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Sustainable orientation of polar molecules induced by half-cycle pulses
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Subjecting polar linear molecules to appropriately designed half-cycle electromagnetic pulses induces strong
orientation of the molecules. This is deduced by inspecting the quantum dynamics within a simplified model
which yields analytical conditions for the parameters of the pulses that lead to strong molecular orientation
sustainable for hundreds of picoseconds. These analytical predictions are largely confirmed by a full numerical
time-dependent study of the orientation process for Nal molecules. Further strategies for increasing and main-
taining the molecular orientation are proposed and numerically illustrated. Our finite-temperature calculations
demonstrate that the molecular orientation persists at considerable temperatures.
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[. INTRODUCTION numerical calculations of the time-dependent probability
density as well as of the molecular orientation as obtained
In most cases chemical reactions are sensitive to the reldrom an (numerically exact solution of the time-dependent
tive orientations of the reactarits—3]. Therefore it is highly ~ Schralinger equation. Further numerical strategies for in-
desirable to develop a strategy for orienting the molecules i§reasing and maintaining the molecular orientation are also
a particular way and in a controlled manner. This is also tru’roposed and demonstrated by numerical examples. These
for laser-induced isomerizatiof#], molecular trappind5], schemes include the whole spectrum and hence are beyond
catalysis[6], high-order harmonic generati¢i], and nano- the capability of the two-level model. The calculations are
fabrication employing laser focusing of molecular beamsalso performed at finite temperatures, and it is demonstrated
[5,8]. that considerable molecular orientation can be induced and
It is well known[7,9—15 that orienting or aligning mol- Maintained at temperatures as high as 10 K.
ecules can be achieved in several ways using static or time- The paper is organized as follows. In Sec. Il we provide
dependent electromagnetic fields. Of particular interest fothe details of the theoretical model utilized for studying the
the present Study is the poss|b|||ty of inducing a strong Ori.time evolution of a diatomic molecule SUbjeCt to a sequence
entation of a polar linear molecule by subjecting it to elec-0f HCPs. A two-level system approximation is also devel-
tromagnetic half-cycle pulse$iCPS. This is insofar inter- oped in Sec. II, and the time dependence of the molecular
esting as by applying a HCP molecular orientation jsorientation is studied using this analytical model. Calcula-
achievable without disturbing the electronic and Vibrationar[iona' details and the results are discussed in Secs. lll and IV,
modes of the moleculgl1,12,14. When the pulse is turned respectively. Finally, a brief summary is given in Sec. V.
off the molecule remains orient¢dl1—-13. In previous stud-

ies it has been shown that, for postpulse times, a moderate Il. THEORY
molecular orientation persists for a few picoseconds only
[7,9-13. A. Model

We show in the present study that following a certain In this study we are concerned with a diatomic molecule
scheme specified below, a stroigompared to previous that resides in the electronic ground state. We consider those
strategies molecular orientation is achievable using HCPs.molecules that have a relatively large permanent dipole mo-
This molecular orientation can be maintained up to hundredment and a large moment of inertia, as a prototypical ex-
of picoseconds. The basic idea is to find the parameters fample we study below Nal. The molecule is subject to a train
designing the appropriate train of ultrashort HCPs. To thiof ultrashort HCPs. The HCPs are chosen such that the du-
end, we start by inspecting a simple analytical model thatation of a single HCP is much smaller than the rotational
consists of a two-level system subject to a train of ultrashorperiod 7,,; of the molecule(for Nal 7,,,=138 ps). HCPs
HCPs. This model is too crude for describing all the facets ofvith these characteristics are readily available nowadays.
the quantum dynamics of the molecule. However, as showhlCPs with peak fields of several hundreds of kV/cm and a
below, it is useful insofar as the parameters of the optimabtluration in the subpicosecond regime are achieVid8el 7).
pulse sequence can be deduced analyticdtly achieving  Of particular importance for this study is the ability of de-
maximal orientatioh The analytical predictions are then em- signing trains of ultrashort HCH48-20.
ployed as a rough guide for more elaborated studies of the Below, we employ HCPs that have a duration of the order
time evolution of the molecule under the action of the de-of 0.5—1 ps. The peak amplitudes of the HCPs are up to 600
signed train of HCPs. Below, we present and analyze fulkV/cm. These parameters of the peak HCP amplitudes ensure

that the molecule is not damaged upon the action of the

HCPs train[11,17. In addition, vibrational modes are not
*Email address: amatos@mpi-halle.de excited by such plusekl1,17. It should be noted at this
"Email address: jper@mpi-halle.de stage that, according to Maxwell's equations for a freely
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propagating electromagnetic wave, the time integral over the _ICu(t)

electric field should be zero. Hence, a HCP is in fact a i —— =EmCum(1) = 1oV(HUMCi (1), (4)
strongly asymmetric monocycle pulse that consists of a very

short, strong half-cycléonly this part is usually referred to
as a HCP, followed by a much slower half-cycle of an op-
posite polarity and a much smaller amplitudealled the — T

HCP tail). Typical pulse amplitude asymmetry is 13:1. For Cu0=Com(®.Cam(®). ... s (O O
the present molecule and for the specific parameters of th‘F
HCP used below it turned out that the tail of the HCP has

hardly an influence on the results shown below.

For the properties of the molecule and the HCPs, as speci-
fied above, the quantum dynamics of the molecule subject t&urthermore we define
the HCP is correctly described by the rigid-rotor approxima- '
tion [10—13. Within this approximation the dynamics of the o
system is determined by the following time-dependent Ew=diagEom ,Eam. - Bap ), )
Schralinger equation:

whereCy(t) is a vector of the form

he matrixU,, is composed of the elements

Usmarm=(Ym(0,¢)|[cost|Y; u(6,)). (6)

whereE; \, are the eigenenergies of the unperturbed mol-
av(6,¢,t) [L2 ecule.
h———=| 5y ~#oV()cos0) W (6,4,0). (1) Integrating Eq.(4) over the time we obtain the following
stroboscopic map frorb=t, to t=t, ;:

We consider a diatomic molecule with a permanent dipole
momentu,. The reduced mass of the nuclei is denotedrby
The moment of inertia at the internuclear equilibrium dis- ] ) ] )
tance Ry is referred to ad =mR and L is the angular- N this relation we introduced the notati@Hy’ = Cy(t) and
momentum operator. The polar and the azimuthal angles b&mployed the initial conditiorC{;’=Cy(t=0). In addition
tween the molecular axis and the applied field are denoted? the stroboscopic descriptipRq. (8)] of the wave-function
respectively, byd and ¢. As can be seen from Eql) the evolutlc_)n, a(Contlnuou$ propagation betwee_n consecutive
applied HCPs are supposed to be linearly polarized with ®ulses is .perfolrmed. This can be done by noting that between
time_dependent enve'opdt)_ In the impulsive approxima_ consecutive kicks the SyStem eVOIYeS f|.e|d'free-. Th-erefore,
tion, the shape functiok/(t) is described satisfactorily by a the system dynamics can be described in the time intervals

CSI(+ 1) ol (roAPKH) Uy~ (i/h)EM(thrl—tk)CSl() . ®)

series ofN consecutivekicks i.e., test<ty,, by
N Cu(h=e (MEWCH  ty<t<te;. (9
V<t>=k§1 Apid(t—ty). )

Alternating Egs.(8) and (9) the all-time evolution of the
system is obtained.

The time at which théth pulse is applied is denoted ly. The degree of the orientation of the molecule can be char-
The quantityAp, is the area enclosed by ti¢h pulse(the  gcterized by the expectation value

time integral over the pulsei.e., the momentum transferred
to the molecule by th&th pulse. cosO) (1) =(¥ (0, d,t)|coso| ¥ y(8,4,1)). (10

If the applied HCPs are linearly polarized and in the ab- < g (P | P )
sence of any other symmetry breaking fields the moleculerhe orientation parametdicosé)y(t) varies in the interval
retains the cylindrical symmetry around the molecular axis{ — 1 1]. perfect orientation is signified by an extremal value
As a consequence, the projection of the angular momentuigt (cosg),,(t). A direct visual picture of the overall quantum

dependent wave function that describes the quantum dynamme-dependent probability density

ics of the molecule under the action of the HCPs can be

written as an expansion in terms of the stationary eigenstates, 27
namely, Pu(6,t)= fo | ¥ (6, ,0)[%de. (11
Jmax .
T (0, ,0)=> Cyu(D)Y;m(6,b). (3 The quant|t|es(co_56>M(t) and Py(6,t) are the central ob-
o 7 ' jects of the analytical and the numerical analysis presented in
the following sections.
We assume that the initial value bf, is M. Y; (6, ¢) are Due to the smallness of the rotational level spacing the
the spherical harmonics, anlj, ., is the highest eigenstate rotational modes can be thermally excited. Therefore, a real-
which is relevant for the time evolution of the system. istic treatment has to include the effects of finite tempera-

Substituting Eq(3) into Eq. (1) we obtain the following turesT and to include the thermal average. For the orienta-
system of differential equations for determining the expan+tion parameter the thermal averageosé))(t) is obtained at
sion coefficients: low temperatures from the relation
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Imax J andt, =t,—e (with e—~0") andt, refer to the times just
((cos®))(t)=Z2"1> P(J) > (€os); m,(t). before and right after théth pulse, respectively. On the
=0 My=- 15  other hand the field-free evolution of the system in the time
12 intervalst,<t<t,,, is determined by
In the equation abovécos@}mJ refers to the orientation

parameter corresponding to a molecule initially in the cospc —sinBy 0

|J,M ;) stationary state. The function B(t)=| sinBx cosBy O [B(ty), (18)
- %—BJ(J+1) 13 0 o 1
kgT where
is the Boltzmann distribution function associated with the 2m(t—t,)
rotational statesB=72/(2l) is the rotational constant of the ﬁk:—k (19
molecule andkg is the Boltzmann constant. The partition Trot

function is denoted b ) )
y and 7,,; denotes the rotational period of the molecule. Equa-

Imax tions (16) and(18) offer a clear geometrical interpretation of
Z= 2 (2J+1)P(J). (14)  the evolution of the system. The action of tiga pulse rep-
I=0 resents a counterclockwise rotation of the Bloch veBtdny
an anglea, round thex axis, while the field-free motion
B. Two-level system approximation between th&th and the k+ 1)th pulses amounts to rotating
B counterclockwise by an ang}g, round thez axis.
_Within the TLSA the orientation parametiggq. (10)] can
be rewritten in terms of the Bloch vector as follows:

For a clear understanding of the time evolution of the
system we develop in this section a two-level system ap
proximation(TLSA). This approximation is based on the as-
sumption that only the two lowest eigenstates are involved in
the system evolution. The TLSA is in general of a limited 1
validity, in particular it breaks down with increasing tem- <C056>M(t)_ﬁ8>‘(t)'
peratures and/or for strong HCPs. Under appropriately cho-

sen conditions, however, the TLSA provides a useful andy the Bloch space, the initial state of the system is given by
comprehensive picture of the evolution of the system. In adgne vector(0,0, (note that this vector is invariant to rota-
dition, as detailed below it is possible to deduce from thisions round ther axis, i.e., it actually represents a stationary
model analytical conditions for optimal control of the mo- giat9. while the state of optimal orientation corresponds to
lecular orientation. the vector(1,0,0 [see Eq.(20)]. The process of inducing
Within the TLSA the complex vectoCy reduces 10 @ mojecular orientation consists then in transforming the vec-
two-dimensional spinor. For our purpose it is convenient tor (0.0.1 into (1,0,0 through rotations around theand z
perform a transformation from the spinor space 10 a reahyes, One then searches for pulse parameters of field-induced
space. It can be done through a transition from(BUo0  (otations that leave quasi-invariant the Bloch vedth0,0
SQO3) by introducing the Bloch vectoB=(Bx,By.Bs)  corresponding to the optimal molecular orientation. This
whose components are given by simple geometrical interpretation leads to the procedure il-
.t . lustrated in Fig. 1 for inducing and maintaining the molecu-
Bi=CnoiCu, 1=xy.2, (19 lar orientationgof a molecule i?ﬂtially in its rotat?onal ground

where, represent the Pauli matrices. The evolution of theState- One applies, dt=t; =—¢ (¢—07), an auxiliary
system is then described by rotations of the real vebtor Pulse with a peak amplitude such that= /2 and the initial
with the constrain{B|=1 imposed by the normalization of Bloch vector(0,0,3 evolves to (0--1,0) [see Fig. 1a)]. Af-
the wave function. ter a subsequent time delay, &tt, =(7,o/4)+y—€ (v
From Egs.(8), (9), and(15) we obtain that the action of <7ro/4, €~07), the Bloch vector evolves as shown in Fig.
the kth pulse on the system is determined, in the Blochl(b) and the molecule is well orientefshote that now the

(20

space, by the following relation: vector B is close to the vectof1,0,0 corresponding to the
optimal molecular orientatign Figure 1c) shows the Bloch

1 0 0 vector att=t,, after the application of a second pulsetat

B(ty=| 0 cosa —sinay |B(ty), (16) =t, with pulse parameters such thaj==. Then, upon a

, time delay 2y, the Bloch vector evolves again to the position
0 sina,  cosay depicted in Fig. (b). Iterating this procedure the Bloch vec-
tor oscillates between the positions displayed in Figb) 1
and Xc), i.e., in a close vicinity of the vectdi,0,0. Thus,
A following this scheme the molecule attains and maintains
:2’“0 p"' (17) nearly its maximal 0rientati0|(1cose>~1/\/§ [see EQ.(20)]
NE) until the train of pulses is turned off.

where

ag
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A achieved at time intervals close to the time at which the
t=t z (a) molecule reaches its optimal orientation. As a result of this
behavior, if we subject the molecule only to a single pulse
we cannot achieve a sustainable molecular orientation. In
fact, within a rotational period, the time average of the ori-
entation parameter vanishgkl,12.

The above picture of the creation and the time evolution

y of the molecular orientation changes if a second HCP is ap-

X plied at the time when the molecule reaches the maximal
A orientation (due to the first HCPand starts to reverse its
t=t’ z (b) rotational motior{cf. Fig. 1(b)]. Provided the second pulse is

strong enough, a new reversal of the rotational wave packet
motion is induced. Consequently, the molecule returns to its
maximal orientatiorcf. Fig. 1(c)].

From the above we conclude that the application of sev-

R P S eral appropriately designed pulses renders possible the cre-
------------------------------------ y ation of sustainable molecular orientation lasting as long as

X the duration of the train of HCPs. The ideas behind this
A scheme are also valid in the general case when all the levels

t=t, zZ (o) participate in the evolution of the system. The key question

for practical implementation of the scheme is how to deter-

mine the parameters of the required pulses. The first hint for

o answering this question was provided by our discussion of

------------------------------------------- the TLSA. However, as the TLSA is not valid for arbitrary

” values of the pulse parameters and is expected to fail espe-
""" Sl S cially when increasing temperatures, we also performed full

numerical calculations for the optimization of the molecular

orientation. These calculations are discussed in the following

FIG. 1. (Color onling Geometrical illustration of the time evo- sections.
lution of the system(a) The Bloch vector at=t;=0. (b) The

Bloch vector att=t, =(7,o//4)+v—€ (y<7o/4, €—=07). (C) IIl. CALCULATION DETAILS
The position of the Bloch vector at the tinte-t,.

In the general case, when subjecting the molecule to a

Summarizing, the TLSA leads to the following sequenceStrong HCP at finitel, a large number of levels has to be
of HCPs for a large sustainable molecular orientation: Ondncluded for a proper treatment of the time evolution of the
applies, at first, an auxiliary pulse with a peak amplitude thafystem. An analytical approach becomes then intractable and

provides the KickAp,= 3% m/(4uo) (i.e., ay=m/2) and, ©N€ has to resort to full numerical methods. This section
after a time delayt,—t; = (7,0/4)+ v, a periodic train of provides the det.alls of the numerical model for optimizing
: - 7 the molecular orientation.

HCPs with periodr,~2y and Ap,=2Ap,; (k>1). The To obtain th f ioFEQ. (3 h deter-
value of y can be arbitrarily chosen within the restrictign 100 tain t € wave u.n.ctloﬁ 9. (3)] one has to deter
<r.,,J4 but not too smallto avoid the overlap of consecu- mine the expansion cc_)eff|C|ents. Those are deduced from Eq.
tive pulses. (9)_ between consecutive pulses and from the matching con-

The geometrical interpretation discussed above offers th ftions, Eq:(S), at the time steps when the pulses are "’?Pp"ed-
following physical picture of the evolution of the system he quantities ch_aracterlzmg the moleculgr orientation are
which serves as the basis for the control schemes proposé‘laen evaluated using Eqe.0) and(_ll). The h|ghest r_elevant
here (it will be shown below that this picture is not only angular-momentum valu, of Jis determined by inspect-
valid for TLSA but also viable for the general cas&he ing the convergence condition
application of an auxiliary HCRor several auxiliary pulses Imax I
as discussed in the following sectjooreates a rotational E 2 IC, ul?~1, (21)
wave packet. Applying the external field the molecule begins Fompz=-a 0 T
to orientate along the field direction until it reaches a maxi-
mum orientation. We recall that the molecules consideredvhich states that the angular-momentum states beygnd
here have a large moment of inertia. Therefore, once thare irrelevant.
maximum molecular orientation is achieved, the molecule In this work we study Nal molecules. This particular mol-
reverses its rotational motion to orientation in the oppositeecule is chosen as prototypical example for a polar molecule
direction. This process of reaching maximal orientation fol-with a large moment of inertidthe rotational constanB
lowed by orientation reversal is periodically repeated. This is~0.12 cn!) and has a permanent dipojg,=9.2D. As
because after the pulse has passed by, the molecule evolvasted in the Introduction, for the treatment of the HCPs
in a field-free fashion. Strong molecular orientation is onlywithin the impulsive approximation, it is essential for the
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FIG. 2. (Color onling (a) The time dependence of the orienta-  FIG. 3. (Color onling (a) Time dependence of the orientation
tion paramete(cosé) in units of the rotational period of the mol- parametel cos6) obtained with a first pulse applied gt=0 and a
ecule. The pulse width is 1 ps<(0.0072r,;). The optimal orienta- second one at,=36 ps 0.26r,,,;) for different values of their
tion pulse parameters are derived from the TLHA=O0, t, strengths. Dashed line corresponds Fg=50 kV/cm and F,

=39.5 ps £0.29%,4), tye=t,+(k—2)7,, 7,=10 ps =240 kV/cm. Solid and dash-dotted lines correspond Rg
(=~0.072r,4), F1=93.5 kV/cm, and~,=187 kV/icm k=2)]. The =60 kV/cm and F,=220 kV/cm, andF;=70 kV/cm and F,
results of the TLSA(solid curvg are shown along with the full =420 kv/cm, respectively(b) Normalized angular distribution of
numerical calculationgdashed curve (b) Numerical results(in- the probability density corresponding to the dash-dotted lin@)in

cluding all the spectruinfor the angular and time dependence of as a function of time and.
the probability densityP(6,t) normalized to its maximum value

Pmax- The pulse parameters are the same as)in which is shown in Fig. @). Initially [before applying the

) ) first pulse €<0)], the probability densityP(6,t) is isotro-
rotational periodr,,; to be much larger than the pulse dura- pically distributed, signifying the absence of orientation. Af-
tions (~0.5-1 ps). This condition is well fulfilled for Nal ter the application of the second pulse the angular distribu-
since its rotational period is;o,=138 ps. Thus the sudden tijon of P(4,t) is squeezed in a localized region arouéd
approximation Eq. (2)] is justified and used throughout the —q [cf. Fig. 2b)]. The strong localizatiorforientation ef-
caIcuIatipns. As done_in Refl12], we assume sine-square fect is time dependent and lasts fer~250 ps (i.e., 7
HCPs with peak amplitudeB, up to 600 kV/cm and dura-  ~1 g, ). When the HCPs train is over the system evolves
tions in the range ofi~0.5-1 ps. The pulse areas are thenjp j field-free manner with the rotational period of the mol-
obtained as\ p,=Fd/2. Areasonable choice for the ratld  ecyle, regaining again its strong orientatiort atr+ 7, .
of the pulse duration as compared to the time delay between The TLSA guided us to the procedure of Fig. 2 which,
them is essential. This choice has to be made in such a Wasbmpared to previous schemg@sg., Refs[9-13), yields a
as to avoid the overlap of consecutive pulses. In the preseifrong and sustainable molecular orientation. On the other
study we employ for this ratio a maximum &= 1/8. hand, the full numerical results indicate the possibility of

The calculations were performed for the scheme providegchieving even stronger orientation when higher levels are
by the TLSA in the preceding section, and further schemegncluded (see Fig. 2 Therefore, we envisage a second
based on applying multiple auxiliary pulses and a subsequeRicheme based on applying two auxiliary pulses. Within this
train of HCPs for OptImIZIng the molecular orientation were Scheme we app|y at first two aux”iary pu|ses for inducing
also numerically implemented, as discussed in the followingstrong orientation. The duration of the pulses is set to 1 ps
section. (=~0.0072r,,;) and the time delay between them to 36 ps

(=~0.267,,;). Note that the time delay assumed is a few pi-
V. RESULTS cosecond smaller than the value provided by the TI(SRA5
' p9 in order to take into account that when higher levels are

In order to test the predictions of Sec. Il B, we performedincluded the orientation after the first pulse occurs faster than
a full-fledged numerical calculation with the pulse param-within the TLSA[see Fig. 2a)]. The strength&; andF, of
eters predicted by the TLSA. The results are shown in Figthe pulses are then numerically determined by imposing the
2(a), where the time dependence of the orientation parameterondition {cos6)>0.8. Several combinations obey this re-
is displayed. As clear from Fig.(@, the TLSA(solid line) quirement, here we just show some of them in Fig. 3.
cannot reproduce quantitatively the full dynamics of the sys- The results displayed in Fig. 3 are in agreement with
tem (dashed ling but it is in qualitative agreement with the those reported in Ref15], where an accumulative squeezing
numerical calculation, showing that the scheme suggested impproach for inducing strong orientation is proposed. The
Sec. Il B for inducing an efficient and sustainable molecularscheme of Ref.15] is based on the application of a sequence
orientation is essentially valid even when all the levels areof pulses. Each pulse is then applied when the molecule,
incorporated in the system evolution. A further useful quan-after application of the previous pulse, reaches its maximum
tity for the understanding of the time evolution of the systemorientation(a similar behavior can be appreciated in Fig. 3
is the angular and time-resolved probability den$tg,t) We note, however, that the accumulative squeezing approach
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proposed in Ref[15] requires the time delay between con- 1.0
secutive pulses to decrease exponentially with the number of 05 &
pulses, making the scheme too restrictive when a large num- 0.0 §

ber of pulses need to be considefedan actual experimen- o

tal situation the procedure will lead to the overlapping of the 08 Y
pulses. The authors of Ref.15] proposed then to overcome 1.0

this problem by the introduction of the,,, shift (during POY /P,
which the time average of the orientation is 2ebetween 0
the pulses. Consequently, within the accumulative squeezing g'i
approach the molecular orientation is not sustainéblehe I os

sense that between the successive times at which the mol- %0 05 10 15 20 25 30 35 NN O
ecule is well oriented, the time average of the orientation is
zero. As suggested by the TLSA, to maintain the molecular , , , )
orientation induced by the auxiliary pulses for times of the FG- 4. (Color onling (a) Time dependence of the orientation
order of 7, Or larger, the pulses have to be applied after the[iaégn;zte(ffgozsgz O)btat'nfig"‘g;h ég%gf'd) p?riTeJtre(nE:g),th

i i i i in Y- rot)s 37 Y rot/s kT '3 - )
molecule has reversed its rotational motion, i.e., at certalnT 8 ps (<0.06r.). Fy=50 KV/cm, Faz 240 KV/cm, andlgk

. ; ; i Ty
delay time after the molecule reaches its optimal orientation, 540 kv/cm &=3). (b) The corresponding normalized angular

Once the param_eters of the two aUX|I|_ary pulses_tha_lt Iea_(&istribution of the probability density as a function of time afd
to a strong orientation have been determined, a periodic train

of HCPs which maintains the strong molecular orientation i
applied. The optimal peak field and the period of the pulse%

are found by fixing the values of the pulse widthe as- The results are depicted in Fig. 5 when the time depen-

sumed 1 psand setting the timé; of application of the train  jonce of the thermally averaged orientation is displayed for
of HCPs close to the time at which the molecule, after apyjgerent values of the temperature. As shown in Fig. 5,
plication of the second auxiliary pulse, has reversed its rotagithin our scheme, a strong molecular orientatioampared
tional motion(i.e., a short time after the molecule reaches itStg other method§10,11,13) can be achieved and maintained
maximum orientation We then compute the time average of g\en 4t finite temperatures. It is worth noting that the fact
the orientation that the orientation shown in Fig. 5 is maintained for a
shorter interval of time than in the case of Fig. 4 is not a
1 7§ temperature effect. It is due to the fact that in Fig. 5 the
Q= ff (cosg)(t")dt’, (22 period of the pulses has been set to a half of the period used
(Tf TI) Tj . . . . . .
in Fig. 4 while keeping the same number of applied kicks.

Therefore one can maintain the molecular orientation for
where 7; and 7; are the times at which the HCPs train is, larger times by applying more pulses.

respectively, applied and turned off, and determine the values
of the peak field and the period of the sequence of HCPs that
lead to optimal orientation, i.e., those that maximize the av-
eraged orientatio. The prime motivation of this work is to identify the pa-

The dynamics of the molecular orientation and the anguframeters of HCPs that, when applied to a polar linear mol-
lar distribution corresponding to the maximum value@f ecule, lead to strong molecular orientation. To achieve this
[see EQ.(22)] are displayed in Figs.(d4) and 4b), respec-

time[z,]

ulses and the time delay between them as well as for the
eak amplitudes of the train of HCPs.

V. CONCLUSION

tively. The same qualitative behavior as in Fig. 2 is observed, 06— .

but now the molecular orientation is stronger. ,.4"“.,_.*"“»«;"‘{.'4“%"‘-‘“".' _____ Tegk B
Generally, the orientation strength is destroyed at high 03.' ': — T-5K i

temperature§ [10,11,13. Thus, to achieve appreciable ori- ’ i -———-T=10K '

entation at finiteT we developed a three-auxiliary-pulses
scheme. We use pulses with a duration of 0.5 ps
(~0.0036r,,;) separated by a delay time of 4 ps

(=~0.037,,;). The strengths of the first and the second auxil- u
jary pulses are taken asF;=400kV/cm and F, 035 05 10 15 2.0
=200 kV/cm. Following a similar procedure as for the two-
auxiliary-pulse scheme, the optimization was performed with

respect to the strengthy of the third auxiliary pulse, while FIG. 5. (Color onling The thermal average({cos6))) of the

keeping the peaks of the subsequent train Bf  orientation parameter vs the time at different temperatiiess
=600 kv/icm (k>3). To suppress the adverse effect of thegepicted in the figure. HCPs are applied at times(I —1)7, [ 7,
thermal average on the molecular orientation, generally-4 ps (~0.03r,,,), 1=1] with strengthsF,=400 kV/cm, F,
stronger pulses with shorter delay times are required. That is 200 kv/cm, F,=600 kV/cm (>3). The optimal values oF,
why we have taken the limit value@vithin the range of are found to be about 375 kV/cm, 528 kV/cm, and 593.6 kV/cm
pulse parameters considered hefer the duration of the for temperatures 2 K, 5 K, and 10 K, respectively.

0.0t

<< COS 0 >>

time [ 1]
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goal we started from a simplified two-level approximation suggest further a procedure for inducing and sustaining a
that yields analytical results for the appropriate pulse paramstrong molecular orientation. Finite-temperature effects are
eters. The prediction of this model serves as a starting poirihcluded in the calculations, and it is shown that the molecu-
for full numerical calculations including the complete spec-lar orientation achieved within our method is robust to ther-

trum of the system. Based on numerical optimization, wemal averaging.
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