JOURNAL OF CHEMICAL PHYSICS VOLUME 111, NUMBER 6 8 AUGUST 1999

A quantum mechanical view of molecular alignment and cooling in seeded
supersonic expansions
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Experimental investigations on the collisional alignment of the rotational angular momentum,
occurring in supersonic seeded beams and in drift tubes, have recently documented a strong
dependence of the observed effects on the final molecular velocity. The present investigation aims
at elucidating the possible mechanisms at the molecular collision level. Quantum state-to-state
differential scattering cross sections, calculated for the prototype sysjetre) for an interaction
potential previously obtained in this laboratory, exhibit propensities relevant to reveal nature and
selective role of the elastic and inelastic scattering events, participating in the overall mechanisms
which lead to molecular alignment and cooling. The present analysis shows that the dynamics of
such phenomena crucially depends on the initial and final rotational state, on the collision energy,
on the involved orbital angular momentum and therefore alternative routes are possible for
molecular polarization and relaxation. These routes lead to scattering into specific angular cones and
therefore observations from different experiments provide complementary pieces of information
which, exploiting studies of various molecular systems under diverse experimental conditions, can
be correlated in a single mosaic. 99 American Institute of Physid§0021-960629)01729-§

I. INTRODUCTION the result of a myriad of molecular collisions. After the first
experimental observation by Steinfeld and Korvi(as re-
Hported in Ref. B, earlier evidence for collisional alignment in

molecular beams was limited to some rotational states of
5-8
S

A natural source of aligned and internally cold mol-
ecules involves the use of molecular beams “seeded” wit
lighter carrier gases: collisions occurring during the super- Ikali dimer
sonic expansion produce molecules in low roto-vibrationala o . -

k e : The potential interest of aligned molecules for collision
states with specific alignment of the rotational angular mo-

mentum. This paper reports a quantum-mechanical study oqynamlcs studies has also long been recogriizdcord-

atom-molecule collisions of relevance to the interpretation Ofngly, consideraple gfforts have been Qedmé‘{eﬁz 0 pro-
duce and probe collisional molecular alignment for a variety

recent experimental developments, including the discover ¢ ies b dth v “alkali "L ttention h
of the dependence of the alignment on the final moIecuIaE Species beyond the early “afkall age.” Large attention has
een devoted to characterize its dependence on parameters

speed- .
An early qualitative discussion was advanced by Gortelsuch as source pressure, nozzle shape, rotational state, angu-
lar displacement from the beam aX%!°and recently, the

in 193¢ to account for thermal conductivity experiments on S . 1.16-18
flows of oxygen moIecuIe%According to the Gorter mecha- final molecular vel_ocn)}. . The .observed features we.re
found to be often incompatible with the Gorter mechanism

nism, molecules flying with the rotational angular momen- s o =
tum perpendicular to the flow directidledge-onconfigura- and difficult to unify in a homogeneous description, even for

tion) offer a smaller target to collisions and thus suffer lessSYStems expected to behave simildiyndeed the complete
randomizing events than those travelmgad-sidei.e., with charqcterlzatllon of th_ls.complex phenomenon to a micro-
the rotational angular momentum parallel to the flow direc-SCOPIC level is of basic importance to properly plan a great
tion. The net result would be a prevalesdge-onalignment variety of experiments with supersonic seeded beams of di-
of the molecules in a flow system. Later, Ranfspyoposed atomic or polyatomic molecules of different type, as well as
the possibility of aligning angular momenta of molecules andPf open shell species.
open-shell atoms by collisions in molecular beams, by ex- An important application of molecular beams with con-
ploiting the selective attenuation through a buffer gas androlled rotational alignment is the study of the anisotropy of
sampling the beam of transmitted species. intermolecular forces. Scattering cross sections of aligned O
Molecular alignment is now recognized as a prominentmolecules on Kr and X& and on Q* have been measured

phenomenon occurring in supersonic gaseous expansion ag8d their analysis, based upon close-coupling quantum me-
chanical calculations, has provided an accurate characteriza-
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sional alignment phenomenon is discussed in this paper bglignment degree, suggesting that competitive microscopic
presenting extensive numerical calculations based on examtechanisms may concur to the process of collisional align-
solutions of the quantum mechanical atom-diatom scatteringnent. Differences in the experimental findings appear when
problem. Section Il provides the proper background by anamolecules with very different moment of inertia and bond
lyzing the relevant experimental information and illustratinglengths(i.e., I,, Na,, CO,) are involved. Crucial are also the
the models which are available for their interpretation. Exactifferences in experimental conditions, for example for mea-
and approximate methods employed to describe scatteringurements carried out either near the nozabe well down-
events are summarized in Sec. Il and propensities emergingtream with highly collimated bearfs(i.e., with very differ-
from the calculated quantum scattering cross sections arent sampling angular cones
outlined in Sec. IV. A discussion of possible alignment In 1994 we presented the first evidence for a strong de-
mechanisms, useful to unify in a single picture the experipendence of rotational alignment on the final speed, for oxy-
mental information coming from different sources, is pre-gen molecules emerging from supersonic expansiomg,
sented in Sec. V. Discussion and conclusions follow in Secmeasuring the variation of paramagnetism in continuous
VI. An Appendix reports a discussion of the role of angularseeded beams. The,@olecule has an open-shell configu-
momentum couplingparticularly of spin in the case of @  ration and the electronic spi@ (responsible for its magne-
tism) and the nuclear rotatiorK angular momenta are
Il. EXPERIMENTAL BACKGROUND AND EARLY coupled to give the total angular momentumDuring the
MODELS collision procesK andS are decoupledsee the Appendix

The collisional alignment of molecules in a nozzle ex- and any alignment oK gives rise to a nonstatistical distri-
pansion under supersonic conditions was first noticed for |butions in thed component$?
by Steinfeld and Korving,by means of a laser induced fluo- ~ Subsequently, measurements of anisotropy effects
rescence technique. In 1974 Sinha, Caldwell, and Zarecollision cross sections for the ,©Xe system, showed a
found, with an analogous technique, a significant alignmentnarked dependence of these effects on the velocity of oxy-
Of Na2 in Supersonic beams Of Sodium atoms Containinﬁen molecules within the same SupersoniC Velocity distribu-
dimers, and later similar prominent effects were observed fofon, and confirmed the correlation between molecular align-
other alkali-metal dimer$:® The search for other suitable ment and speed. This technique of probing alignment by
molecular candidates required longer times: forahother — scattering avoids problems regarding the knowledge of the
ear|y report Suggested a small a“gnrﬁ’md a later one an behavior of the spin which, during the collisions, is effec-
appreciable effect.Qualitative evidence of a prominent ef- tively decoupled fronK (see the Appendix
fect were reported lat&tfor CO in the first excited rotational Further scattering experiments, performed by using su-
level and for the molecular ion N(in the rotational levels 4 ~personic seeded beams of nitrogen molecules and exploiting
and 10 drifted in He!' Pullman, Friedrich, and anisotropy effects in the measured cross sections, yielded
HerschbacH? probing the beam well downstream from the information on the rotational alignment for the case of N
source, investigated supersonic expansions demonstrati@id therefore in absence of electronic siGomparison of
the alignment to be facile and large by seedingnblecules the anisotropy effects measured in the scattering experiments
with various gas carriers. The lightest carrier gaswhs of O, and N, carried out under similar supersonic seeded
found to foster the largest alignment, followed by He and byexpansion conditions, provided further support for the degree
the other heavier rare gases. of alignment obtained from the paramagnetism measure-

In all of the preceding studies, molecules flyiedge-on ~ments.
have been found to predominate: this finding was confirmed ~ After our initial reports on this subject;® related works
for iodine'? but increasing the source pressure, the sign ofising laser probing of K drifted in He" and of CO in a He
rotational alignment was found to be reversed, favoringseeded supersonic pulsed bé&appeared, bringing further
broad-side configurations. The onset of the reversal de-evidence of the dramatic dependence of molecular alignment
pended strongly on the rotational state proliede also a on the final velocity. If®it was shown that @molecules in
previous report on N&°) their rotational ground stat& =1 were not significantly

Collisional alignment was reported also for thermgl N aligned at low velocitiess, while the population of those
expanded from a multichannel arfayand a dependence of flying edge-on(i.e., with K1 v) was found to increase with
the effect on the lateral displacement from the center of athe molecular speédover those flyingoroad-side(K|lv). A
iodine jet was noticed? qualitatively similar correlation between the degree of align-

More recently an extensive investigation in a jet expan-ment and final velocity has been found foj K = 15) ions,
sion has been carried out for G& confirming the general drifted in Hel’ for lower rotational states the alignment re-
features but also showing some aspects in disagreement witkerses its sign across the velocity profile. In the case of CO
previous findings. In particular Hwas found to lead to a (J=6),® (for this spinless moleculd is also the rotational
smaller degree of alignment than the one observed for Hguantum numbgmmolecules with) L v were found dominant
and no evidence of the reversed alignment mechanism, ret the lower velocities while those flyingroad-side(i.e.,
ported for b,'? was noticed for CQ even at the largest with Jiv) prevailed at intermediate velocities. The maximum
source pressure values. polarizations found for @and CO were about the safé

All of the studies reported so far withess the markedeven if the velocity integrated alignment was lower for the
influence of nozzle geometry and source pressure on th€O case. For thd=4 state of CO the velocity distribution
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of broad-sideflying molecules was found similar to that for Ill. THE QUANTUM TREATMENT OF ATOM-DIATOM
J=6, while theedge-onmolecules were found accelerated COLLISIONS

and colder, resulting in a lower net polarization. Practically  the theoretical treatment of the extreme collisional cool-
no alignment was found for the first excited rotational statqng and alignment which arise from internal-to-translational
(I=1). . ) energy transfer and from the conversion of anisotropic ve-
The observed phenomenology is again expected to dgycity distributions into angular momentum polarizations re-
pend not only on the nature of investigated system, on thgjres a formulation where elastic and inelastic collisions are
intermolecular potential, on the number and type of colli-considered at a quantum level. Earlier approaches focussed
sions promoting the alignment but also on the experimentahainly on velocity polarized rotational transfer cross sec-
set-up used. The purpose of the present study is to analyze fiyns, or state-multipole-tensor cross sectiths®
detail selectivity and role played by the microscopic scatter-  These quantities, related to state-to-state integral cross
ing events leading to relaxation and alignment of the rotasections by recoupling transformations, imply partial wave
tional angular momentum. summations and therefore carry no information on angular
Several attempts have been performed in the past tdependence of the scattering events. Complete quantum me-
model the mechanism of collisional alignment. The originalchanical studies of atom-diatom collisions is currently within
Gorter mechanisribased on simple hard-sphere cross secreach of presently available computational facilities.
tion arguments, suggests that the observed prevalence of The scattering amplitude for a transition between an ini-
edge-ommolecules is due both to their lower resistance to thdial and a final rotational state of a diatof@s a rigid rotoy
flow, with respect tdoroad-sideones, and to the larger pro- was given by Arthurs and Dalgarrid.General expressions
pensity of the latter to undergo randomizing collisions. Thefor state resolved integral cross sections in terms of basic
success of Gorter-like ideas along the years is based on théitelastic T-matrix elements have been given by Reuss and
simple geometrical appeal, but such an approach is clearl§tolt€’” as well as by Alexander, Dagdigian, and DePristo
inadequate to describe effects arising selectively from relaxtor the collision framé" and by Alexander and Davis for the
ation processes. The early experiments in molecular beanigboratory fixed frame of referenca.
were discussed in terms of a “hard ellipsoid of revolution” ~ The earlier formalism, which originates from methods
modeP which does not distinguish between elastic or inelasdeveloped to analyze experiments on the degree of fluores-
tic processes although some attention was devoted to tH&nce polarization_ from excited states and on pressure broad-
possible role of reactive exchanges. However, soon the hygning of spectral lines, was also used by Mayer and L€one
pothesis was formulatéahat the collisional alignment be to express anisotropic distributions of the rotational angular

determined by an anisotropic component in the scattering‘c’m‘:‘mu_m induced by transport phenomena. Relationships
cross section, manifesting itself because of the “velocity- etween integral tensor cross sections and generalized trans-

slip” 28 between the carrier gas atoms and the seeded moport cross sections have been given explicitly by Liu and
ecules Dickinson®®

According to a more recently proposed mechaniém, Follme-g, Rosmus, gnd Wgrﬁ@rs}udied -the collisional
nduced alignment of N ions drifting in a helium buffer gas

alignment depends on a balance of elastic and inelastic pr(% ) . .
cesses. This model, based on a competition between guantum close coupling calculation of the integral tensor
: ' cross sections and using aab initio potential energy

“bulk” alignment mechanism due to elastic collisiories- ! .- .
g t surface*! The resulting collisional alignment was found to

sentially the Gorter ideasand an “anisotropic rotational : .
] . . be smaller than the experimental valdén addition, as also
cooling” mechanism, accounts for the fact that molecules in_ _. .
. . - . pointed out by the same authors in a subsequent {oak,
an edge-onconfiguration suffer both less randomizing colli-

. - . ) . complete explanation of the observed alignment effects re-
sions and more efficient rotational relaxation than those in ?]uires the knowledge of tensor cross sections over a wide
broad-sideconfiguration. As a consequence, low rotationalrange of collision energy, to take properly into account ex-

states, mainly formed by relaxation processes are expected [Q imental averaging over the relative velocity distributions.
be preferentially aligned in thedge-ongeometry while for  herefore, a full quantum mechanical analysis becomes
molecules in high rotational states the effect of the depopug,mpersome, because of extremely expensive computations
lation originates an opposite behavior. Models based on clags the necessary tensor cross sections. These problems stimu-
sical trajectory calculations by the same autfidssipported  |ated the search of approximate methods, such as classical
these ideas and, by comparing alignment found over a widgajectories calculations, capable to replace close-coupled ap-
range of collision energies and impact parameters, pointefroaches to analyze experimental observable. To this pur-
out three distinct regimes: for direct-mode collisions apose a comparison has been presé‘ﬁmm/een calculations
“near-Gorter” and an “anti-Gorter” regimes were found for of inelastic state resolved and integral tensor cross sections,
small and large impact parameters, respectively; a “pseudgerformed both with classical trajectories and close-coupled
Gorter” behavior was also found and related to long livedapproaches and using the samie initio potential energy
complex formation. This study pointed out clearly the limits surface. Results, which appear to agree only semiquantita-
of the Gorter mechanism, suggesting the need of more acctively, suggest that more marked differences can be expected
rate approaches to describe effects which may selectivelin the state to state differential cross section, when calculated
depend on the impact parameter, as the velocity dependenwéth classical and quantum methods.

of the alignment. Recent evidence on the velocity dependence of colli-
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sional alignmenisee Sec. )l requires a substantial modifi-

cation of previous approach since the selective role of the 10'
different orbital angular momentéclassically of different 10° |
impact parameteysnust be taken into account. Therefore, to 0"
guantitatively describe these new alignment effects it is nec-
essary to take into account state-to-state differential cross
sectiong (DCS in the following]; as a consequence, both the
previously outlined approach as well as simpler models
based on classical mechanics are not adequate.

In this work extensive exact close-coupling quantum
mechanical calculations of state-to-state differential cross
sections have been carried out using an accurate interaction
potential for the @-He system, previously obtained in this
laboratory*® During each collision the rotational angular mo-
mentumK of O, molecule is decoupled from the electronic
spin S (the minor role of spin on the scattering is discussed
in the Appendiy. FIG. 1. Elastic cross sections with no helicity chang@antum mechanical

Although the formalism for close coupling calculations state-to-state DCS, for the,©He system, calculated at two different rela-

tive collision velocitiesy =342 ms* (left-hand columhandv=737 ms*
44 ;
of state-to-state DCS has also been fully developéd;“no (right-hand columj are plotted as a function of the center of mass scatter-

extensive investigations have been reported. Explicitly DCSng angle®. Results for elastic collisions with helicity conservatiohi
for the scattering of a diatom by a closed shell atom is ob=0, AM=0) of edge-on(M =0, dashed curvg¢sand broad-side(M =K,
tained as a weighted sum of contributions of partial cros ontinuous curveamolecules are reported for four different rotational states
. . . . Numbers indicate initial and findd andM values.
sections each one corresponding to a particular value of the
total angular momenturd. The initial and final states of the
diatom are labeledK;M;) and |K;M;) respectively where
M; andM; are the projections dk along the initial relative
velocity direction to be referred to as helicities in the follow-

ing. The DCS can be calculatédee for example Refs. 31

v=342 ms™ v=737 ms™'

15,15->15,15 |

7’7_>7'K ___________

15,15-515,15

differential cross section, A% sr™*

¢.m. scattering angle, ©

occurring in the experimental expansion of €2eded in He,
and considering various initial rotational states in order to
account for the @ broad rotational distribution in the
source!® For the present system convergence required the

and 44 as coupling of all the open rotational channels as well as some
dow s K of the ﬁrst closed ones. The motivation of such e>§t§nsive
R calculations must be found in the search of propensities and

de trends in the scattering from an anisotropic potential. Even if
the alignment of molecules in a supersonic expansion is the

_ (12) E (27+ 1)i|ff|f’f|i+|i’ resulft .of many coIIisionls.the elucidation of systgmatic pro-

ki, CATRERINE pensities in single collision events may shed light on the

alignment mechanisms.

Ki i I
><[(2|i+1)(2|(+1)]1’2(M' 0 —M )
i i IV. RESULTS: PROPENSITIES IN THE STATE-TO-

STATE DIFFERENTIAL CROSS SECTIONS

Ki I{ z K¢ I ¢ 7z
X M, 0 - Mi)(Mf Mi—M; — Mi) Extensive calculations have been carried out in order to
characterize the dependence of the scattering features on the
y K; I s 1z 17 collision energy and on the initial and final rotational levels
M; M;—M; —M;/ KiliKee Tkl Kyl |[KiM;) and |[K{M¢). In the following Fig. 1-6 only some
representative results obtained will be shown for the cm
X Y|*f' ’Mi_Mf((H))Y“ ,Mi_Mf(G)), (1) frame and any dependence on other relevant quantities, when

not explicitly shown in the figures will be discussed in the

wherek is the wavenumber of the system in the entranceext.
rotational channekK;, the terms in brackets arg 3ymbols State-to-state DCS can be classifiecelsstic (when the
andl; andl;, the orbital angular momentum quantum num- rotational quantum numbeé{ and helicityM are both con-
bers, take all the allowed value® denotes the center-of- served or wherK is conserved buM varieg and inelastic
mass(cm) scattering angle. The calculation of the scattering(whenK varies andM is conserved or when botk and M
cross sections requires the use of extensive close-couplingary).
numerical techniques. We have used ttw SCAT packagé Figure 1 reportselastic cross sections with no helicity
to calculate th@-matrix elements with proper modifications, changefor eitherM =0 or M =K. These two limiting values
in order to obtain the state-to-state DCS from Elj.and to  are the closest quantum-mechanical analogues of the classi-
generate both excitation and relaxation cross sections. cal edge-onand broad-sidemolecular configurations. Colli-

Calculations have been performed in the CM frame afsions at low orbital angular momentutulassically corre-
several collision energies, to cover the velocity-slip rangesponding to small impact parametéws leading to backward
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= — = -1
10" K=3,M, - K=3, M+AM , v=737m s 0 V=342 s v=787 mis
LA B S B R B L L B R R B A 10

L S e B T T T

oL aM=-1 P Ry 2 i
10 A Mz L RS 15,0->13,0 15,0130
\ - 15,15>13,13

S Pred LORNIEN

AT
VNN L

differential cross section, A sr”'
differential cross section, A2 sr™

AM=+3
107 3 1 0 i
10° m + m i
A 1 1 1 n 1 1 1 1 i L 1 1 n 1 1 n I 1 i
45 90 135 45 90 135
(a) c.m. scattering angle, ©

¢.m. scattering angle, ©

K=7,M, > K=7,M+AM, v=737ms™'

FIG. 3. Rotational relaxation cross sections for edge-on and broad-side
molecules as in Fig. 1, for two different relative collision velocities,
=342 ms! (left-hand columh andv =737 ms* (right-hand columh Re-
sults for inelastic collisionsAK = —2) of edge-on(continuous curvesand
broad-side(dashed curvgsmolecules in three different rotational stat€s
are reported. Numbers indicate initial and fikahndM states.

impact parametdrn). Other resultgnot reportedl suggest also
an attenuation of such a difference for higher collision ener-
gies. This behavior, apparently in line with the Gorter
mechanism, actually, from a quantum mechanical viewpoint,
NSNS I N AT N is seen to emerge from a more complex picture. First of all,
s %0 s 45 0 1% a key role is played by both the repulsive and the attractive
(b) ¢.m. scattering angle, ® . . . . ..
anisotropic components of the interaction, whose relative im-
portance depends on the collision energy. Second, for
edge-onmolecules colliding at small impact parameters,
both rotational excitation and relaxati¢see laterare opera-
tive: they do not occur for theroad-sideapproach.

In Figs. 4a)—2(c) are showrelastic cross sections with
helicity variations Nearly broad-sidealigned molecules un-
dergo helicity changeM;=M;x1 particularly resulting
from events with low orbital angular momentugsmall b)
leading to large scattering angles. Such contributions shift
towards smaller scattering anglellisions at largeb) and
become negligible, as the initial helicity decreases. This re-
sult is consistent with the Gorter’s suggestion thatad-side
molecules are randomized more efficiently thadge-on
ones. TheM;=M;*=2 bending of nearlybroad-sidemol-

© c.m. scattering angle, © ecules is also operative in the lar@erange although not so
FIG. 2. (a) Elastic cross sections with helicity variatiarss in Fig. 1 and at  large as for=1 changes. The occurrence of the same bend-
the relative collision velocity of 737 ms. Results for elastic collisions with ings of the rotational plane, corresponding td and *2
helicity variation @K=0AM=x1,=23) are shown foK=3. Num- — paicity changes, for nearlgdge-onencounters, is seen to
bers indicate the initial helicity stat®l;. (b) Elastic cross sections with . .
helicity variations as in Fig. Za) for K=7 and relative collision velocity of shift towards smalle@_(largerb)_, and*2 Chang_es dommate_
737 ms. Only selected examples of each setAdl data are shown(c) over the*+1 ones. This behavior can be ascribed to the in-
Elastic cross sections with helicity variatiares in Fig. 2a) for K=15and  creased and selective role of the centrifugal potential, which
relative collision velocity of 737 mig. Only selected examples of each set induces helicity changes through Coriolis coupling. Events
of AM data are shown. with M;=M, =3 have a much smaller probability, ending up

mainly in the intermediate angular range. These features of

M-changing cross sections do not vary significantly with the
scattering at angle®= =/2, exhibit a higher cross section rotational state, although total cross sections, as obtained by
for the broad-sideapproach. The difference attenuatesas integrating over the scattering angde(not shown, decrease
increases and vanishes for forward scattering, involving colasK increases. Physically this corresponds to an increase of
lisions at high orbital angular momentugolassically, large gyroscopic stability for faster rotors. Alsé-changing cross

differential cross section, A% sr™'

differential cross section, A sr™'
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K=5M, - K=3,M+AM , v=737 ms™' v=342 ms™ v=737 ms™"
) 10° e
ot I LA A 15,0-13,1 150-13,1 15,0-513,0
) - ---- 15013, | ---- 150131 1505130 |
107" | AM=—1 M= AM=+1 2 L T —— 15,1130
107 ~ 4 E
10° +——P N n,“.":.::I

A 5,0-3,1 5,0-3,0
107" B 5180 y 51-3.0

N

5,0-3,1

differential cross section, A% sr”'

differential cross section, A% sr™'

45 90 135 45 20 13

(a) c.m. scattering angle, ® c.m. scattering angle, ©
K=7,M - K=5M, + AM, v=737 ms” FIG. 5. Rotational relaxation cross sections of molecule in low helicity

states as in Fig. 1, for two different relative collision velocitiey,
T =342 ms? (left-hand columh andv=737 ms* (right-hand columpand
refer to the inelastic collisionsAK = —2) of nearedge-on(low helicitieg
molecules in three different initial rotational statés-15, 5 and 3. Number
represent initial and finak,M states. Continuous curves indicate processes
with AM = —1, dashed curveAM = +1 and dotted curveAM =0 respec-
tively.

L AM=:

responding cross sections are comparable \athd often

differential cross section, A% sr”'
3
T
> |
=
|'|
w

larger than the elastic ones of Fig. 1. In turiroad-side
10° z T N ] encounters exhibit higher probability to give rotational relax-
10" | e Tr. ﬁm 1 ation in the smalP (largeb) range, where the inelastic cross
R T . sections are lower or comparable with the elastic ones of Fig.
(b) c.m. scattering angle, ® 1. These features are common to all the collision energies

and rotational states studied, and suggest that the relaxation
Fig. 1 and at the relative collision velocity of 737 msResults for inelastic m the backward _dlrectlon Oédge_onmo.lecmes Is an effec- .
collisions (AK = —2) with helicity variationsAM = = 1,+2,+ 3 are shown, V€ process during the whole evolution of the supersonic
for the initial K=5 state. Numbers represent initial helicity stife. (b) expansion, although at the earlier stages it is competitive
Rotational relaxation cross sections with helicity change in Fig. 4a) at with rotational excitation. Sincdroad-side molecules re-
the relative collision velocity of 737 m$ and for the initialK =7 state. quire a helicity decrease in order to rotationally relax, for
Only selected examples of each setAdfl data are shown. .
them such a process occurs at larger orbital angular momenta
and leads to scattering at smalf@r On the whole it appears
from Fig. 3 that the efficiency of rotational relaxation in-
sections depend very slightly on the collision energy, therecreases with the decrease of the rotational ¥ate
fore the role of M-changing collisions is emphasized at
higher energies where the elastic components with helicity
conservation becomes significantly smaller. This is another
manifestation of the increasing role of the Coriolis coupling. v=737ms"

-1
Figure 3 presentsotational relaxation cross sections for 10 a3 ‘

FIG. 4. (a) Rotational relaxation cross sections with helicity change in

edge-on and broad-side molecul@nly the dominant relax- 10° | 9‘ Tl
ation channelgthose withK;=K;—2) are showr{see Fig. 6 10° 1‘,‘-/"’\';7,-1}\/\/ VA
for other cases In general, it can be noted thatlge-on o i 1505 K,0

molecules can cool down to a lowKrstate without helicity 1’5,7_>|<,17
variation, while broad-sideones require also a decrease of
the helicity in order to rotationally relax. Present results sug-
gest that relaxation with helicity changes are not allowed for
scattering angles close to the CM backward direction. An
appreciable centrifugal potential must be operative in order
to induce bending of the rotational plane through CoriolisFIG. 6. Relaxation cross sections with large K variations and helicity con-
coupling (see also Fig. P Therefore, the relaxation of servation as in Fig. 1, for the relative collision velocity of 737 s Re-

edge-ormolecules can be significantly induced by collisions St for inelastic colisions withM=0 andAK =2, ~4, ~6 and 8,
g g y y are reported for comparison for the initiél= 15 rotational state. The upper

also at low orbital angglar momentu‘mlaSSica”Ya smallim- panel refers to that;=M;=0 cases while the lower one refers to thie
pact parameteb), leading to backward scattering. The cor- =M;=7 cases. Numbers represent fikastates.

\ ,’ //

NS
. Y fu‘

0 45 9 1385 180
c.m scattering angle, ©

ha 9, .
ATV
N \

107 i

differential cross section, Algr”
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Figures 4a) and 4b) show rotational relaxation cross laxation becomes the dominant inelastic process, producing
sections with helicity chang®or initial rotational state¥; cooling and a further acceleration. When the molecular den-
=5 andK;=7, respectively. Examples reported refer to thesity becomes sufficiently low, the beam enters the last,
Ki=K;—2 processes and illustrate the behavior of collisionscollision-free region The relative importance of the first two
with =1, =2, and=3 helicity variations. General trends are regions depends very much on the features of the investi-
similar to those for elastic collisions with helicity variations gated molecule-carrier gas systdmasses, intermolecular
of Fig. 2, but there are also some important differences. Iipotential, density of molecular rotational states,...
particular, relaxation cross sections with a decrease of the In thecontinuous-flow regiarthe angular dependence of
helicity are significantly larger than the corresponding oneshe processes is strongly washed out by the large number of
with an increase of the helicity. This effect is particularly collisions which cover the whole range of impact parameters
evident for the+2 process, leading to intermediate and smalland whose principal effects are acceleration and focusing of
scattering angles. Other features to be contrasted with thosaolecules in the forward direction in the laboratdibyAB)
of Fig. 2 include the behavior of relaxation with helicity systent!® A quantitative description of the dynamics in the
variation from 1 to 0, here an important process at intermecontinuous-flowregion is very difficult and our discussion
diate scattering angles, and of tMy=M;—2 collisions of  will be necessarily qualitative. In this region, the main source
broad-sidemolecules, whose cross sections are here morgf alignment comes from elastic processes with helicity
effective at small scattering angleee also Fig. BResults in  variations(see Fig. 2 as discussed in the preceding sextion
Figs. 4a) and 4b), and others not shown, indicate that all their importance is comparable with that of helicity conserv-
these relaxation processes appear to decrease for higher iffig elastic events of Fig. 1, when the relative velocity is
tial rotational stategsee also Fig. B sufficiently high?® As also shown in the cartoon of Fig. 7,

Rotational relaxation cross sectionfK¢=K;—2) of  with respect toedge-onmolecules broad-sideones show a
molecules in low helicity states aswmpared in Fig. 5. The |arger propensity to bend the rotational plaeee Fig. 2and
M¢=M; components present a near forward-backward symthis provides the explanation at a microscopic level of the
metry with a sideways “window,” where the onset M  general observation that alignment occurs preferentially in
=M;x1 processes occurs. Three main features must bgyor of theedge-onconfiguration(Gorter-type mechanism
pointed out:(i) within the window, the 30 helicity change  The final outcome depends on the total number of collisions
component is always higher with respect to the:D one;  and this mechanism also explains the general increase of the
(ii) the difference between the competitive-D and =1 zlignment with theP,d parameter P, is the gas pressure in
channels is larger than the difference between the corrgne source and is the nozzle diametgat least for lowP,
sponding(and competitive0—1 and 6-0 ones; andiil)  yajyes, that is when the relaxation is not extendhAg:*6
all these effects are more pronounced as the rotational state ap important feature is th& dependence: molecules in
decreases. high K states are less likely to bend than those in Kvsee

Relaxation cross sections with large K variations and Fig. 2. On the other hand lok states are more easily de-
helicity conservatiom_re_ _compared in Fig. 6. Calc_ulations polarized by inelastic eventsee Figs. 3—5; when open, ex-
are presented for the initié; = 15 state and for two different gjtation events behave similarly to relaxatiofihe net result
helicities. TheK=K;—2 processes, as expected, appear Gnay e an alignment that increases with the rotational state

be the dominant relaxation channels and indeed the Crosg |east for the lowest rotational levels. This can be the case
sections regularly decrease with the increase of the inelastig¢s, 5 peam of alkali dimers for which rotational relaxation

ity. This re_sult suggests that .for the present §ystem the_ OVeHoes not appears to be importdaee for instance Ref)7
all _relaxatlon phenomenon in the supersonic expansion is A jimited number of molecules which have experienced
mainly governed by a sequence &f;=K;—2 inelastic  qisions at low orbital angular momentalassically, at
events. small impact parameters) remain in thebroad-sidecon-
figuration (see Fig. L In this stage of the expansion, these
molecules are expected to be slightly more accelerated by
momentum transfe¢see Fig. 7 than those following other
The phenomenology illustrated in the previous sectiorroutes.
shows propensities and suggests a scenario of mechanisms In the transition region corresponding to a lower mo-
whose relative roles are expected to change for differenfiecular density, it is expected that a memory be maintained
molecules and experimental conditions. of the angular dependence of single scattering events. Since
Three regions can be identified as a supersonic seedelle relative collision velocity between carrier and seeded
expansion evolves in the forward direction along the expanmolecules(the velocity slip?® becomes smaller, the relax-
sion axis!* first, a continuous-flow regigrnwhere the veloc-  ation processes are competitive withit even dominant over
ity slip between seeded molecules and carrier gas atoms the elastic eventésee Fig. 3, at least for particulab ranges
largest?® characterized by a large number of elastic colli-and for specific molecular orientations. Elastic collisions are
sions as well as by competitive excitation and relaxation prostill present but, because of the small momentum transferred,
cesses. In this region a net acceleration of the seeded mdhey are expected not to contribute much to the further ac-
ecules is due to momentum transfer by elastic events. In theeleration of the molecules, mainly due in this region to
transition region elastic events still occur but the relative rotational-to-translational energy transfer. Several mecha-
velocity is too small to induce rotational excitation: here re-nisms may concur to distinct angular distributions. Their

V. ALIGNMENT MECHANISMS IN A SUPERSONIC
EXPANSION
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FIG. 7. Acceleration of molecules by elastic collisions with faster carrier atéansefers toedge-orencounters which maintain the helicity stafe); and(c)
describe the acceleration bfoad-sidemolecules respectively with and without bending of the initial rotational plane.

relative importance depends also on the initial and final rotem, and so in the LAB frame are confined in a narrow cone

tational states. This is consistent with the fact that the finain the forward direction around the beam axis. They also

rotational temperature in a supersonic expansion is lowedienefit of the largest forward acceleration coming from in-

near the beam axis and increases moving towards the edgedastic events(rotational-to-translational energy trangfer

as a consequence not only of the variation in the number ofhis mechanism is schematized in the upper cartoon reported

collisions but also of their nature. Therefore, for the samen Fig. 9. Also shown is the Newton diagram for sucbraall

system the measured alignment may vary with the anguldp collision, demonstrating that only a small fraction of the

range of the expansion cone which a given experimental coravailable energy is transferred to the heavier oxygen in col-

figuration probes. To shed light on the possible operativdisions with helium. However, since here relaxation starts

mechanisms it is necessary to take into account bottKthe from high K, many inelastic transitions are experienced by

distribution in the source and the internal energy available

during the relaxation process. Figure 8 serves to visualize

typical initial conditions of Q in our experiments. The oxy- rotational energy, meV

gen molecules in the beam source, maintained at room tem- 04 16 % 16

perature show a distribution of rotational levels with a broad low medium high

maximum at level& =5 and 7 and significant population up i

to K=21. In the present discussion, which amplifies a pre- L

vious outline of our view of the phenomend®1%4we will

distinguish three regimes of initial rotational states: high [ k H ‘ M ‘H

(K=15), medium (EK=<13) and low K=<5, see the up- A U,
. . 1 5 9 13 17 21 25

per panel of Fig. 8 We will further group the molecules rotational quantum number, K

according tolow and high helicity*® Collisional events will

be also divided, according to the involved range of orbital

angular momentuniclassically, the impact parameté,

into small b collisions (leading to backward CM scattering,

®=7/2) andlarge b collisions (leading to forward scatter-

ing, © =< /2) 4°

e
o
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relative intensity
o =
8 B

o

29
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0 e rany !
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velocity , kms™
A. The high K regime
.. 8 FIG. 8. Upper panel: distribution of the spin-rotational levels gfiDthe
Low helicity molecule&® can relax for small b beam source at room temperature. The rotational states are classified in three

collisiong'”® (see Sec. IV and Fig.)3maintaining or decreas- classes. The abscissa axis represent also a scale of the rotational energy
ing the initial low helicity (Sec. V and FigS. 3 and)5These corresponding to eadk state. Lower panel: open circles describes the mea-

_ : : - sured velocity distribution of an Osupersonic beam seeded in He, at a
edge-onflying molecules(most of which will eventually be source pressure of 800 Torr. The line parallel to the abscissa axis defines the

in the groundK=1 rotational St_at)e are scattered in @ yypical velocity increase of when it relaxes from a higk to the ground
®-range close to 180(backward directionin the CM sys-  rotational level, because of inelastic collisions at short impact parameters.
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FIG. 9. The behavior oédge-onmol-
ecules which, when colliding at short
impact parameters, can accelerate and
relax because of inelastic events, is
compared with the one dfroad-side
targets, which, when do not relax, con-
tinue to be accelerated only by elastic
inelastic collisions. Molecules are backward-
; scattered in the CM frame which cor-
02 circle respond to a forward LAB direction.
Typical kinematic conditions for a col-
lisions atv=342ms?t are shown in
the Newton diagram. The elastic and
inelastic K=15—13) circles are also
reported and magnified in the right-
hand side for the ©case, where the
different acceleration due to inelastic
and elastic events appears evident.

inelastic

. 100 m/:
He circle e

[

elastic
e circle

100 m/s

those molecules so that they eventually acquire an effectivenolecules are expected to be less accelerated, less aligned
acceleration. To illustrate more quantitatively this effect weand distributed in a wider angular cone with respect to those
have reported in the lower panel of Fig. 8, a typical velocityexhibiting originally low helicity and whose relaxation has
distribution of Q seeded in He together with an estimate ofbeen discussed earlier.
the maximum velocity increase experienced by (forward For low helicity*® and large b collisions#® molecular
scattered in the LAB frame starting from an initiaK =21  scattering occurs at smdll [Figs. 1, Zc), 3, and 4, leading
state, and reachinig= 1. Such velocity variation is reported to an appreciable angular spread in the LAd2e Newton
as a horizontal continuous line across the velocity distribudiagram in Fig. 10 Therefore, the relaxation process may be
tion, centered on the maximum. It can be seen that sucincomplete and leads only partially to the ground state. Since
contribution can even be larger than the full width at halfhere the elastic cross sections with helicity variatjéig.
maximum of the distribution. 2(c)] are larger than the inelastic onésigs. 3 and # and
High helicity targeté® for b~ 0 suffer exclusively elastic comparable with the helicity conserving elastic offei. 1),
collisions(see the lower cartoon in Figs. 9 and Bhese near in this angular rangedge-onmolecules bend more easily.
broad-sideflying molecules, confined in a narrow angular This implies that molecules relaxed K=1 may not be
cone, are among the few remaining in the initalevel and  aligned in theedge-onconfiguration. This behavior is illus-
are accelerated by elastic collisions both in the first and sedrated in the cartoon of Fig. 10.
ond region of the expansion. For nonzeflout small b High helicity®® molecules relax for collisions darge
collisions,*® these molecules can bend and/or rotationallyb,*® mainly via a decrease of the helicitiit=M;—2), and
relax with and without helicity variation. We distinguish the therefore their permanence in the initial rotational state is
following situations: (i) a small helicity variation, permits unlikely. Such inelastic channels show a cross section com-
only a partial relaxation and therefore in practice a conserparable(see Fig. 3 with the helicity conserving elastic com-
vation of the original configuratior(ji) large helicity varia- ponents(see Fig. 1, while elastic processes with helicity
tion at the beginning of the process, which require multiplevariation [Fig. 2(c)], that we have seen to be important for
collisions permitting again only a partial relaxation but al- other mechanisms, play here a minor rpteey will have
lowing bending towardedge-onconfigurationgthis process some effect only for smaK, see Figs. @) and 2b)]. As for
is less favorable than th&)]; (iii) the third possibility is the previous route, molecules are only slightly accelerated
rotational relaxation with a helicity decrease: this is the routeand distributed in a wide angular cone with a probable leak
that eventually leads to the ground rotational state. Suchbf the initial alignment a¥ decreasegsee Fig. 10
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~ FIG. 10. The behavior oédge-onand
o v broad-sidemolecules colliding at large

) impact parameters. The Newton dia-
gram reported in the lower panel de-
scribes the same kinematics conditions
as in Fig. 9 but here refers to a side-
ways scattering. It clearly indicates
that molecules are less accelerated,
less aligned, and distributed in a final
wider cone(in the LAB system than
those in Fig. 9.

100 m/s .
— elastic
He circle

inelastic
(@) 2 circle

inelastic
He circle

100 m/s

\'
/ CM

B. Intermediate K regime described for higheK. For nonzerd, elastic collisions with

The routes leading to relaxation are basically the same aQelicit-y variation and inelastic collisions with heIicit.y de-

discussed in the previous high regime, although now the creasing bec_ome relevant, scattered molecules partially lose

depolarization induced by rotational excitation can be mordN€Ir initial alignment and are expected to be less accelerated

effective in the expansion. In addition, the role of some ofand distributed in a larger angular cone than thatoof

the propensities should be less pronounced because of tRgliCity m0|eCU|?S(S€e earliex _

occurrence of a reduced number of relaxation jumps. The relaxation to the ground rotational statel@f he-
Collisions atsmall bof low helicity molecules lead ex- licity molecules colliding atarge b is more complete for

clusively to the formation of the ground rotational state. AsintermediateK than for high ones. Such collisions neither

anticipated before, propensity to maintain or to further re-maintain nor induce alignment. They produce a modest ac-

duce the helicity state is less effective than for higkgbut ~ Celeration and scattering in an angular cone larger than for

still operative. Molecules are expected to be scattered in &mall bcollisions but lower than for the corresponding situ-

small angular cone, as for highiér although less accelerated ation for higherk.

and less aligned. High helicity molecules can fully relax to the ground
Collisions of high helicity molecules asmall bmostly  rotational state through inelastic collisionslatge binvolv-

lead to the formation of the ground rotational state, althoughng helicity decreasingsee also the higK regime and Fig.

some of them can remain in the initial helicity and rotational4). Molecules in the final ground rotational state have par-

states. These are those elastically scattered backward in tkiglly lost their initial alignment and are scattered in a larger

CM frame(Fig. 3) and in the LAB confined in a narrow cone cone than in the smal) cases but smaller than for the cor-

in the forward directior{Fig. 9). Since in this case the trans- responding situation of the higK regime, essentially be-

ferred momentum is due exclusively to elastic collisions, thecause of the lower rotational energy available for conversion
acceleration must be similar to that of the corresponding casato translation.
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C. Small K regime The importance and selectivity of inelastic collisions are

Almost all molecules reach the ground rotational stateexDeCte{j to decrease in experiments which probe not fully

independently from the involved range of orbital angularrelaxed rotational states and which are carried out analyzing
momentum(or impact parameteb). Selectivities and pro- a m.uch wider beam profilc_—:‘. In Sl.JCh cases a rgle\/_ant role is
pensities in the rotational relaxation play here only a minorA9ain p'a-‘_/ed both by elastic and melastlg contributions to the
role. Also, mechanisms of elastic alignment are less effecpcs’ which now have to be properly integrated over the

tive. Scattered molecules are expected to end up in the tail (ﬁngular and velocity resolution functions of the experiments.

the final velocity distribution since accelerated exclusively heshe can I?_ad to dapFarent (ﬂlffergncestm the hqbﬁervables
by elastic collisions leading to negligible alignment. (such as cooling an a_lg_nmen_ SO In systems which may
expected to behave similarly in seeded supersonic expan-

sions.
In Ref. 18, the 4th and 6th rotational states, which cor-
VI. DISCUSSION respond to intermediate levels of the rotational distribution in

The calculations presented in Sec. IV and the relaxatiorlihe beam source, have been analyzed in the case of CO mol-

mechanisms identified in Sec. V explain the relevant featureFCli'IeS n He §eeded supersonic pulsed beams. Frqm the ve-
of the collisional alignment experiments on @olecules;*® OC'ty. dlstrlbutlon_s p“’_b?d near the nozale6 cm)_usmg a
particularly the velocity dependence of alignment in s,ur)erp()l"“r'zefOI rl]aser Il'ght’l it Ibs foundhthat slow vlelocny compo-
sonic seeded expansions. Moreover, the present study Cgﬁnts 0 _t e ”;10 ec:gar dqu] show a prglv? e?cedg‘e-on

help us to fit into a unified picture other experiments OngeometEes, w r:are . oa _.S' eones pre\(/jalh or fast compfo—h
molecules with mass and rotational level spacings similar t ents. rrom the viewpoint suggeste ere, most of the
0,, such as those on seeded CO expari§iand drift-tube road-sidemolecules observed in these levels have flown
N? transport!’ they also show a considerable velocity OIe_maintaining the initial rotational state and helicity. They

pendence of the alignment, observed under different expert '€ accelerated exclusively by elastic collisionsmgll
mental conditions. which conserve initial rotational and helicity statgsgs. 1,

In the O, experiments:®the continuous beams are ana- 3, and 9. Another appreciable contribution to the final states
lyzed well downstream a’fteibl meter from the nozzle ori- @" also come fronbroad-sidemolecules initially in higher
fice. The supersonic seeded beams are strongly coIIimate,rﬁ'tatlonal levels, which und_ergo a .Sm"?l”. he"c"Y \_/farlatlon
because of the presence of a first skimitie2 mm in diam- and then can relax only partially maintaining the initial con-
eted at ~1 cm from the nozzle, a second skimmi@r2 mm figuration. Similar arguments indicate that the formation of

in diametey after~10 cm and a final defining sl{p.7 mm in edge-onmolecules in Ref. 18 can be ascribed as coming

diametey at about 1 m from the nozzle and before the prob-from an mpgmplete_requaﬂon of higher .Ievels., because of
large bcollisions mainly in theedge-orconfiguration. These

ing region. The cone of acceptance is therefsrit0 ° stera- ) . :
dians. The coupling of the mechanical velocity selector in_molecules have a final smaller velocity having suffered elas-

serted along the beam path with the unusually high angulqtrlc ar;d m?_'ﬁ‘_St'F CO”'S'QQS e:argteh va_\/lthla I?V\I/?n}on;gntuhm
resolutiont® allowed us to select molecules both in the lon- ranster. IS IS consistent wi 9. 1 ol Rel. , where

gitudinal and in the transversal motion. Velocity on the |atterbroad-5|demolecules(wh|ch mainly suffered elastic scatter-

is less than 1 m/s. Oxygen molecules sampled in these e)lg_lg) show a similar velocity distribution for both rotational

periments are essentially those relaxed in the ground rotal’s-tates 4 and 6, whiledge-onmolecules(more affected by

tional state and traveling in a very narrow angular Conemelastic scatteringare globally faster in state 4 than in

around the beam axis. Molecules emerging in such a congate 6. . :
The experimental observation of an extremely small

are mainly those who have experienced elastic and inelastic, : : .
collisions at small impact parameteiisackward in the CM alignment degree for the first excited rotational state of CO,

frame corresponding to LAB forward scatteringnd only when contrasted with the marked alignment observed for O

minor contributions come from those distributed in wider" K=1!must be due to the wide angular cone proleet
angular cones, as a result of more sidewdssge b) colli- also Ref. 1,@' . 4117

sions. From the discussion in Sec. IV of propensities in the The dnft-tube exper'lments on Nions™ _ShOW some
scattering and in Sec. V on the alignment mechanisms, i portant. d|ﬁ¢rences with seeded supersonic beaufere
appear that molecules analyzed in these experiments afae \{elocny_s_llp decrea;es along the expan)gthe average
mainly those coming from the relaxation processesraall relat!ve collision speed is Iarger_than the _typ_lcal velocity sllp
b. Specifically, molecules traveling faster originate from re-and_IS kept con_stant by th? applied ele(_:trlc field. Th_erefore n
laxation mechanisms of higkt states: their number is small a_drn‘t tube the ions are aligned essentially by elastic mecha-
but they are strongly aligned and accelerated by the Iarg@sms(see Secs. IV apd Vand edge-o.nmolecule_s are ac-
amount of rotational energy available for conversion intocelerated more effectlvely tharoad-sideones since they
forward translational motion. Molecules originating from offer the least resistance to the flow.

intermediateK levels are those mainly contributing to thg O

beam mtensn)_/: t_hey_travel at ve_Io_C|t|es_cIose to_ the maxiy,|  cONCLUSIONS

mum of the distribution and exhibit an intermediate align-

ment. All the other channels lead to modestly aligned mol-  The present analysis suggests that several molecular
ecules with medium or low velocities. alignment mechanisms can be operative in a supersonic
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seeded expansion, each one depending on the route followdlsdrough a magnetic interaction, may rather be the direction
by the molecule towards acceleration and cooling. The finabf the orbital angular momentum of the colliding system,
state, i.e., speed, rotational level, type and degree of aligmerthogonal with respect to the rotational plane of the van der
ment,..., depends on properties of the molecules as well as #¥aals complex and therefore orthogonalvtoThis interac-
the carrier gagdifference in mass, interaction potential an- tion, which depends on the anisotropy of the charge distribu-
isotropy, density of the rotational levels,.on the number of tion in the collisional complex, on the impact parameter and
collisions, the energetics and on the range of orbital angulaon the orbital velocity, is expected to be much weaker than
momentum involved. the electrostatic intermolecular potential and slowly varying
The quantum mechanical case studies presented here With the intermolecular distance. A similar sequence of an-
lustrate how the different collisional dynamics lead to mol-gular momentum coupling schemes is reminiscent of the
ecules scattered into different angular cones in the LABHund’s (b) and (e) cases, describing rotational levels of di-
frame. The analysis of the experimental findings and anytomic molecules.
comparison among them must then properly take into ac- Therefore, the spin coupling in the collisional complex
count the observational details employed in their measurealthough not substantially affecting scattering processes,
ments and particular attention has to be devoted to the angplays a relevant role in determining other properties of the
lar and velocity resolutions. van der Waals system. An interesting example of the role of
In conclusion, the present study which aimed at com-the spin coupling is illustrated in Ref. 22.
pacting in a unified picture several of the experimental ob-  To the present purpose it appears to be of more interest
servations on the rotational cooling and alignment of di-the recoupling of polarize® with Sto giveJ, which occurs
atomic molecules in supersonic seeded beanwduding the  between successive collisions in the expansion, leading to a
dependence on final speerhust be considered also as a natural depolarization effeét.
starting point to understand the behavior of polyatomic linear ~ The observatiohof a strong increase of Jparamagnet-
or planar molecule? It is also hoped that it will serve as a ism along the beam profile is the experimental manifestation
guide to plan and interpret collisional experiments withthat faster molecules travel in tleelge-onconfiguration and

aligned molecules. exhibit also a polarization of the spin. Such polarization ap-
pears as a necessary condition to observe high alignment for
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