bond is significantly more stretched
(afN—a™™)=(1.175+1.937rcn—r&y) than the CH bondr ¢y /rgy=1.35, whereascy/rgy=1.1).
When the CN bond starts to break after about 22 ps, the
X(1—tanh(ren/ren—4))12, 6 molecule is rapidly ejected from the rotating angular trap by
) i the Coriolis force[see the rapid change if(t) in Fig. 2],
where the bond lengths are in A and the tanh term is used tQnich is similar to the situation for a diatomic molecéile.
avoid dlvergence of the polarizability far values outside The bonds are no longer steadily pulled by the increasing
the range of interest. For each bond we defidgri.t)  centrifugal force and begin to vibrate and exchange energy.
= (a—a,)lo(t)/4, wherei refers to CH or CN. Using these ping this time, the centrifuge continues its rotation, and
expressions we obtain gives an accelerated series of kicks to the molecule each time
6(t)/  is an integer. These kicks eventually lead to dissocia-
VinTensensp 6.) =Uen(fon ) cos(6(1)) ti(()rz of either bongd at much later times, witr)ll CN bond break-
+Ucn(ren,H)cof(0(t)+p), (7)  ing in about 60% of the cases after the molecule is ejected
from the centrifuggsee Fig. 2 where the CN bond breaks at
whered(t) = (6,— ¢, (1)) is the angle between the CN bond aroundt=70 p9. Statistically, 25% of the cases result in
and the polarization vector of the laser field. At intendigy  direct fast dissociation of the CN bond by the centrifugal
=2Xx 10" W/cn? this gives a well depth of),~50 meV at  force, while in 75% cases the molecule is ejected from the
the equilibrium geometry. trap before the strong bond is broken. If the laser pulse is
In this numerical study we solve Hamilton’s canonical kept on for sufficiently long time, the strong CN bond still
equations of motion using the fourth-order Runge—Kauttadissociates in 60% of those cases.
method® for an ensemble of initial conditions corresponding The physics behind the ejection and the approach to
to random orientations of the HCN molecule at its equilib-counteracting it can be understood classically and quantum
rium geometry. We set random values&f, with the initial  mechanically. LetR(J) andr(J) be the equilibrium values
angular momenturd= 0. In this classical calculation the ini- taking into account bond stretching by the centrifugal force.
tial conditions include the zero-point bending energy and théfhe corresponding moment of inertia idpcn(d)
corresponding distribution ofy, but the bond lengths are = upucnR2(J)+ uenr?(J). The adiabatic following of the
taken to be fixed at their equilibrium values. trap rotation by the molecule implies that its angular momen-
At t=0, we turn the laser fielfEq. (1)] on and keep the tum is J=1cp(J)Q(1).8 Rewritten in the formd/lcn(J)
intensity I, constant. Our goal is to find the range of pulse=(}(t), this equation can also be understood quantum-
parameters that will result in efficient dissociation of themechanically as a resonance between the rotational spacing
triple bond within a 50 ps pulse duration. Significantly and the driving frequency.
longer pulses require more energy, and a 50 ps pulse at in- For linear angular acceleratidn(t) = g8t the resonance
tensity | o~ 10" W/cn? is experimentally feasibl¥. For the s lost when the rotational spacing starts to decrease vith
entire calculation we sét = 2.0x 10" W/cn?, which corre-  while Q(t) continues to increase, leading to the loss of the
sponds to a negligible ion signal of about .50 4. This molecule from the angular trap. Decrease 6¥(J)
value was estimated by adjusting the value determined in=J/1,cn(J) is exactly what happens just before rotational
Ref. 26 for Kr to the value appropriate for a 50 ps laserdissociation; the functionQ)(J)=J/1cn(J) reaches its
pulse. The Kr atom has an ionization potential of 14 eVmaximum Q¢ when the angular momentud+ J¢ is less
which is close to that of HCN13.9 e\). Note that the same than that required for dissociatiody.? The rotational fre-
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FIG. 2. Atypical trajectory when the polarization vector rotates with the constant accelggatidix 10 ° E, t,. The molecule is ejected from the trap after
about 22 ps, and the CN bond eventually breaks after about 70 ps.

quency required for dissociatio) p=Jp/l yen(Jp) is less  tion of the CH bond or premature loss of molecule from the

than Q. rotating angular trap. The average time of dissociation for
To keep a molecule in the angular trap one should try tdhis chirp rate is 55 ps.

maintain the resonancl| ,cn(J) =€(t) as long as possible The dissociation time can be decreased by using higher

in the vicinity of Jo. One possibility is to follow()(J), first ~ values of B The turn-on timetOn is also decreased,

increasing(t) up toQ¢ and then decreasing it. But a much I uen(Bton) ><Uncen. For B=5x10"° Ext,y !, 68.5% of tra-

simpler solution turns out to be sufficient. jectories correspond to the molecule being trapped by the
We consider the functiof}(t) which grows linearly as centrifuge field. For these trajectories only 3% are ejected

Bt whenQ<Q, Qp, but then saturates &y~Qp, Q. earlier, and the rest of the trajectori€@y %) lead to a selec-

Numerically, we model this function as tive dissociation of the CN bon@dwe do not observe CH

Bt dissociation at t~33 ps. For3=7x10"° Ehtal the same

Q) =Q¢* tanl‘(ﬁg 8) percentage of molecules is dissociated but with an average

0 dissociation time equal to 24 ps.

where () is the optimization parameter. Settir,=1.12 The optimization is rather sensitive to the value(hy.

x 10" st and B=3.4x10° eVs !, we obtain a dramatic Too low a value is insufficient for dissociation, while too

improvement in the selective rotational dissociation. A typi-high a value leads to premature ejection of the molecule

cal trajectory is shown in Fig. 3. Both bonds are steadilyfrom the frap. To show this a calculatlon was done with

stretched until the centrifugal force breaks the triple CN=5X10"° Ety* andQc=0.0026t, * (1.07x 10" s71). As

bond, and only at this point is the molecule ejected from thghe number of trapped molecules only depends on the value

angular trap. Similar results are obtained in a model calculaef 3, we obtain the same rate as previou®$.5%. But, in

tion with HCN kept linear. This shows that the dissociationthis case, none of the trapped molecule are dissociated be-

dynamics are not affected by the bending motion. cause the angular velocity of the laser is not high enough for
With these laser characteristics, which are similar tothe dissociation angular momentuly to be reached. When

those used with G| '* 98% of trajectories lead to successful Q¢ is increased to 0.0028,*, we still observe only the

dissociation of the CN bond by the centrifugal force, pro-dissociation of the CN bond, but with a lower overall effi-

vided the molecule is caught by the centrifuge during theciency(89.25% instead of 97%However the average time

turn-on. Overall 73% of trajectories lead to dissociation offor dissociation is decreased. For exampgla.=0.0027

the CN bond while 25.6% of trajectories are not trapped byt,* leads tot~33 ps, whereas)c=0.0028 t,' leads

the centrifuge. The remaining, 1.4%, correspond to dissociao t~26 ps.
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FIG. 3. A typical trajectory obtained with the polarization vector rotating according to the expression given (@) Bdth Q,=1.12x10* s and 8
=3.4x10° eV s 1. Both bonds are steadily stretched until the centrifugal force breaks the CN bond, and only at this point is the molecule ejected from the
trap. Bending is suppressed during rotational acceleration.
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