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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 system O2–He, 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. ©1999 American Institute of Physics.@S0021-9606~99!01729-8#
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I. INTRODUCTION

A natural source of aligned and internally cold mo
ecules involves the use of molecular beams ‘‘seeded’’ w
lighter carrier gases: collisions occurring during the sup
sonic expansion produce molecules in low roto-vibratio
states with specific alignment of the rotational angular m
mentum. This paper reports a quantum-mechanical stud
atom-molecule collisions of relevance to the interpretation
recent experimental developments, including the discov
of the dependence of the alignment on the final molecu
speed.1

An early qualitative discussion was advanced by Go
in 19382 to account for thermal conductivity experiments
flows of oxygen molecules.3 According to the Gorter mecha
nism, molecules flying with the rotational angular mome
tum perpendicular to the flow direction~edge-onconfigura-
tion! offer a smaller target to collisions and thus suffer le
randomizing events than those travelingbroad-side, i.e., with
the rotational angular momentum parallel to the flow dire
tion. The net result would be a prevalentedge-onalignment
of the molecules in a flow system. Later, Ramsey4 proposed
the possibility of aligning angular momenta of molecules a
open-shell atoms by collisions in molecular beams, by
ploiting the selective attenuation through a buffer gas a
sampling the beam of transmitted species.

Molecular alignment is now recognized as a promin
phenomenon occurring in supersonic gaseous expansio
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the result of a myriad of molecular collisions. After the fir
experimental observation by Steinfeld and Korving~as re-
ported in Ref. 5!, earlier evidence for collisional alignment i
molecular beams was limited to some rotational states
alkali dimers.5–8

The potential interest of aligned molecules for collisio
dynamics studies has also long been recognized.9 Accord-
ingly, considerable efforts have been dedicated10–18 to pro-
duce and probe collisional molecular alignment for a vari
of species beyond the early ‘‘alkali age.’’ Large attention h
been devoted to characterize its dependence on param
such as source pressure, nozzle shape, rotational state,
lar displacement from the beam axis,10–15 and recently, the
final molecular velocity.1,16–18 The observed features wer
found to be often incompatible with the Gorter mechani
and difficult to unify in a homogeneous description, even
systems expected to behave similarly.19 Indeed the complete
characterization of this complex phenomenon to a mic
scopic level is of basic importance to properly plan a gr
variety of experiments with supersonic seeded beams of
atomic or polyatomic molecules of different type, as well
of open shell species.

An important application of molecular beams with co
trolled rotational alignment is the study of the anisotropy
intermolecular forces. Scattering cross sections of aligned2

molecules on Kr and Xe20 and on O2
21 have been measure

and their analysis, based upon close-coupling quantum
chanical calculations, has provided an accurate characte
tion of the interactions at intermediate and large intermole
lar distances.

Our recent progress on the understanding of the co
0 © 1999 American Institute of Physics
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2621J. Chem. Phys., Vol. 111, No. 6, 8 August 1999 Molecular alignment and cooling
sional alignment phenomenon is discussed in this pape
presenting extensive numerical calculations based on e
solutions of the quantum mechanical atom-diatom scatte
problem. Section II provides the proper background by a
lyzing the relevant experimental information and illustrati
the models which are available for their interpretation. Ex
and approximate methods employed to describe scatte
events are summarized in Sec. III and propensities emer
from the calculated quantum scattering cross sections
outlined in Sec. IV. A discussion of possible alignme
mechanisms, useful to unify in a single picture the expe
mental information coming from different sources, is pr
sented in Sec. V. Discussion and conclusions follow in S
VI. An Appendix reports a discussion of the role of angu
momentum coupling~particularly of spin! in the case of O2.

II. EXPERIMENTAL BACKGROUND AND EARLY
MODELS

The collisional alignment of molecules in a nozzle e
pansion under supersonic conditions was first noticed fo2

by Steinfeld and Korving,5 by means of a laser induced fluo
rescence technique. In 1974 Sinha, Caldwell, and Za5

found, with an analogous technique, a significant alignm
of Na2 in supersonic beams of sodium atoms contain
dimers, and later similar prominent effects were observed
other alkali-metal dimers.6–8 The search for other suitabl
molecular candidates required longer times: for I2 another
early report suggested a small alignment6 and a later one an
appreciable effect.9 Qualitative evidence of a prominent e
fect were reported later10 for CO in the first excited rotationa
level and for the molecular ion N2

1 ~in the rotational levels 4
and 10! drifted in He.11 Pullman, Friedrich, and
Herschbach,12 probing the beam well downstream from th
source, investigated supersonic expansions demonstr
the alignment to be facile and large by seeding I2 molecules
with various gas carriers. The lightest carrier gas H2 was
found to foster the largest alignment, followed by He and
the other heavier rare gases.

In all of the preceding studies, molecules flyingedge-on
have been found to predominate: this finding was confirm
for iodine12 but increasing the source pressure, the sign
rotational alignment was found to be reversed, favor
broad-side configurations. The onset of the reversal d
pended strongly on the rotational state probed~see also a
previous report on Na2.

6!
Collisional alignment was reported also for thermal2

expanded from a multichannel array13 and a dependence o
the effect on the lateral displacement from the center of
iodine jet was noticed.14

More recently an extensive investigation in a jet expa
sion has been carried out for CO2,

15 confirming the genera
features but also showing some aspects in disagreement
previous findings. In particular H2 was found to lead to a
smaller degree of alignment than the one observed for
and no evidence of the reversed alignment mechanism
ported for I2,

12 was noticed for CO2, even at the larges
source pressure values.

All of the studies reported so far witness the mark
influence of nozzle geometry and source pressure on
by
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alignment degree, suggesting that competitive microsco
mechanisms may concur to the process of collisional ali
ment. Differences in the experimental findings appear wh
molecules with very different moment of inertia and bo
lengths~i.e., I2, Na2, CO2) are involved. Crucial are also th
differences in experimental conditions, for example for me
surements carried out either near the nozzle15 or well down-
stream with highly collimated beams12 ~i.e., with very differ-
ent sampling angular cones!.

In 1994 we presented the first evidence for a strong
pendence of rotational alignment on the final speed, for o
gen molecules emerging from supersonic expansions,1 by
measuring the variation of paramagnetism in continuo
seeded beams. The O2 molecule has an open-shell config
ration and the electronic spinS ~responsible for its magne
tism! and the nuclear rotationK angular momenta are
coupled to give the total angular momentumJ. During the
collision processK andS are decoupled~see the Appendix!,
and any alignment ofK gives rise to a nonstatistical distr
butions in theJ components.24

Subsequently, measurements of anisotropy effects25 on
collision cross sections for the O2–Xe system, showed a
marked dependence of these effects on the velocity of o
gen molecules within the same supersonic velocity distri
tion, and confirmed the correlation between molecular ali
ment and speed. This technique of probing alignment
scattering avoids problems regarding the knowledge of
behavior of the spin which, during the collisions, is effe
tively decoupled fromK ~see the Appendix!.

Further scattering experiments, performed by using
personic seeded beams of nitrogen molecules and explo
anisotropy effects in the measured cross sections, yie
information on the rotational alignment for the case of2
and therefore in absence of electronic spin.26 Comparison of
the anisotropy effects measured in the scattering experim
of O2 and N2 carried out under similar supersonic seed
expansion conditions, provided further support for the deg
of alignment obtained from the paramagnetism measu
ments.

After our initial reports on this subject,1,16 related works
using laser probing of N2

1 drifted in He17 and of CO in a He
seeded supersonic pulsed beam18 appeared, bringing furthe
evidence of the dramatic dependence of molecular alignm
on the final velocity. In1,16 it was shown that O2 molecules in
their rotational ground stateK51 were not significantly
aligned at low velocitiesv, while the population of those
flying edge-on~i.e., with K'v) was found to increase with
the molecular speed27 over those flyingbroad-side(K iv). A
qualitatively similar correlation between the degree of alig
ment and final velocity has been found for N2

1 (K515) ions,
drifted in He:17 for lower rotational states the alignment r
verses its sign across the velocity profile. In the case of
(J56),18 ~for this spinless moleculeJ is also the rotational
quantum number! molecules withJ'v were found dominant
at the lower velocities while those flyingbroad-side~i.e.,
with Jiv) prevailed at intermediate velocities. The maximu
polarizations found for O2 and CO were about the same1,18

even if the velocity integrated alignment was lower for t
CO case. For theJ54 state of CO the velocity distribution
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of broad-sideflying molecules was found similar to that fo
J56, while theedge-onmolecules were found accelerate
and colder, resulting in a lower net polarization. Practica
no alignment was found for the first excited rotational st
(J51).

The observed phenomenology is again expected to
pend not only on the nature of investigated system, on
intermolecular potential, on the number and type of co
sions promoting the alignment but also on the experime
set-up used. The purpose of the present study is to analy
detail selectivity and role played by the microscopic scat
ing events leading to relaxation and alignment of the ro
tional angular momentum.

Several attempts have been performed in the pas
model the mechanism of collisional alignment. The origin
Gorter mechanism,2 based on simple hard-sphere cross s
tion arguments, suggests that the observed prevalenc
edge-onmolecules is due both to their lower resistance to
flow, with respect tobroad-sideones, and to the larger pro
pensity of the latter to undergo randomizing collisions. T
success of Gorter-like ideas along the years is based on
simple geometrical appeal, but such an approach is cle
inadequate to describe effects arising selectively from re
ation processes. The early experiments in molecular be
were discussed in terms of a ‘‘hard ellipsoid of revolution
model5 which does not distinguish between elastic or inel
tic processes although some attention was devoted to
possible role of reactive exchanges. However, soon the
pothesis was formulated6 that the collisional alignment be
determined by an anisotropic component in the scatte
cross section, manifesting itself because of the ‘‘veloci
slip’’ 28 between the carrier gas atoms and the seeded
ecules.

According to a more recently proposed mechanism12

alignment depends on a balance of elastic and inelastic
cesses. This model, based on a competition betwee
‘‘bulk’’ alignment mechanism due to elastic collisions~es-
sentially the Gorter ideas! and an ‘‘anisotropic rotationa
cooling’’ mechanism, accounts for the fact that molecules
an edge-onconfiguration suffer both less randomizing col
sions and more efficient rotational relaxation than those
broad-sideconfiguration. As a consequence, low rotation
states, mainly formed by relaxation processes are expect
be preferentially aligned in theedge-ongeometry while for
molecules in high rotational states the effect of the depo
lation originates an opposite behavior. Models based on c
sical trajectory calculations by the same authors29 supported
these ideas and, by comparing alignment found over a w
range of collision energies and impact parameters, poin
out three distinct regimes: for direct-mode collisions
‘‘near-Gorter’’ and an ‘‘anti-Gorter’’ regimes were found fo
small and large impact parameters, respectively; a ‘‘pseu
Gorter’’ behavior was also found and related to long liv
complex formation. This study pointed out clearly the lim
of the Gorter mechanism, suggesting the need of more a
rate approaches to describe effects which may selecti
depend on the impact parameter, as the velocity depend
of the alignment.
e
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III. THE QUANTUM TREATMENT OF ATOM-DIATOM
COLLISIONS

The theoretical treatment of the extreme collisional co
ing and alignment which arise from internal-to-translation
energy transfer and from the conversion of anisotropic
locity distributions into angular momentum polarizations r
quires a formulation where elastic and inelastic collisions
considered at a quantum level. Earlier approaches focu
mainly on velocity polarized rotational transfer cross se
tions, or state-multipole-tensor cross sections.30–35

These quantities, related to state-to-state integral c
sections by recoupling transformations, imply partial wa
summations and therefore carry no information on angu
dependence of the scattering events. Complete quantum
chanical studies of atom-diatom collisions is currently with
reach of presently available computational facilities.

The scattering amplitude for a transition between an
tial and a final rotational state of a diatom~as a rigid rotor!
was given by Arthurs and Dalgarno.36 General expression
for state resolved integral cross sections in terms of ba
inelastic T-matrix elements have been given by Reuss a
Stolte37 as well as by Alexander, Dagdigian, and DePris
for the collision frame31 and by Alexander and Davis for th
laboratory fixed frame of reference.33

The earlier formalism, which originates from metho
developed to analyze experiments on the degree of fluo
cence polarization from excited states and on pressure br
ening of spectral lines, was also used by Mayer and Leon38

to express anisotropic distributions of the rotational angu
momentum induced by transport phenomena. Relations
between integral tensor cross sections and generalized t
port cross sections have been given explicitly by Liu a
Dickinson.39

Follmeg, Rosmus, and Werner40 studied the collisional
induced alignment of N2

1 ions drifting in a helium buffer gas
by quantum close coupling calculation of the integral ten
cross sections and using anab initio potential energy
surface.41 The resulting collisional alignment was found
be smaller than the experimental value.11 In addition, as also
pointed out by the same authors in a subsequent work,42 a
complete explanation of the observed alignment effects
quires the knowledge of tensor cross sections over a w
range of collision energy, to take properly into account e
perimental averaging over the relative velocity distribution
Therefore, a full quantum mechanical analysis becom
cumbersome, because of extremely expensive computa
of the necessary tensor cross sections. These problems s
lated the search of approximate methods, such as clas
trajectories calculations, capable to replace close-coupled
proaches to analyze experimental observable. To this
pose a comparison has been presented42 between calculations
of inelastic state resolved and integral tensor cross secti
performed both with classical trajectories and close-coup
approaches and using the sameab initio potential energy
surface. Results, which appear to agree only semiquan
tively, suggest that more marked differences can be expe
in the state to state differential cross section, when calcula
with classical and quantum methods.

Recent evidence on the velocity dependence of co
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sional alignment~see Sec. II! requires a substantial modifi
cation of previous approach since the selective role of
different orbital angular momenta~classically of different
impact parameters! must be taken into account. Therefore,
quantitatively describe these new alignment effects it is n
essary to take into account state-to-state differential c
sections@~DCS! in the following#; as a consequence, both th
previously outlined approach as well as simpler mod
based on classical mechanics are not adequate.

In this work extensive exact close-coupling quantu
mechanical calculations of state-to-state differential cr
sections have been carried out using an accurate intera
potential for the O2–He system, previously obtained in th
laboratory.43 During each collision the rotational angular m
mentumK of O2 molecule is decoupled from the electron
spin S ~the minor role of spin on the scattering is discuss
in the Appendix!.

Although the formalism for close coupling calculation
of state-to-state DCS has also been fully developed,31,33,44no
extensive investigations have been reported. Explicitly D
for the scattering of a diatom by a closed shell atom is
tained as a weighted sum of contributions of partial cr
sections each one corresponding to a particular value of
total angular momentumI. The initial and final states of the
diatom are labeleduKiMi& and uK fM f& respectively where
Mi andM f are the projections ofK along the initial relative
velocity direction to be referred to as helicities in the follow
ing. The DCS can be calculated~see for example Refs. 3
and 44! as

dsKi Mi ,K f M f

dQ

5S p

kKi

2 D (
I,l i ,l i8 ,l f ,l f8

~2I11!i l f2 l f82 l i1 l i8

3@~2l i11!~2l i811!#1/2S Ki

Mi

l i

0
I

2Mi
D

3S Ki

Mi

l i8

0
I

2Mi
D S K f

M f

l f

M i2M f

I
2Mi

D
3S K f

M f

l f8

Mi2M f

I
2Mi

DTKi ,l i ,K f l f

I TKi l i8 ,K f l f8
I*

3Yl
f8 ,Mi2M f
* ~Q!Yl f ,Mi2M f

~Q!, ~1!

wherekKi
is the wavenumber of the system in the entran

rotational channelKi , the terms in brackets are 3j symbols
and l i and l f , the orbital angular momentum quantum num
bers, take all the allowed values;Q denotes the center-of
mass~cm! scattering angle. The calculation of the scatter
cross sections requires the use of extensive close-coup
numerical techniques. We have used theMOLSCAT package45

to calculate theT-matrix elements with proper modification
in order to obtain the state-to-state DCS from Eq.~1! and to
generate both excitation and relaxation cross sections.

Calculations have been performed in the CM frame
several collision energies, to cover the velocity-slip ran
e

c-
ss

s

s
ion

d

S
-
s
he

e

-

g
g,

t
e

occurring in the experimental expansion of O2 seeded in He,
and considering various initial rotational states in order
account for the O2 broad rotational distribution in the
source.1,16 For the present system convergence required
coupling of all the open rotational channels as well as so
of the first closed ones. The motivation of such extens
calculations must be found in the search of propensities
trends in the scattering from an anisotropic potential. Eve
the alignment of molecules in a supersonic expansion is
result of many collisions the elucidation of systematic p
pensities in single collision events may shed light on
alignment mechanisms.

IV. RESULTS: PROPENSITIES IN THE STATE-TO-
STATE DIFFERENTIAL CROSS SECTIONS

Extensive calculations have been carried out in orde
characterize the dependence of the scattering features o
collision energy and on the initial and final rotational leve
uKiMi& and uK fM f&. In the following Fig. 1–6 only some
representative results obtained will be shown for the
frame and any dependence on other relevant quantities, w
not explicitly shown in the figures will be discussed in th
text.

State-to-state DCS can be classified aselastic~when the
rotational quantum numberK and helicityM are both con-
served or whenK is conserved butM varies! and inelastic
~whenK varies andM is conserved or when bothK andM
vary!.

Figure 1 reportselastic cross sections with no helicit
changefor eitherM50 or M5K. These two limiting values
are the closest quantum-mechanical analogues of the cl
cal edge-onandbroad-sidemolecular configurations. Colli-
sions at low orbital angular momentum~classically corre-
sponding to small impact parametersb!, leading to backward

FIG. 1. Elastic cross sections with no helicity change: quantum mechanical
state-to-state DCS, for the O2–He system, calculated at two different rela
tive collision velocities,v5342 ms21 ~left-hand column! andv5737 ms21

~right-hand column!, are plotted as a function of the center of mass scat
ing angleQ. Results for elastic collisions with helicity conservation (DK
50, DM50) of edge-on(M50, dashed curves! and broad-side(M5K,
continuous curves! molecules are reported for four different rotational stat
K. Numbers indicate initial and finalK andM values.
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scattering at anglesQ>p/2, exhibit a higher cross sectio
for the broad-sideapproach. The difference attenuates asK
increases and vanishes for forward scattering, involving c
lisions at high orbital angular momentum~classically, large

FIG. 2. ~a! Elastic cross sections with helicity variations: as in Fig. 1 and at
the relative collision velocity of 737 ms21. Results for elastic collisions with
helicity variation (DK50,DM561,62,63) are shown forK53. Num-
bers indicate the initial helicity stateMi . ~b! Elastic cross sections with
helicity variations: as in Fig. 2~a! for K57 and relative collision velocity of
737 ms21. Only selected examples of each set ofDM data are shown.~c!
Elastic cross sections with helicity variations: as in Fig. 2~a! for K515 and
relative collision velocity of 737 ms21. Only selected examples of each s
of DM data are shown.
l-

impact parameterb!. Other results~not reported! suggest also
an attenuation of such a difference for higher collision en
gies. This behavior, apparently in line with the Gort
mechanism, actually, from a quantum mechanical viewpo
is seen to emerge from a more complex picture. First of
a key role is played by both the repulsive and the attrac
anisotropic components of the interaction, whose relative
portance depends on the collision energy. Second,
edge-onmolecules colliding at small impact paramete
both rotational excitation and relaxation~see later! are opera-
tive: they do not occur for thebroad-sideapproach.

In Figs. 2~a!–2~c! are shownelastic cross sections with
helicity variations. Nearlybroad-sidealigned molecules un-
dergo helicity changesM f5Mi61 particularly resulting
from events with low orbital angular momentum~small b!
leading to large scattering angles. Such contributions s
towards smaller scattering angles~collisions at largerb! and
become negligible, as the initial helicity decreases. This
sult is consistent with the Gorter’s suggestion thatbroad-side
molecules are randomized more efficiently thanedge-on
ones. TheM f5Mi62 bending of nearlybroad-sidemol-
ecules is also operative in the largeQ range although not so
large as for61 changes. The occurrence of the same be
ings of the rotational plane, corresponding to61 and 62
helicity changes, for nearlyedge-onencounters, is seen t
shift towards smallerQ ~largerb!, and62 changes dominate
over the61 ones. This behavior can be ascribed to the
creased and selective role of the centrifugal potential, wh
induces helicity changes through Coriolis coupling. Eve
with M f5Mi63 have a much smaller probability, ending u
mainly in the intermediate angular range. These feature
M-changing cross sections do not vary significantly with t
rotational state, although total cross sections, as obtaine
integrating over the scattering angleQ ~not shown!, decrease
asK increases. Physically this corresponds to an increas
gyroscopic stability for faster rotors. Also,M-changing cross

FIG. 3. Rotational relaxation cross sections for edge-on and broad-s
molecules: as in Fig. 1, for two different relative collision velocities,v
5342 ms21 ~left-hand column! andv5737 ms21 ~right-hand column!. Re-
sults for inelastic collisions (DK522) of edge-on~continuous curves! and
broad-side~dashed curves! molecules in three different rotational statesK
are reported. Numbers indicate initial and finalK andM states.
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2625J. Chem. Phys., Vol. 111, No. 6, 8 August 1999 Molecular alignment and cooling
sections depend very slightly on the collision energy, the
fore the role of M-changing collisions is emphasized
higher energies where the elastic components with heli
conservation becomes significantly smaller. This is anot
manifestation of the increasing role of the Coriolis couplin

Figure 3 presentsrotational relaxation cross sections fo
edge-on and broad-side molecules. Only the dominant relax-
ation channels~those withK f5Ki22) are shown~see Fig. 6
for other cases!. In general, it can be noted thatedge-on
molecules can cool down to a lowerK state without helicity
variation, whilebroad-sideones require also a decrease
the helicity in order to rotationally relax. Present results s
gest that relaxation with helicity changes are not allowed
scattering angles close to the CM backward direction.
appreciable centrifugal potential must be operative in or
to induce bending of the rotational plane through Corio
coupling ~see also Fig. 2!. Therefore, the relaxation o
edge-onmolecules can be significantly induced by collisio
also at low orbital angular momentum~classically, small im-
pact parameterb!, leading to backward scattering. The co

FIG. 4. ~a! Rotational relaxation cross sections with helicity change: as in
Fig. 1 and at the relative collision velocity of 737 ms21. Results for inelastic
collisions (DK522) with helicity variationsDM561,62,63 are shown,
for the initial K55 state. Numbers represent initial helicity stateMi . ~b!
Rotational relaxation cross sections with helicity change: as in Fig. 4~a! at
the relative collision velocity of 737 ms21 and for the initialK57 state.
Only selected examples of each set ofDM data are shown.
-

ty
er
.

f
-
r
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responding cross sections are comparable with~and often
larger than! the elastic ones of Fig. 1. In turn,broad-side
encounters exhibit higher probability to give rotational rela
ation in the smallQ ~largeb! range, where the inelastic cros
sections are lower or comparable with the elastic ones of
1. These features are common to all the collision energ
and rotational states studied, and suggest that the relaxa
in the backward direction ofedge-onmolecules is an effec-
tive process during the whole evolution of the superso
expansion, although at the earlier stages it is competi
with rotational excitation. Sincebroad-sidemolecules re-
quire a helicity decrease in order to rotationally relax, f
them such a process occurs at larger orbital angular mom
and leads to scattering at smallerQ. On the whole it appears
from Fig. 3 that the efficiency of rotational relaxation in
creases with the decrease of the rotational stateK.

FIG. 5. Rotational relaxation cross sections of molecule in low helic
states: as in Fig. 1, for two different relative collision velocities,v
5342 ms21 ~left-hand column! and v5737 ms21 ~right-hand column! and
refer to the inelastic collisions (DK522) of nearedge-on~low helicities!
molecules in three different initial rotational statesK515, 5 and 3. Number
represent initial and finalK,M states. Continuous curves indicate proces
with DM521, dashed curvesDM511 and dotted curvesDM50 respec-
tively.

FIG. 6. Relaxation cross sections with large K variations and helicity co
servation: as in Fig. 1, for the relative collision velocity of 737 ms21. Re-
sults for inelastic collisions withDM50 andDK522, 24, 26 and28,
are reported for comparison for the initialK515 rotational state. The uppe
panel refers to theMi5M f50 cases while the lower one refers to theMi

5M f57 cases. Numbers represent finalK states.
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Figures 4~a! and 4~b! show rotational relaxation cross
sections with helicity changefor initial rotational statesKi

55 andKi57, respectively. Examples reported refer to t
K f5Ki22 processes and illustrate the behavior of collisio
with 61, 62, and63 helicity variations. General trends a
similar to those for elastic collisions with helicity variation
of Fig. 2, but there are also some important differences
particular, relaxation cross sections with a decrease of
helicity are significantly larger than the corresponding on
with an increase of the helicity. This effect is particular
evident for the62 process, leading to intermediate and sm
scattering angles. Other features to be contrasted with th
of Fig. 2 include the behavior of relaxation with helicit
variation from 1 to 0, here an important process at interm
diate scattering angles, and of theM f5Mi22 collisions of
broad-sidemolecules, whose cross sections are here m
effective at small scattering angle~see also Fig. 3!. Results in
Figs. 4~a! and 4~b!, and others not shown, indicate that a
these relaxation processes appear to decrease for highe
tial rotational states~see also Fig. 3!.

Rotational relaxation cross sections(K f5Ki22) of
molecules in low helicity states arecompared in Fig. 5. The
M f5Mi components present a near forward-backward s
metry with a sideways ‘‘window,’’ where the onset ofM f

5Mi61 processes occurs. Three main features must
pointed out:~i! within the window, the 1̃ 0 helicity change
component is always higher with respect to the 0˜1 one;
~ii ! the difference between the competitive 1̃0 and 1̃ 1
channels is larger than the difference between the co
sponding~and competitive! 0˜1 and 0̃ 0 ones; and~iii !
all these effects are more pronounced as the rotational
decreases.

Relaxation cross sections with large K variations a
helicity conservationare compared in Fig. 6. Calculation
are presented for the initialKi515 state and for two differen
helicities. TheK f5Ki22 processes, as expected, appea
be the dominant relaxation channels and indeed the c
sections regularly decrease with the increase of the inela
ity. This result suggests that for the present system the o
all relaxation phenomenon in the supersonic expansio
mainly governed by a sequence ofK f5Ki22 inelastic
events.

V. ALIGNMENT MECHANISMS IN A SUPERSONIC
EXPANSION

The phenomenology illustrated in the previous sect
shows propensities and suggests a scenario of mechan
whose relative roles are expected to change for differ
molecules and experimental conditions.

Three regions can be identified as a supersonic see
expansion evolves in the forward direction along the exp
sion axis:14 first, a continuous-flow region, where the veloc-
ity slip between seeded molecules and carrier gas atom
largest,28 characterized by a large number of elastic co
sions as well as by competitive excitation and relaxation p
cesses. In this region a net acceleration of the seeded
ecules is due to momentum transfer by elastic events. In
transition region, elastic events still occur but the relativ
velocity is too small to induce rotational excitation: here
s
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laxation becomes the dominant inelastic process, produ
cooling and a further acceleration. When the molecular d
sity becomes sufficiently low, the beam enters the la
collision-free region. The relative importance of the first tw
regions depends very much on the features of the inve
gated molecule-carrier gas system~masses, intermolecula
potential, density of molecular rotational states,...!.

In thecontinuous-flow region, the angular dependence o
the processes is strongly washed out by the large numbe
collisions which cover the whole range of impact paramet
and whose principal effects are acceleration and focusin
molecules in the forward direction in the laboratory~LAB !
system.46 A quantitative description of the dynamics in th
continuous-flowregion is very difficult and our discussio
will be necessarily qualitative. In this region, the main sou
of alignment comes from elastic processes with helic
variations~see Fig. 2 as discussed in the preceding sectio!:
their importance is comparable with that of helicity conse
ing elastic events of Fig. 1, when the relative velocity
sufficiently high.28 As also shown in the cartoon of Fig. 7
with respect toedge-onmolecules,broad-sideones show a
larger propensity to bend the rotational plane~see Fig. 2! and
this provides the explanation at a microscopic level of
general observation that alignment occurs preferentially
favor of theedge-onconfiguration~Gorter-type mechanism!.
The final outcome depends on the total number of collisio
and this mechanism also explains the general increase o
alignment with theP0d parameter (P0 is the gas pressure in
the source andd is the nozzle diameter! at least for lowP0

values, that is when the relaxation is not extensive.12,15,16

An important feature is theK dependence: molecules i
high K states are less likely to bend than those in lowK ~see
Fig. 2!. On the other hand lowK states are more easily de
polarized by inelastic events~see Figs. 3–5; when open, ex
citation events behave similarly to relaxation!. The net result
may be an alignment that increases with the rotational s
at least for the lowest rotational levels. This can be the c
for a beam of alkali dimers for which rotational relaxatio
does not appears to be important~see for instance Ref. 7!.

A limited number of molecules which have experienc
collisions at low orbital angular momenta~classically, at
small impact parametersb! remain in thebroad-sidecon-
figuration ~see Fig. 1!. In this stage of the expansion, the
molecules are expected to be slightly more accelerated
momentum transfer~see Fig. 7! than those following other
routes.

In the transition region, corresponding to a lower mo
lecular density, it is expected that a memory be maintain
of the angular dependence of single scattering events. S
the relative collision velocity between carrier and seed
molecules~the velocity slip!28 becomes smaller, the relax
ation processes are competitive with~or even dominant over!
the elastic events~see Fig. 3!, at least for particularb ranges
and for specific molecular orientations. Elastic collisions a
still present but, because of the small momentum transfer
they are expected not to contribute much to the further
celeration of the molecules, mainly due in this region
rotational-to-translational energy transfer. Several mec
nisms may concur to distinct angular distributions. Th
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FIG. 7. Acceleration of molecules by elastic collisions with faster carrier atoms;~a! refers toedge-onencounters which maintain the helicity state;~b! and~c!
describe the acceleration ofbroad-sidemolecules respectively with and without bending of the initial rotational plane.
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relative importance depends also on the initial and final
tational states. This is consistent with the fact that the fi
rotational temperature in a supersonic expansion is low
near the beam axis and increases moving towards the ed
as a consequence not only of the variation in the numbe
collisions but also of their nature. Therefore, for the sa
system the measured alignment may vary with the ang
range of the expansion cone which a given experimental c
figuration probes. To shed light on the possible opera
mechanisms it is necessary to take into account both thK
distribution in the source and the internal energy availa
during the relaxation process. Figure 8 serves to visua
typical initial conditions of O2 in our experiments. The oxy
gen molecules in the beam source, maintained at room t
perature show a distribution of rotational levels with a bro
maximum at levelsK55 and 7 and significant population u
to K521. In the present discussion, which amplifies a p
vious outline of our view of the phenomenon,1,16,19,47we will
distinguish three regimes of initial rotational states: hi
(K*15), medium (7&K&13) and low (K&5, see the up-
per panel of Fig. 8!. We will further group the molecules
according tolow andhigh helicity.48 Collisional events will
be also divided, according to the involved range of orb
angular momentum~classically, the impact parameterb!,
into small b collisions ~leading to backward CM scattering
Q*p/2) and large b collisions ~leading to forward scatter
ing, Q&p/2).49

A. The high K regime

Low helicity molecules48 can relax for small b
collisions49 ~see Sec. IV and Fig. 3!, maintaining or decreas
ing the initial low helicity ~Sec. V and Figs. 3 and 5!. These
edge-onflying molecules~most of which will eventually be
in the ground K51 rotational state! are scattered in a
Q-range close to 180°~backward direction! in the CM sys-
-
l
st
es,
of
e
ar
n-
e

e
e

m-
d

-

l

tem, and so in the LAB frame are confined in a narrow co
in the forward direction around the beam axis. They a
benefit of the largest forward acceleration coming from
elastic events~rotational-to-translational energy transfer!.
This mechanism is schematized in the upper cartoon repo
in Fig. 9. Also shown is the Newton diagram for such asmall
b collision, demonstrating that only a small fraction of th
available energy is transferred to the heavier oxygen in c
lisions with helium. However, since here relaxation sta
from high K, many inelastic transitions are experienced

FIG. 8. Upper panel: distribution of the spin-rotational levels of O2 in the
beam source at room temperature. The rotational states are classified in
classes. The abscissa axis represent also a scale of the rotational e
corresponding to eachK state. Lower panel: open circles describes the m
sured velocity distribution of an O2 supersonic beam seeded in He, at
source pressure of 800 Torr. The line parallel to the abscissa axis define
typical velocity increase of O2 when it relaxes from a highK to the ground
rotational level, because of inelastic collisions at short impact paramete
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FIG. 9. The behavior ofedge-onmol-
ecules which, when colliding at shor
impact parameters, can accelerate a
relax because of inelastic events,
compared with the one ofbroad-side
targets, which, when do not relax, con
tinue to be accelerated only by elast
collisions. Molecules are backward
scattered in the CM frame which cor
respond to a forward LAB direction.
Typical kinematic conditions for a col-
lisions at v5342 m s21 are shown in
the Newton diagram. The elastic an
inelastic (K515̃ 13) circles are also
reported and magnified in the right
hand side for the O2 case, where the
different acceleration due to inelasti
and elastic events appears evident.
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those molecules so that they eventually acquire an effec
acceleration. To illustrate more quantitatively this effect
have reported in the lower panel of Fig. 8, a typical veloc
distribution of O2 seeded in He together with an estimate
the maximum velocity increase experienced by O2 ~forward
scattered in the LAB frame!, starting from an initialK521
state, and reachingK51. Such velocity variation is reporte
as a horizontal continuous line across the velocity distri
tion, centered on the maximum. It can be seen that s
contribution can even be larger than the full width at h
maximum of the distribution.

High helicity targets48 for b;0 suffer exclusively elastic
collisions~see the lower cartoon in Figs. 9 and 3!. These near
broad-sideflying molecules, confined in a narrow angul
cone, are among the few remaining in the initialK level and
are accelerated by elastic collisions both in the first and s
ond region of the expansion. For nonzero~but small b
collisions!,49 these molecules can bend and/or rotationa
relax with and without helicity variation. We distinguish th
following situations:~i! a small helicity variation, permits
only a partial relaxation and therefore in practice a cons
vation of the original configuration;~ii ! large helicity varia-
tion at the beginning of the process, which require multi
collisions permitting again only a partial relaxation but a
lowing bending towardsedge-onconfigurations@this process
is less favorable than the~i!#; ~iii ! the third possibility is
rotational relaxation with a helicity decrease: this is the ro
that eventually leads to the ground rotational state. S
e

f

-
h

f

c-

y

r-

e

e
h

molecules are expected to be less accelerated, less ali
and distributed in a wider angular cone with respect to th
exhibiting originally low helicity and whose relaxation ha
been discussed earlier.

For low helicity48 and large b collisions,49 molecular
scattering occurs at smallQ @Figs. 1, 2~c!, 3, and 4#, leading
to an appreciable angular spread in the LAB~see Newton
diagram in Fig. 10!. Therefore, the relaxation process may
incomplete and leads only partially to the ground state. Si
here the elastic cross sections with helicity variation@Fig.
2~c!# are larger than the inelastic ones~Figs. 3 and 4! and
comparable with the helicity conserving elastic ones~Fig. 1!,
in this angular rangeedge-onmolecules bend more easily
This implies that molecules relaxed inK51 may not be
aligned in theedge-onconfiguration. This behavior is illus
trated in the cartoon of Fig. 10.

High helicity48 molecules relax for collisions atlarge
b,49 mainly via a decrease of the helicity (M f5Mi22), and
therefore their permanence in the initial rotational state
unlikely. Such inelastic channels show a cross section c
parable~see Fig. 3! with the helicity conserving elastic com
ponents~see Fig. 1!, while elastic processes with helicit
variation @Fig. 2~c!#, that we have seen to be important f
other mechanisms, play here a minor role@they will have
some effect only for smallK, see Figs. 2~a! and 2~b!#. As for
the previous route, molecules are only slightly accelera
and distributed in a wide angular cone with a probable le
of the initial alignment asK decreases~see Fig. 10!.
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FIG. 10. The behavior ofedge-onand
broad-sidemolecules colliding at large
impact parameters. The Newton dia
gram reported in the lower panel de
scribes the same kinematics condition
as in Fig. 9 but here refers to a side
ways scattering. It clearly indicate
that molecules are less accelerate
less aligned, and distributed in a fina
wider cone~in the LAB system! than
those in Fig. 9.
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B. Intermediate K regime

The routes leading to relaxation are basically the sam
discussed in the previous highK regime, although now the
depolarization induced by rotational excitation can be m
effective in the expansion. In addition, the role of some
the propensities should be less pronounced because o
occurrence of a reduced number of relaxation jumps.

Collisions atsmall bof low helicity molecules lead ex-
clusively to the formation of the ground rotational state.
anticipated before, propensity to maintain or to further
duce the helicity state is less effective than for higherK, but
still operative. Molecules are expected to be scattered
small angular cone, as for higherK, although less accelerate
and less aligned.

Collisions of high helicity molecules atsmall b mostly
lead to the formation of the ground rotational state, althou
some of them can remain in the initial helicity and rotation
states. These are those elastically scattered backward i
CM frame~Fig. 3! and in the LAB confined in a narrow con
in the forward direction~Fig. 9!. Since in this case the trans
ferred momentum is due exclusively to elastic collisions,
acceleration must be similar to that of the corresponding c
as
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-
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h
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e
se

described for higherK. For nonzerob, elastic collisions with
helicity variation and inelastic collisions with helicity de
creasing become relevant, scattered molecules partially
their initial alignment and are expected to be less acceler
and distributed in a larger angular cone than that oflow
helicity molecules~see earlier!.

The relaxation to the ground rotational state oflow he-
licity molecules colliding atlarge b is more complete for
intermediateK than for high ones. Such collisions neith
maintain nor induce alignment. They produce a modest
celeration and scattering in an angular cone larger than
small bcollisions but lower than for the corresponding sit
ation for higherK.

High helicity molecules can fully relax to the groun
rotational state through inelastic collisions atlarge b involv-
ing helicity decreasing~see also the highK regime and Fig.
4!. Molecules in the final ground rotational state have p
tially lost their initial alignment and are scattered in a larg
cone than in the smallb cases but smaller than for the co
responding situation of the highK regime, essentially be
cause of the lower rotational energy available for convers
into translation.
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C. Small K regime

Almost all molecules reach the ground rotational st
independently from the involved range of orbital angu
momentum~or impact parameterb!. Selectivities and pro-
pensities in the rotational relaxation play here only a min
role. Also, mechanisms of elastic alignment are less ef
tive. Scattered molecules are expected to end up in the ta
the final velocity distribution since accelerated exclusiv
by elastic collisions leading to negligible alignment.

VI. DISCUSSION

The calculations presented in Sec. IV and the relaxa
mechanisms identified in Sec. V explain the relevant featu
of the collisional alignment experiments on O2 molecules,1,16

particularly the velocity dependence of alignment in sup
sonic seeded expansions. Moreover, the present study
help us to fit into a unified picture other experiments
molecules with mass and rotational level spacings simila
O2, such as those on seeded CO expansion18 and drift-tube
N2

1 transport:17 they also show a considerable velocity d
pendence of the alignment, observed under different exp
mental conditions.

In the O2 experiments,1,16 the continuous beams are an
lyzed well downstream, after;1 meter from the nozzle ori
fice. The supersonic seeded beams are strongly collim
because of the presence of a first skimmer~1.2 mm in diam-
eter! at ;1 cm from the nozzle, a second skimmer~1.2 mm
in diameter! after;10 cm and a final defining slit~0.7 mm in
diameter! at about 1 m from the nozzle and before the pro
ing region. The cone of acceptance is therefore<1026 stera-
dians. The coupling of the mechanical velocity selector
serted along the beam path with the unusually high ang
resolution,16 allowed us to select molecules both in the lo
gitudinal and in the transversal motion. Velocity on the lat
is less than 1 m/s. Oxygen molecules sampled in these
periments are essentially those relaxed in the ground r
tional state and traveling in a very narrow angular co
around the beam axis. Molecules emerging in such a c
are mainly those who have experienced elastic and inela
collisions at small impact parameters~backward in the CM
frame corresponding to LAB forward scattering! and only
minor contributions come from those distributed in wid
angular cones, as a result of more sideways~large b! colli-
sions. From the discussion in Sec. IV of propensities in
scattering and in Sec. V on the alignment mechanisms
appear that molecules analyzed in these experiments
mainly those coming from the relaxation processes atsmall
b. Specifically, molecules traveling faster originate from
laxation mechanisms of highK states: their number is sma
but they are strongly aligned and accelerated by the la
amount of rotational energy available for conversion in
forward translational motion. Molecules originating fro
intermediate-K levels are those mainly contributing to the O2

beam intensity: they travel at velocities close to the ma
mum of the distribution and exhibit an intermediate alig
ment. All the other channels lead to modestly aligned m
ecules with medium or low velocities.
e
r

r
c-
of

n
s

-
an

o

ri-

ed

-

-
ar

r
x-
a-
e
ne
tic

e
it
re

-

e

i-
-
l-

The importance and selectivity of inelastic collisions a
expected to decrease in experiments which probe not f
relaxed rotational states and which are carried out analyz
a much wider beam profile. In such cases a relevant rol
again played both by elastic and inelastic contributions to
DCS, which now have to be properly integrated over t
angular and velocity resolution functions of the experimen
These can lead to apparent differences in the observa
~such as cooling and alignment!, also in systems which may
expected to behave similarly in seeded supersonic exp
sions.

In Ref. 18, the 4th and 6th rotational states, which c
respond to intermediate levels of the rotational distribution
the beam source, have been analyzed in the case of CO
ecules in He seeded supersonic pulsed beams. From th
locity distributions probed near the nozzle~;6 cm! using a
polarized laser light, it is found that slow velocity comp
nents of the molecular beam show a prevalence ofedge-on
geometries, whereasbroad-sideones prevail for fast compo
nents. From the viewpoint suggested here, most of
broad-sidemolecules observed in these levels have flo
maintaining the initial rotational state and helicity. The
were accelerated exclusively by elastic collisions atsmall b,
which conserve initial rotational and helicity states~Figs. 1,
3, and 9!. Another appreciable contribution to the final stat
can also come frombroad-sidemolecules initially in higher
rotational levels, which undergo a small helicity variatio
and then can relax only partially maintaining the initial co
figuration. Similar arguments indicate that the formation
edge-onmolecules in Ref. 18 can be ascribed as com
from an incomplete relaxation of higher levels, because
large bcollisions mainly in theedge-onconfiguration. These
molecules have a final smaller velocity having suffered el
tic and inelastic collisions atlarge b with a low momentum
transfer. This is consistent with Fig. 1 of Ref. 18, whe
broad-sidemolecules~which mainly suffered elastic scatte
ing! show a similar velocity distribution for both rotationa
states 4 and 6, whileedge-onmolecules~more affected by
inelastic scattering! are globally faster in state 4 than i
state 6.

The experimental observation of an extremely sm
alignment degree for the first excited rotational state of C
when contrasted with the marked alignment observed for2

in K51,1 must be due to the wide angular cone probed~see
also Ref. 10!.

The drift-tube experiments on N2
1 ions11,17 show some

important differences with seeded supersonic beams~where
the velocity slip decreases along the expansion!: the average
relative collision speed is larger than the typical velocity s
and is kept constant by the applied electric field. Therefore
a drift tube the ions are aligned essentially by elastic mec
nisms ~see Secs. IV and V! and edge-onmolecules are ac-
celerated more effectively thanbroad-sideones since they
offer the least resistance to the flow.

VII. CONCLUSIONS

The present analysis suggests that several molec
alignment mechanisms can be operative in a supers
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seeded expansion, each one depending on the route follo
by the molecule towards acceleration and cooling. The fi
state, i.e., speed, rotational level, type and degree of al
ment,..., depends on properties of the molecules as well a
the carrier gas~difference in mass, interaction potential a
isotropy, density of the rotational levels,...!, on the number of
collisions, the energetics and on the range of orbital ang
momentum involved.

The quantum mechanical case studies presented he
lustrate how the different collisional dynamics lead to m
ecules scattered into different angular cones in the L
frame. The analysis of the experimental findings and a
comparison among them must then properly take into
count the observational details employed in their meas
ments and particular attention has to be devoted to the a
lar and velocity resolutions.

In conclusion, the present study which aimed at co
pacting in a unified picture several of the experimental
servations on the rotational cooling and alignment of
atomic molecules in supersonic seeded beams~including the
dependence on final speed! must be considered also as
starting point to understand the behavior of polyatomic lin
or planar molecules.50 It is also hoped that it will serve as
guide to plan and interpret collisional experiments w
aligned molecules.
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APPENDIX: ANGULAR MOMENTUM COUPLING IN
COLLISIONS OF MOLECULAR OXYGEN

For collisions of molecular oxygen in the ground ele
tronic state3Sg

2 with a closed shell atom, the direction of th
relative velocity v is the proper quantization axis for th
rotational angular momentumK , its projectionM correlating
asymptotically with a collision helicity quantum number. I
deed K and the electronic spin angular momentumS are
decoupled by the inhomogeneous electric field due to
forces which are driving the collision~i.e., at intermediate
and short intermolecular distances the interaction poten
and its anisotropy are always much larger than the s
rotation coupling!.

In a supersonic expansion, because of the high num
of collisions experienced by each molecule with the fas
carrier atoms, these electrostatic forces are those which
mainly responsible for cooling and alignment of the ro
tional angular momentum.

However, no guarantee can be given forv being a good
quantization axis either forS decoupled fromK and for J,
especially for collisions involving low helicities. A natura
quantization direction for the spin, which couples on
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through a magnetic interaction, may rather be the direct
of the orbital angular momentum of the colliding syste
orthogonal with respect to the rotational plane of the van
Waals complex and therefore orthogonal tov. This interac-
tion, which depends on the anisotropy of the charge distri
tion in the collisional complex, on the impact parameter a
on the orbital velocity, is expected to be much weaker th
the electrostatic intermolecular potential and slowly varyi
with the intermolecular distance. A similar sequence of a
gular momentum coupling schemes is reminiscent of
Hund’s ~b! and ~e! cases, describing rotational levels of d
atomic molecules.

Therefore, the spin coupling in the collisional comple
although not substantially affecting scattering process
plays a relevant role in determining other properties of
van der Waals system. An interesting example of the role
the spin coupling is illustrated in Ref. 22.

To the present purpose it appears to be of more inte
the recoupling of polarizedK with S to giveJ, which occurs
between successive collisions in the expansion, leading
natural depolarization effect.23

The observation1 of a strong increase of O2 paramagnet-
ism along the beam profile is the experimental manifesta
that faster molecules travel in theedge-onconfiguration and
exhibit also a polarization of the spin. Such polarization a
pears as a necessary condition to observe high alignmen
K51 far from the beam source.

At this stage it is difficult to quantitatively justify the
observed effects: however, following suggestions given
Ref. 23, an alignment transfer can be hypotized after
recoupling, from an alignedK to an unpolarizedS. A high
number of successive collisions are necessary to originate
observed effects~i.e.,K alignment and spin polarization! and
this indeed appears to be the case for a supersonic expan
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